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This dissertation examines the effect of yawed flow on
wind turbine rotors. Results are obtained from two
theoretical approaches, from experimental data for a wind
tunnel model, and from atmospheric tests of a full scale
wind turbine.

The first theoretical analysis involves the development
and investigation of a simplified computer algorithm, The
algorithm is derived from fundamental rotor equations and is
used to study the effects of yawed flow on steady—~state,
average rotor performance. The second theoretical analysis
is dynamic simulation of a rotor in yawed flow. The
analysis is based on blade element theory and dynamic inflow



theory, and neglects stall effects, The analysis is
designed to calculate local aerodynamic forces and moments,
blade angle-of-attack profiles, induced fiow profiles, and
teeter or passive cyclic pitch deflections for rotors with a
teetering axis or ‘with cyclic pitch. A state-variable
approach is used with a predictor-corrector solution to the
system of first-order differential equations in order to
obtain a time-history solution. Applications of the dynamic
simulation model are used to investigate operating limits
due to stall, gust response, and passive cyclic pitch
response. Correlations are presented with the simplified
theory and with experimental results, where applicable,

Experimental results are presented from wind tunnel
tests in which a model rotor was operated in yawed flow. The
results are compared with other wind tunnel test results and
with. some theoretical results. Experimental results are
also presented from atmospheric tests of a 7.6 meter (25
ft.) diameter, two-bladed, yaw-controlled wind turbine with
passive cyclic pitch.

Comparisons between the theoretical approaches and the
experimental data show that both computer models are useful
in analyzing the effects of yawed flow on wind turbine rotor
performance.
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THE EFFECTS OF YAWED FLOW ON WIND TURBINE ROTORS

1. INTRODUCTION

1.1 THE SIGNIFICANCE OF WIND POWER

At the time of writing this dissertation the United
States and most industrialized and developing countries face
an uncertain future in regard to conventional energy supply
and demand. Many well researched studies (e.g. (1)*) in-
dicate that short term future energy supplies, especially
0il, will be unable to meet worldwide demand, even if that
demand is sharply curtailed through conservation efforts.

It is within this climate and with a certain sense of
urgency that many nations are intently seeking to; (a)
increase the production of conventional energy sources,
(i.e., oil, gas, coal and nuclear power); (b) reduce energy
demand through improvements in energy utilization efficiency
and conservation efforts; and (c)} investigate alternative
energy sources that may have the potential to displace con-

ventional energy supplies.

*The numbers in parentheses in the text indicate references
in the Bibliography.
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Wwind power utilization, and especially the conversion
of wind energy to electricity, is considered by many to be
an alternative that may have significant near term potential
as an alternative and/or supplement to the conventional
production of electrical power. This interest has mani-
fested itself in both the public and private sectors, both
domestically and outside the United States. To illustrate
this point, the current U.S. Federal Wind Energy Program
Budget has grown from $59.6 million dollars in FY 1979, to
$63.4 million in FY 1980. The program has funded the design
and construction of wind turbines from small 8 kW prototype
machines up to 2500 kW utility connected machines in the MOD
series. Furthermore, the program has funded research and
development efforts, marketing studies, siting studies and
various design alternatives. In addition to the Federal
effort, according to the American Wind Energy Association,
about 32 private U.S. companies are presently manufacturing
and selling wind turbines. Efforts underway in other
countries are similar.

The concept of using wind energy for electrical power
production is not new. In the 1930's an established in-
dustry existed in the United States that produced and sold
wind machines, mostly in rural areas, for the production of
electrical power. The Rural Electrification Program
essentially put these companies out of business by making

inexpensive, central station, electrical power available to
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rural customers., In 1941 a large, utility connected, wind
turbine, rated at 1250 kW, was constructed in Vermont by
Palmer Putnam and the S. Morgan Smith Company. Although the
machine operated satisfactorily over three and one-half
years, the project was discontinued after a blade failure in
March 1943.

Although the technical feasibility of generating
electrical power from the wind has been previously es-
tablished, it appears doubtful that the technology, as it
existed forty years ago, can be directly applied today. The
primary impediments to the direct utilization of previous
wind power plant designs are; (a) high first costs; (b)
safety issues; (c) reliability; (d) maintenance issues; and
(e} storm survivability. Until these issues are resolved it
appears doubtful that wind energy conversion systems will
displace a significant fraction of electrical power from
conventional sources.

Since the construction of the Putnam Wind Turbine in
1941 there have been numerous technological developments
that relate directly to the design, development and
understanding of wind machines, These include the
helicopter and associated rotorcraft technology, improved
material and fabrication techniques, and the development of
the high speed computer and microprocessor. Application of
these technologies to wind turbine development could assist

in resolving the impediments listed above.
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In summary, present efforts in wind turbine development
would best not be aimed at demonstrating the technical
feasibility of generating electricity from the wind, this
has been shown. Rather, they should be directed at applying
recent technological advancements to the development,
design, analysis and understanding of these machines so that
their true potential as an alternative energy source might
be evaluated. It is hoped that this dissertation is a
modest contribution in that direction.

1.2 THE IMPORTANCE OF YAWED FLOW EFFECTS ON
HORIZONTAL AXIS WIND MACHINES

At the present time there are two types of wind machine
vying for a place in wind turbine development; namely the
vertical axis and the horizontal axis wind turbine. The
most common of the two is presently the horizontal axis
machine. (Yaw effects are not applicable to vertical axis
machines since wind direction changes have little effect on
their performance, which is a point often considered in
their favor. Other problems, however, such as wake induced
vibrations on the downwind blade and aeroelastic problems
still hamper the development of these machines.)

Since the wind is a continually varying phenomenon in
both speed and direction, all horizontal axis wind turbines
are subjected to unsteady yawed flow conditions (i.e., a
crosswind component across the rotor disk) and respond
accordingly. The response of a wind turbine to unsteady

yawed flow conditions is a major factor in turbine design
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and performance. Poor wind-direction following can lead to
decreased performance and unsteady, periodic aerodynamic
blade loading while rapid wind-direction following can lead
to possible instabilities and high gyroscopic forces on the
blades and tower.

Secondly, several recent wind turbine designs utilize
yaw control methods to 1imit the power output of the machine
at wind speeds in excess of rated speed or in storm
conditions. Among these are the Hummingbird (manufactured
by Power Group International Corporation), the variable Axis
Rotor Control System (manufactured by North Wind Power
Company) and the design described herein, (used to study
yawed £flow effects). This method of power control is
discussed fully by Hohenemser (2). In light of these
comments, it is evident that a rather detailed understanding
of wind turbine response to yawed flow, or crosswind
conditions, is both desirable and necessary to the
understanding and engineering design of horizontal axis wind
turbines.

This dissertation develops two theoretical approaches.
A simplified theory for steady state performance evaluation
and a more complex, dynamic yawed flow rotor simulation
model. Computer algorithms for both approaches are
developed for compatibility with small, microcomputer
systems, which should enhance the practicality of these
developments and provide a larger user base. In addition,

experimental work with wind tunnel model rotors and a full
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scale, experimental, yaw controlled wind turbine is
presented.
1.3 PREVIOUS WORK
1.3.1 Other Computer Algorithms

Wilson and Lissaman (3) present an agxial flow rotor
performance algorithm using a finite blade element method
that combines blade element and momentum theory. Induced
flow is calculated for each blade element using local
momentum theory; and then blade element theory, which can
account for twist and radially variable blade geometry, is
used to calculate resulting aerodynamic forces. These
forces are summed along the blade and multiplied by the
number of blades to give aerodynamic forces, moments and
performance. The method is able to take into account the
following parameters for more refined results. See Figure
1. wake rotation is accounted for by modification of the
in-plane velocity component. Reynolds number effects can be
included by varying 1lift and drag coefficients for the
proper Reynolds number, (if the effects are guantitatively
known). Tip losses can be accounted for; and, finally,
steady state stall effects can be included if the data are
known for the respective airfoil sections. Wilson and
Patton have expanded the methodology to include yawed
flow effects (i.e., crosswind effects) by including azimuth
position variation in the calculation of axial, tangential,
and induced velocity and then integrating both over the

blade radius and around the rotor disk {4).
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There are numerous difficulties with this extrapolation
to yawed flow conditions that render the approach less
desirable than for the axial flow case. First, studies of
induced flow patterns over the rotor disk for rotorcraft
operating at advance ratios > 0 (yawed flow) show that the
induced flow at a given radial and azimuth position is a
function of the induced flow at other portions of the disk
and thus cannot be accurately determined using isolated
local momentum theory (5). Second, steady state 1lift and
drag coefficients based on local angle of attack become
inaccurate in yawed flow conditions due to dynamic stall
effects. For rotors operating at advance ratios > 0 the
angle of attack at a given radial station oscillates once
per revolution for steady operating conditions. It has been
demonstrated [ e.g. (6)) that steady state lift and drag
coefficients of an oscillating airfoil are altered
dramatically from their static wvalues in a steady £flow
field. For example, angles of attack well beyond the static
stall limit continue to produce increasing 1ift as shown in
Figure 2. The Wilson-Patton program could account for
these effects if they were known gquantitatively, although
standard methodology usually involves using static 1ift and
drag coefficient values. Also, since local angle of attack
values are determined by local induced flow velocities,
angle of attack values calculated by the “~-Wilson-Patton

method will be in error since induced flow patterns are also
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in error. Third, the Wilson-Patton program is for steady
states only and is therefore unable to include dynamic
effects of yaw. These effects, which include gyroscopic
loads, changing aerodynamic forces, and variable induced
flow patterns are often significant in evaluation of rotor
loads and performance. Finally, the algorithm fails if the
induced flow factor exceeds one-half, because this implies
that a blade element is operating in the vortex ring state
(see Section 2.1.1) where momentum theory does not apply.
However, since the induced velocities calculated in the
algorithm are in error, {(as described before), the vortex-
ring-state boundaries based on local momentum theory are
also in error.
1.3.2 Rotorcraft Experience

Since all rotorcraft (i.e., helicopters and autogyros)
operate at advance ratios > 0 (i.e., yawed flow) when in
forward flight, a significant amount of knowledge has been
gained concerning the operation of rotors under these
conditions. Although certain aspects of this knowledge can
be applied directly to the operation of wind turbine rotors
in yawed flow, as will be examined later, other aspects are
not well suited for wind turbines. For example, although
the MOSTAB (7) and MOSTAS (8) computer programs provide
information on rotor performance in various operating
conditions, they are difficult to adapt to specific wind

turbine applications due to their complexity.
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1.3.3 Test Results

Recent wind tunnel tests with wind turbines operating
in yawed flow conditions (9) have provided some steady state
performance data for small rotors. Studies of larger rotors
in wind tunnels, (10) and (11), have provided data at high
yaw angles. These data are useful and will be used later to
aid in correlating both the theoretical and experimental
data presented.
1.3.4 Analytical Results

stoddard (12),(13) has developed numerous closed form
analytical relationships, some of which can be easily
programmed on small calculators, to predict wind turbine
performance and blade loading in both axial and yawed flow
conditions. Although the analytical formulations also take
yaw rate into account, the effects of variable inflow are

ignored as are the effects of transient yaw rate.
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2. THEORETICAL DEVELOPMENTS

2.1 SIMPLIFIED YAWED FLOW PERFORMANCE THEORY
2.1.1 General Equations

A generalized theory for a rotor operating in yawed
flow conditions is well developed by Gessow and Myers (14),
and the theory lends itself well for adaptation here.

Three independent relationships are necessary to
determine the steady state performance of the rotor for
particular operating conditions. From axial momentum
theory, and assuming uniform inflow across the rotor disk,

one can write

cp = v (2% + n2y® (1)

Using blade element theory and integrating over the blade

radius and around the rotor disk, one can writes:

_ 1 3.2 1
Co = 03[6(1"7“ O +7 J\] ' (2)
where one assumes: (a) constant rotor speed; (b) small

flapping angles, B, so that cos8 £ 1 and sinB £ 8; (¢) small
inflow angles, ¢, so that ¢ = UP/UT (see Figure 1); (4)
constant 1ift curve slope, a:; (e) no effects of wake
rotation and radial velocity components along the blade; and

(£) untwisted and untapered blades.
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From an energy balance at the rotor shaft one can

write:

(3)

where Ca0 is the drag of the airfoil at the mean blade angle
of attack.

It is significant to note that equations (1) and (2)
are based on axial momentum theory which breaks down in the
vortex ring state, defined graphically in Figure 3- for
axial flow, (see Reference (14)) while equation (3) is
generally applicable.

By combining equations (1) and (2) one can write an

expression for induced flow, Vi

% (1 + GuhH)) o + % %
N 2 8 (4)
U—g+ (7\2 4'112)35

2.1.2 Computer Algorithm

The computer algorithm starts with a given value of tip
speed ratio, v, and yaw angle, x, from which advance ratio,
u, and axial tip speed ratio % can be calculated. Tip speed
ratio, v, and yaw angle x are varied as independent
parameters. gSolidity ratio, o, profile drag, Cg,/ lift

curve slope, a, and blade pitch angle, 8 , are held constant.
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An initial value of induced flow ratio is chosen as

v initial = % X (5)

and iterations are performed using equation (4) until v con-
verges within a specified error tolerance. The final calcu-
lated induced flow ratio is used in equations (1) and (3) to
calculate CT and CQ.

The algorithm can be further refined if the drag
coefficient, Cdo' is allowed to vary as a function of
average angle of attack over the rotor disk. Figure 4
illustrates a typical blade element operating at radial
station r.

If one ignores both the periodic components of Up and
U_ that occur during yawed flow conditions and the flap rate

T
component of UP then

U = fr (6a)
and

U. = AQR (6b)

From the figure it is evident that

a =¢ - 90 (7)

and that for small 6, a varies from 390 degrees at the blade

root (r = 0) to nearly A at the tip. One can use the 70%



-16-~

o
[}

v -V,

AQR

o)
1]

Blade Length

%2.L.L. = Zero Lift Line
eA = Aerodynamic Pitch
eG = Geometric Pitch
a, = Aerodynamic
Angle-of-Attack
oy = Geometric Angle-of-Attack

Figure 4. TYPICAL BLADE ELEMENT OPERATING AT RADIAL
STATION, r



-17-

radius station to determine an average blade angle of
attack. One can also approximate the value at that station,

since ¢ is small,

U
a ==L -9 | (8)

Urp
Substitution of (6) at the .70R station gives

= A -
®ayg. .7 ~ 9 (9)

For most practical airfoils, not operating in stall, a par-
abolic function can be chosen that closely approximates the
relationship between angle of attack and drag coefficient.
A suitable choice for many airfoils is:

2

C = .01 + .5 (o ) (10)

do geometric

In the computer algorithm, v is calculated, A is fixed and
the average geometric angle of attack (as defined in Figure
4) is determined using equation (9). Cdo is then calculated
using equation (10) and the geometric angle of attack. The
resulting value is used in equation (3) to calculate CQ.
2.1.3 Computer Algorithm, Results and Analysis

The algorithm presented in Section 2.1.2 is programmed
in BASIC on an Apple II Plus microcomputer. The program

listing is presented in Appendix 6.2.
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The results of the computation are presented in three
ways, each of which lends a particular insight into the
operation of wind turbine rotors in yawed flow. In each
case, however, conclusions drawn must be tempered with the
restrictive assumptions used in the algorithm development.
That is, the results are valid for the following operating
conditions: (a) out of the region of stall, (b) where the
assumption of uniform inflow may be valid, and (c) out of
the vortex ring state where momentum theory does not apply.

One method of presenting the results of the algorithm
is shown in Figure 5. Lines of constant CQ/c are generated
from an interpolation routine that calculates CT/o for a
given CQ/O. The Fiqure 5a shows that, for zero pitch angle,
8, lines of constant CQ/G are parallel, horizontal lines,
and that the relationship between particular CT/U and CQ/U
values is constant, regardless of yaw angle. For negative
pitch angles, CT/O tends to decrease for a given CQ/b as yaw
angle is increased. The change is proportional to pitch
angle. For positive pitch angles CT/b increases for
constant CQA: as yaw angle is increased. The effect is
shown in Figures 5b and ¢. The near constant relationship
between C, and CQ with yaw angle suggests feasibility of a
wind turbine system that limits power output to a constant
value with a thrust limiting device that either yaws the
rotor about a vertical axis or pitches the rotor about a

horizontal axis, above rated thrust. A machine of this type
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has been designed and constructed by North Wind Power
Company (15). This machine consists of a rotor that is
attached to the nacelle by means of a spring loaded hor-
izontal hinge. For wind speeds above rated power, and
therefore above rated thrust, the spring force is overcome
by the thrust force and the rotor tilts up to the necessary
pitch angle, thereby reducing rotor torgue and thrust until
equilibrium is established at rated power.

Another interesting result illustrated by Figure 5a is
that the theory predicts that under certain conditions there
may be more power available in yawed operation than in axial
flow conditions. This may be seen from the line of constant
tip speed ratio, v = .12. As yaw angle increases, the thrust
coefficient and torque coefficient (i.e. power) first
increase, reaching a maximum at 15° yaw angle, and then
decrease at higher yaw angles., From the shape of the curves
one can see that this effect increases for the v = 0.8 curve
and is negligible for the v = 0.2 curve.

Although the phenomenon of increased power with yaw
angle appears to be a moderate effect from the viewpoint of
obtaining extra power from a given wind machine, and may not
occur under certain operating conditions, the ability to
predict and be aware of the effect is important in the
consideration of yaw as a method of power control. First,
it is advantageous to operate wind machines at yaw angles

for maximum power extraction. Second, if the power output
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of a constant rotor speed wind machine is to be controlled
by a yaw actuated, feedback control system, the system would
experience a control reversal in those regions where torque
increased, rather than decreased, with yaw angle. Third,
the increase in power with yaw angle provides a potential
benefit in the prevention of overspeeding for yaw controlled
wind turbines. In particular, if a machine operating at
rated power and zero yaw angle were to lose its load due to
mechanical or electrical failure, the tendency would be for
the machine to overspeed. 1In yaw-controlled machines, this
tendency must be countered by a rapid yawing of the rotor
through nearly 90°. I1f, however, the machine could be
operated at or near the yaw angle for maximum power (which
is > 0) the rotor would be yawed through a considerably
smaller angle. It follows that, in the latter case, the
rotor RPM would have less time to increase before the furled
position were obtained.

The calculation of the yaw angle for maximum power is
outlined below. Using equations (1) and (2) and the
definition of the A, X, v and v, and neglecting % because it

is small in equation (2) one can write: (See also Figure 6).

2viv cosx -2 +. (v sinx )27 (11)

O
]

- g2 - _ ga
Cp = =7 (v cosX V) 5 9 (12)
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we wish to find

3 Cp

aX
v = constant

in order to locate the maxima.

We therefore define:

2 _ = ga _ 20
CT/ZV = G, v/v = H, gy = I and 37 = J
then
G = I(cosX -H-J) (13)
- 2 X
G = H(H® - 2H cosX + 1) (14)
Thus substituting
H = cosX -G/1-J (15)
one obtains
2 2 4
G = (cosX -G/I-J)° + (cosX -G/1-J)° -
2 {cosX - G/I - J)3 cosX (16)

Now taking the differential and setting all dX coefficients

= 0 (since we wish 4G/dX = 0) one obtains:

-2 + 6 (cosX - G/I - J) cosX

2 (17)
- 2 (cosX-6G/1 - J)° =20
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Letting A = G/I + J and solving the guadratic for cosy;

2 )
cosy = A* (2A + 8)
Where {18)
AC
_ __T,259
A =G/I +J = Tav + 33

Plotting egquation (18) on the graph of Figure 5a, one can
see that the line connects the power maxima.

The physical reason for the phencmenon is illustrated
as follows.

If one considers the mass flow through the rotor it can

be expressed as a function of area and flow velocity as:

h = PAV (19)

Wwhen considering flow through a yawed rotor, one might
expect the area, A, in equation (19) to be the projected
area of the rotor disk normal to the direction of flow.
However, the Prandtl-Glauert Hypothesis for flow over wings
(16) indicates that the flow affected by the rotor is
contained in a cylinder of radius R, independent of rotor
disk orientation. Therefore, based on the Prandtl-Glauert
Bypothesis, the area in equation (19) is constant with yaw
angle and mass flow through the rotor is only a function of
velocity; Figure 6 shows the non-dimensional velocity re-

lationships with yaw angle. From the figure, the resultant
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flow velocity at the disk is:

2

net velocity = ( (v cosX - v)~ + (v sin)()z)Li (20)

or

net velocity = (v2 + v2 - 2v \Jcos)();5 (21)

If v and v are constant, a larger yaw angle results in a
larger net velocity at the rotor, which, from equation (19)
and the Prandtl-Glauert Hypothesis, indicates that mass flow
will increase with yaw angle. From equation (11} it is
evident that if the net velocity {(and therefore mass £flow)
increases with constant v and v, then CT {and CQ) will
increase with yaw angle.

However, the induced flow, Vv, is not constant with
constant v and increasing yaw angle. 1In fact, the numerical
results show that induced flow decreases with yaw angle.
From equation (1l1l) and (21} it is evident that decreasing
induced flow, v, will result in decreasing CT and CQ values.
Thus the existence of a power maximum at yaw angles other
than zero depends on the competing effects of increased
mase flow and decreased induced velocity with yaw angle.

Based on equation {(18), one can show that for constant
CT/b, a, and & values, the occurrence of a maximum is
strictly a function of tip speed ratio and one can calculate

a critical tip speed ratio beyond which the maximum will not
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occur at positive yaw angles, given the required constants.
in addition, one can deduce that the smaller the value of A,
the more pronounced will be the effect, and that there is a
maximum value of A, (A = 0.618) above which the effect will
not occur. Therefore, a decrease in CT’ CQ, or §, or an
increase in ¢ or v will result in amplification of the
effect of maximum performance at yaw angles other than zero.
These effects are demonstrated in Figure 5.

Finally, a comparison of Figures 5b and ¢ shows the
large effect that small changes in collective pitch can have
on turbine performance. A similar comparative approach can
easily be extended to examine the effects on rotor
performance of the parameters, o, a, and Cdo'

A second method of presenting the results of the
computer algorithm is presented in Figure (7). Figure 7 is
plotted for the same configuration as Figure 5b. C, is

P
calculated using particular CQ and v values by the relation:

- _ 9
Cy = 3 (22)

The computer program for the algorithm is listed in Appendix
6.2.

Several interesting results are easily obtained from
Figure 7. However, one must interpret these results within
the restrictive assumptions of the analysis stated

previously. From the figure, one can determine wind turbine
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performance as a function of tip speed ratio and yaw angle,
For example, in Figure 7, which is for parameters identical
to Figure 3b, a yaw angle of 10° has a very small effect on
performance. In addition, by considering lines of constant
CQ/c and CTAJ one can choose a rated power operating point
that will result in optimum power coefficient and yet
provide a stall margin, as necessary. (CTAJ approaching .14
generally indicates an approach to stall conditions).

It is interesting that the theory predicts that there
is a maximum performance coefficient, even without stall
effects. A brief analysis will provide some insight into
the phenomenon. By combining equations (2), (3) and (22)
ignoring drag effects, and assuming zero pitch angle, one

can write.

_ (ca 1 2
CP = (—54(;§)(v - V) (23)

Physically the (l/v3) term represents the power available in
the wind while the (v-v)2 term represents the power
extracted, which conforms with the definition of the power

coefficient, C Rearrangement of equation (23) gives

Po

_ ,0a,,1
Cp = (UL -

<l
St

(24)

one then takes

X = % with: VvV = constant {25)
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(Letting v = constant is a good assumption near maximum CP
values, as is shown by the numerical results). Setting the

dc
derivative (EEE) to zero, one can calculate two solutions,

X = % =1, 1/3 (26)

gince the solution (v/v) = 1 is in the vortex ring state it
can be ignored. The other solution shows that the power
coefficient will have a maximum, without stall effects, when
the ratio of induced to free-stream flow is about one-third.
The exact value will vary depending on variations in induced
velocity, which were ignored. This result is related to the
Betz coefficient, CP = 0.59, the optimal value of CP which
occurs for Vv = 1/3. The optimal operating condition is
shown in Figure 8, based on the Betz derivation and
actuator-disk momentum theory.

A third presentation of the results of the algorithm
for -the simplified theory -is shown in Figure 9. In this
figure lines of constant, non-dimensional, induced flow
velocity, v, have been added to the curves of Figure 5b. The
graph allows one to evaluate quickly the induced flow for
various operating conditions. For example, the ratio of
induced flow to tip speed ratio at maximum power coefficient
igs ecasily seen, as is the fact that induced flow decreases

with yaw angle for constant tip speed ratio, both discussed

previously. Finally, the figure gives performance values



-32-

Actuator
Disk

Stream Line 4___i—dﬂ__,———*'“"'—ﬂ—ﬂuq

21 - 2
v V-3V V-3V
o ———— —ia —
Induced Velocity At —-_‘-“h“““‘*-————ﬂ——

The Rotor = lv '
3

Figure 8. OPTIMUM OPERATING CONDITIONS FOR A WIND TURBINE
ROTOR



-33-

<=4
i T_.-"'-;_,‘.‘

A8

1
SE DR TH G0 S8 48 38 20 18 68

Figure 9. FIGURE 5b REPLOTTED WITH LINES OF CONSTANT
INDUCED VELOCITY ADDED



_34..

and induced flow velocities for various operating conditions
which will be used to reduce computing time in the dynamic,
yawed flow simulation developed next.
2.2 DYNAMIC YAWED FLOW ROTOR SIMULATION MODEL
2.2.1 Objectives

Although the previous simplified theorectical develop-
ment provides a method to estimate yawed flow performance
parameters, such as Copr CQ, v and v, it fails to provide a
detailed analysis needed to examine other important factors
such as unsteady blade loading, yaw rate, and local angle-
of-attack. To provide a more detailed analysis in yawed
flow conditions, a dynamic rotor simulation model was
developed. The simulation was constructed with the

following considerations:

a.) Complexity: Complex computer simulations of
rotors already exist that provide detailed
analysis, e.g., MOSTAB (7) . Therefore this

analysis is designed to be simple enough that it
can be easily applied and even programmed on a
small, microcomputer system, and yet with
sufficient complexity that the results are quan-
titatively useful.

b.) Dynamic Effects: The simulation is constructed so

that transient and dynamic effects can be
analyzed. Since most analytical solutions provide

only steady state or quasi-steady state solutions,
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data generated from a dynamic simulation could
yield new insights. Induced velocities, usually
calculated using steady state momentun theory, are
calculated using a dynamic inflow theory (17).
The use of this theory in yawed flow or transient
yaw conditions is expected to provide a more
accurate induced velocity profile over the rotor
disk than either the assumption of uniform inflow
or of isolated induced velocities based on local
momentum theory. Accurate induced velocity
profiles are important in calculating local angle
of attack and aerodynamic forces. The theory is
discussed in more detail in Section 2.2.3.4.

variable Wind Effects: The simulation is con-

structed so that variable wind speeds and yaw
angles can be included to determine wind turbine
response to gust conditions.

Stall Effects: Stall effects are ignored in the

simulation. The justification for this is that in
yawed flow rotors display the effects of dynamic
stall (6}. (Local blade elements experience an
effective oscillatory angle of attack.) Since
dynamic stall causes increased effective 1lift,
local l1ift values are calculated based on a linear
1lift slope, a. As a result the model is not

applicable for stalled operation, and may
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overestimate 1ift coefficients as the angle of
attack retreats from the maximum. See again
Figure 2,

Drag Coefficients: Drag coefficients are cal-

culated as a function of local geometric angle of
attack using equation (10).

Passive Cyclic Pitch:  Two-bladed rotors which

operate in yawed flow at moderate to high advance
ratios, or with high yaw rates, usually include a
teetering hub, often with a positive pitch-flap
coupling (i.e. 63 >> 0, passive cyclic pitch hub)
in order to reduce steady blade and tower forces.
Examples include the experimental rotor described
in Section 3, the modified NASA MOD-0 and MOD-2
and several smaller wind machines. As a result,
the simulation is developed to include hinged hub
designs with variable pitch-flap coupling for a
two~-bladed rotor.

Elastic Flapping Effects: The simulation is

developed to include elastic-blade flapping, in
addition to the pitch-flap coupling effects just
described. These effects are necessary for an ad-
equate treatment of blade loads and may -also be
important for the calculation of performance for

some rotors.
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2.2.2 Simulation Model Algorithm Overview

The state variable approach, with a predictor-corrector
integration routine, was selected to solve the system of
first-order differential equations that describe the rotor
behavior.

The coordinate system and directions are shown in
Figure 10 for the rotor. The state variables for the system
are: (a) angular rotation about the prelag axis and its
angular velocity, T and %; (b) elastic flap angle and
velocity, Be and ée; (¢) azimuth angle and velocity, Y and
@, or @ (d) yaw angle and velocity, X and X ; and (e) induced

flow velocity, V.

The state variables for the model are identified as:

¥l =1

¥2 = 1

Y3 = Be (27)

¥4 = Be

¥5 = v

Y6 = Y = Q Note: V¥ is omitted in the

¥7 = X system of equations since in-
¥8 = k crements of ¥ will generate

the time increment for the

predictor-corrector algorithm.

and the state equations are:
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Y1 = ¥2 (28)
Y2 = £1
Y3 = Y4
Y4 = £2
Y5 = £3
Y6 = £4
Y7 - 18
Y8 = £5

where the functions fl1 through f5 are derived and explained
in Section 2.2.3. 1In general, the functions fl1 through 5
are functions of the state variables, Y. and the aerodynamic
forces on the rotor. Therefore, given the state variables
and the aerodynamic forces on the rotor at time t, the new
state variables are calculated at time t + At using the
state equations, the aerodynamic equations, and a predictor-
corrector solution. Thus, a general algorithm for the model
may be outlined in seven steps as follows:

1. Input initial conditions for Yi' i =1 to 8.

2. Determine azimuth step size and calculate time
step, since At = AYL (Note variable time step
since @ is variable).

3. Input wind speed as constant or function of time.

4. Calculate aerodynamic forces on each rotor blade

at time, t and azimuth, ¥ .
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5. golve the state eguations for time t + At using a
predictor-corrector algorithm such as described in
(18) to specified error tolerance. This will
require updating aerodynamic force calculations
at time t + At and again with each iteration of
the state variables. Also, since Q is changing, a
corrected time step is calculated based on the
average, corrected, & over the interval.

6. Store the values of the state variables at time t
+ At and azimuth angle Y +AVY.

7. Go to 3 and continue.

The algorithm described will result in a time based
simulation hodel of the rotor from which instantaneous
values of performance, aerodynamic forces and blade loadings
can be determined and followed over time in response to
steady or variable operating conditions.

2.2.3 Derivations

In order to apply the rotor model algorithm, the state
equations fl1 through f£5 and the aerodynamic forcing
equations must be developed. For each of the derivations
the result must be in terms of the given state variables and
the aerodynamic forces, for a solution to exist. Before
deriving the individual state and aerodynamic equations, let
ue first derive the general equations of motion for a two-
bladed rotor operating in yawed flow with variable yaw rate

and pitch-flap coupling (i.e. 53). This result will be



-41-

necessary in deriving other equations. Figure 10 defines
the coordinate directions. The general approach is to first
write the kinetic energy of the rotor based on the
velocities Ugr Ver and w, described in the rotating system.
Next, one writes the Lagrangian and virtual work and forms

the differential equations of motion in terms of T and X.

The final equation takes the form:

A L

2[:4]%; + 2[G]§ + 2(K)3;$ = (F) (29)

The matrices M, G, K and F are the equivalent"mass or
inertial matrix, the gyroscopic matrix (there is no explicit
viscous damping), the stiffness matrix, and the aerodynamic
forcing functions, respectivelyl The velocities in terms of
uc' Vgr andg v, are presented in Appendix 6.3 as are the
details of the derivation and the resulting equations.
2.2.3.1 Aerodynamic Egquations

In general terms, the aerodynamic forces are calculated
from blade element theory and are integrated along each
blade, at successive rotor azimuth angles, to obtain the
aerodynamic forces. Figures 10 and 11 illustrate the
quantities involved.

The aerodynamic forces to be calculated are the
elemental thrust force, 4T, and the elemental inplane force,

do. From these, the aerodynamic thrust, thrust moment,

inplane force and torque are calculated. For this
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derivation, it is assumed that the lift is a linear function
of angle of attack, (stall effects are ignored), and drag is
a second order function of angle of attack. Based on the

geometry of Figure 11 one can write:

dT = dL cos$ + dD sing (30)
dQ = dL sin$ - dD cos?d (31)
where
dL = q Co (32)
dD = q Cq, (33)
and
g = dynamic force =% p dr c 2 (34)
Cdo = £(a) See (10)
since
a =¢ -6 (35

and @ is the known pitch angle based on blade geometry and
the pitch-flap coupling for the rotor, the solution for dT
and dQ is determined once the velocities UP and U, are

established, since:

_..-1 U
$ = tan ﬁg (36)
T
and
2 = u?+u0? (37)
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Expressions for the velocities UP and UT are derived in
detail in (l4). For a rotor operating in yawed flow (i.e.
advance ratio > 0), for small flapping angles (sc that cosg
=z 1 and sing © B), for constant yaw angle (no yaw rate and

neglecting the effects of wake rotation, one can write:

=]
il

Qr + V sin¥ sinV¥ (38)

vV cosX - vy - r8 - B Vv sinX cos¥ (39)

UP
Since yaw rates are to be included in the rotor model, ve-
locities due to yvawing must be added to Un, and UP'

From Figures 10 and 11, Un and U, are defined in the Ve
and -w, directions. Equations {3.2) and (3.3) in Appendix
6.3 define the inertial velocities in these coordinate
directions (i.e., no wind or induced velocities are present).

1f, for simplification, all terms of third order or higher

are ignored, the equations become:

v, = fr - ¥ 8§ sinY (40)
w, = T r 00563 + X r cos¥ (41)

The addition of these terms to the UP and UT velocities

gives:
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Up = 8r + V sinX siny - X S sinY (42)
UP = V cosX - \ ré - B V sinX cos?
- X r cosV¥ (43)

(Note that the §Or term in the Ve equation is already in-
cluded in the expression of UT' and the Tr cosﬁ3 term is
included in the flap-rate term, é, in the UP equation. The
latter point will be made evident in the derivation of the
flapping equations}.

Given the wind velocity and radial and azimuthal
station (v, r and ¥ ), eguations (42} and (43) express the
tangential and normal velocities in terms of the known state
variables. Thus the aerodynamic forces dT and dQ can be
found.

Knowing the elemental aerodynamic forces one can now

write the aerodynamic components of the forces and moments

for the inplane and thrust directions as follows:

N

TB(]j) = E dT = Total thrust force per blade (44)
n=1

N

MB(j) = E dT.r = Total thrust moment
—r 1 per blade (45)
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N

TQ(]) = E dQ = Total inplane force
= 1 per blade (46)
N

MQ(3) ==E dQ+r = Total driving torgue

where

per blade (47)
n=1

number of blade elements

blade number (i.e. blade 1 or 2)

Note that all equations assume small flap angles, and no

flap angle corrections are included.

Let us review the assumptions used in the derivation of

the aerodynamic forces:

1.

Blade geometry, wind speed, rotating velocity, Qr,
and induced velocity are constant over the blade
element, dr. The more blade elements assumed, the
less significant are the errors due to this
assumption.

Flow along the blade is ignored. According to
(14) radial flow may increase the profile drag
slightly, but will have little effect on rotor
thrust.

Wake rotation effects are ignored. These are

usually small compared to fir.
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Tip losses have been thus far ignored. These
losses, however, can be easily included by the
approximation of Prandtl and Betz as presented in

(14)0

B=1- —) (48)

where B is the tip loss factor; blade elements out
board of radius BR are assumed to have profile
drag but no lift. CT is the rotor thrust co-
efficient and b is the number of rotor blades.

The lift-curve slope and drag coefficient are
assumed to be simple functions of angle of attack
and constant over the blade elements, dr.
Corrections in lift and drag coefficients due to
variation in Reynolds Number, stall effects,
surface roughness, etc. can be inéluded if these
effects are known quantitatively. These effects
are not included in the present simulation model.
Flapping angles are assumed small so that the
small angle assumptions hold, and total blade

aerodynamic forces are not corrected for the

cosine of the flapping angle,
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7. Third order and higher inertial terms have been
ignored in the calculation of U and U, for
simplicity. The error should be small for
moderate yaw rates and T angles,

2.2.3.2 State Variable Equations for Yaw Angle and
Cyclic Pitch Deflection About the Prelag Axis

Derivation of the fl function for state equation %2,
{(i.e. the equation of motion about the prelag axis) and the
f5 function for state variable iB (i.e. the equation of
motion about the yaw axis) are found at the beginning of
this section and in Appendix 6.3.

The eguations for %2 = ¥ and %8 =X are obtained from

-1
premultiplication of equation (29) by M} . 'Thus

B OO R IO R OIN R
(m)™t & (F) (49)

Since these matrix manipulations are best carried out in the
computer program itself, explicit relationships for ¥ and ¥
are not presented here. The derived matrices and solutions
are presented in Appendix 6.3. Examination of egquations
(3.17), (3.18) and (3.19) in the Appendix, shows that one
can evaluate the state equations for T and ¥ in terms of
pblade and nacelle moments of inertia, (I and IN), blade
mass, (M), delta three angle, (63), the aerodynamic forces

calculated in equations (44) to (47) and the state

variables.
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Let us review the assumptions used in the derivations.

1. Third order and higher terms are neglected in the
expression for rotor kinetic energy.

2. All aerodynamic assumptions listed previously
apply because these forces are included as the
forcing function in the derivation.

2.2.3.3 State Variable Equations for Flapping Angle

Blade flapping angles, B, are actually determined from
several components. The state variables ¥3 = ﬁe and Y4 = ée
represent the elastic flapping of the blades.

Figure 12 shows the components considered in the total
flapping angle 8. Bo is a constant preconing flap angle; T
cosG3 is a flapping angle due to rotation about the prelag
axis; and E% is the flap angle due to the elastic bending of
a rigid blade about a simulated flap hinge with spring

constant as shown in the figure. The equation of motion for

one blade is:

> = .2 _ MB(1l) + MB(2)
I8, + (I 07 + Ky) B, = 3 (50)
where I is the equivalent centrifugal inertia. Since the

nonrotating frequency is given by

X
2 _ s
w, S = (31)
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and since the elastic mode experiences rotational stiffening

different from the centrally-hinged rigid blade (I # 1, I/1I

= wlz), the rotational frequency is:
2 _ 2 2 2
wn --wo + 8 wl (52)
One can write, therefore,
: o 2 2 2
Y4 = £2 = Be = -(w,~ + Q" v, ) Be +
(53)

MB(l) + MB(2)
21

Now one can write the total flap angle for blade 1 as

B(l) =B, + B, + T c0553 (54)
and for blade 2 as
B(2) = Bo + Be —'tcosﬁ3 (55)
The related derivatives are:
3(1) = ée + T coss, (55)
B(2) = ée - T cosd,
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Since:

=To =-.[a =. =.
Y1 ; Y2 ;7 Y3 Be and Y4 Be

these four equations are easily written in terms of the
state variables and thus flapping angles and velocities for
each blade are determined.
The assumptions for this derivation are:
1. The blade is modeled by a rigid blade with root
hinge having an equivalent spring coefficient.
2. small flap angles are assumed since thrust forces
are not corrected for cosine of the flap angle.
3. Elastic damping is ignored.
4, Rotational stiffening is approximated by a second
order function of natural flapping frequency.

5. The two blades are identical.

2.2.3.4 State Variable Equation for
Dynamic Induced Flow

The application of a dynamic inflow theory in this
simulation is one factor that sets this rotor model apart
from other rotor simulations, e.g. (4). The relationships
used have been recently developed by Pitt and Peters (17) in
studies of dynamic inflow patterns for helicopter rotors in
forward flight. The advantaée gained in using dynamic
inflow theory is that complex induced flow patterns that
follow dynamic yawed flow conditions are easily expressed in
concise analytical terms. Previous methods {(4) use steady-

state momentum theory to calculate isolated induced flow
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velocities over the rotor disk. Such an approach ignores
the dynamic response of the induced flow to unsteady
variations in yaw angle. Previous methods also fail to
account for the induced flow gradient under yawed
conditions. Therefore, previous analyses often give poor
estimates of induced velocities at moderate advance ratios.

There are two factors that affect induced velocity
patterns over the rotor disk in unsteady yawed flow. First,
in yawed flow (advance ratios > 0) there is a velocity
component in the plane of the rotor disk as well as one
normal to the disk. This fact causes the lift distribution
that occurs at the leading edge of the disk to affect
induced velocities over the whole disk. Therefore, the
induced flow pattern over the disk can not be determined
from local momentum theory, see Figure 13. Second, the
induced flow patterns respond dynamically to changes in
operating conditions, such as a yawing. The pattern
responds in a fashion analogous to a mechanical spring and
damper, in that there is a time lag between the application
of 1ift and the development of induced flow.

Although Glauert (see Figure 13) proposed a profile
shape for the induced flow pattern, the problem of analy-
tically quantifying the pattern over the rotor disk has
remained. One of the advantages of the method proposed by
Pitt and Peters (17), and used in this simulation, is that

not only is the average dynamic induced flow velocity
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calculated, based on dynamic rotor operating conditions, but
the velocity gradient across the disk is also calculated as
a function of yaw angle. The average induced velocity is
calculated as a state variable, Y5, and correlates with
steady state induced velocities calculated by momentum
theory (see equation 14). The flow gradient (and therefore
local induced velocities) is calculated based on this
average induced velocity, on yaw angle, on blade radial
position and on azimuth angle.

This explanation is a simplification of dynamic inflow
and the interested reader is referred to (17).

From the analysis of Pitt and Peters (17) one can write
the following equations applicable to wind turbine rotors

operating in yawed flow.

- C
¥5 = £3 = § = %T [% ;% - v] (56)

(?\2 + uz)35

1l

vV

The local, dimensional induced velocity is then found from

_ 15T l-cosy
v; = vor [1.33 + 52 (;+cos%Y(COS?)] (57)
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The following notes and assumptions apply to these

equations:

1. The effects of pitch moment and roll moment on
induced flow are ignored, although these could be
easily added from the results of (17) if desired.

2. Although, ideally, V should be calculated based on
the average value of CT over the rotor disk,
instantaneous values of C, are used in the
present simulation for convenience. Numerical
results thus far, however, show that instantaneous
values of CT do not vary appreciably around the
rotor disk. Also, due to the lagging response of
the dynamic induced flow equation, the effect of a
twice per revolution variation in CT is further
diminished.

2.2.3.5 State variable Equation for Rotor Speed

As mentioned above, rotor azimuth is not calculated as
a state variable, instead incremental azimuth angles are set
in the model and the resulting time step calculated based on
average rotor speed, @ , over the time interval. The

equation of motion for the rotor is of the form

2I§ - net torque = 0 {58)

The net torque is the aerodynamic driving torque, MO(1l) +
MQO(2), minus the generator and gear box shaft torque which

is, in general, a function of @, and $. This simulation
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ignores the inertial terms for the generator. Thus, one can

write for

the rotor speed

Q= £4 = 2—% [MQ(1)+MQ(2) - fgen(n)] (59)

The assumptions applicable to equation (59) are:

l.

All previous assumptions concerning the deri-
vation of the aerodynamic forces apply, since MO
represents the aerodynamic driving torque.

Equal blade moments of inertia.

Inertial effects of the generator and gear box are
ignored.

Gear box efficiencies must be included in the
generator function, since shaft torque at the
rotor is required.

shaft torgue must be expressible in terms of rotor

speed, Q.

2.2.4 Dynamic Yawed Flow Computer Simulation:
Example Application

The computer algorithm developed in Section 2.2.3 1is

used to model a specific two-bladed, wind-turbine rotor with

passive cyclic pitch. The actual rotor is used on an

experimental wind turbine to investigate the feasibility of

a two-bladed, yaw controlled wind energy conversion system.

Physical details are presented later in Section 3. The

present intent is to illustrate the application of the dy-

namic yawed flow simulation, previously described, to a
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physical system and to compare some of the results with
other theoretical results. Correlation with experimental

results is reserved for Section 3.

2.2.4.1 Example Model Description

Details of the computer simulation are described here
and are listed in full in Appendix 6.4. Equations and re-
lationships are presented where they are necessary to
describe the physical system or are required to amplify the
equations presented in Section 2.,2.3. The model is
programmed in BASIC on an Apple II Plus microcomputer.

PROGRAM LOGIC

Dynamic Yawed Flow Model
For Experimental, Two-Bladed Wind Turbine

1. Dimension arrays and variables.
2. Enter the following variable inputs.
o Date and notes.
o Autorotation/Power-on flag (removes gen-
erator torque in autorotation).
o Azimuth angle increment.
o] Predictor-corrector error tolerance and max-
imum number of iterations allowed.
o Blade radial increment.
o] Wind speed.
o Optional print-out routines desired.

o} Initial values of 8 state variables.,
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6.
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Read or calculate the following constants.

o] solidity ratio.

o Aerodynamic pitch angle at .7R.

o Pitch correction for difference between
aerodynamic and geometric pitch.

o Blade mass and moment of inertia.

o Nacelle moment of inertia without tail boom.

(i.e. This is a fixed boom analysis).

o Distance from yaw axis to rotor.

o Blade precone angle.

ol Delta three angle.

o Radius of rotor,

K Air density.

0 Blade frequency coefficients.
(0 = w02 + szlz)

o} Blade element span, dr.

Print-out input file if desired.

Initialize program counters.

Enter iterative azimuth loop.

Check counters for end of complete rotor revo-
lution - update as necessary.

Go to aerodynamic forces subroutine and calculate
aerodynamic forces on each blade.

Print out current dimensional rotor data and non-
dimensional rotor data based on state variables,

rotor position and aerodynamic forces, if desired.



10.

11.

12.

13.

14.
15.

16.

1.1

1.2,
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If end of complete revolution, print out current
state variables, selected averages and errors
based on previous revolution. Change input var-
iables, yaw rate, print out routines, or save data
from previous revolution as desired. Finally,
save current state variables for comparison with
next revolution.

Go to the predictor-corrector subroutine and get
state variables at new azimuth angle and time
step.

Update counters,

Print out current value of state variables and
some nondimensional data, as desired.

Update running averages.

Save current cyclic pitch position and induced
flow, state variables 1 and 5 for optional print
out to disk at end of the revolution, or save
other variables, as desired.

Go to 7 and continue,

SUBROUTINES ¢
Aerodynamic force calculation.
Reset total blade force and moment variables for
each blade to zero (i.e. TB, MB, TQ, and MQ).

For each blade calculate the following:
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l.?

l.8
1.9

1.10
1.11
1.12
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Total flap angle and velocity (see equations (54)
and (553).

Reset tip loss counter.

For each blade element calculate the following:
(Refer to blade diagram in Figure 14).

Radial position of the center of the element, dr.
The model assumes a center cut-out of 27%.

Blade element geometric pitch angle based on
radial position, blade twist function, aero-
dynamic pitch angle set at the 70% station, and
the current value of the cyclic pitch due to pitch
flap coupling and deflection about the prelag

axis. Thus:

pitch|r = twist| + pitch correction {60)
+ T sin53

((+) for Blade #1, (-) for Blade $2)

Chord width as a function of radial position.

UT and UP based on equations (42), (43}, (56) and
(57).

«, ¢ and U from equations (35), (36) and (37).
Local Reynolds Number.

Save local value of a and Vi for Blade 1 (if not in

a predictor-corrector iteration loop).
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1.14

1.15

1.16

1.17

_.63...

Go to C; and Cdo subroutine and obtain C, and Cg.

Make a tip loss correction if on the outboard
element. The correction is based on equation
(48). For power-on operation the steady state
CT/U value for the rotor is approximately .1,
while for power-off the wvalue is approximately

.03. For o = .032 one can calculate from equation

(48) that the tip loss factor will be

.96:POwWer-on

.98:Autorotation

Note that these are approximations since CT/U
varies somewhat over the rotor disk in yawed flow
and in transient conditions. Since accurate tip
loss calculation based on local Cp would be an
iterative process, the constant values calculated
above are used in the model for the two operating
modes to reduce computing time.

Local forces and moments are calculated and summed
over the blade as shown in equations (44) to (47},
and blade data is printed out if desired.

Go to step 1.5 or 1.2 until all elements and both
blades are completed.

Return
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Lift and Drag Coefficient Calculation.

Calculate C, based on radial position and geome-

L
tric angle of attack, a. From Figure 14 it is
evident that the airfoil section is variable along
the blade. The blade is divided into three
sections outboard of the cut-out section and one
lift curve slope and zero crossing is selected
for each section. Airfoil data from reference
(20) is used with standard roughness and a 3 X 106
Reynolds Number. This is an approximation since
in normal operation the airfoils operate at a
Reynolds Number of approximately 0.75 X 106.
However, the degrading effect of decreased
Reynolds Number operation 1is offset by the
assumption of standard roughness and it is assumed

the effects approximately cancel for the real

blade. Thus:

r < 0.407R; CL = 0.075c¢ + .2 (a = 4.3) (6la)

0.407R < r < 0.656R; C, =

4.9) (61b)

.0875a + .3 (a

r 2 0.656R; C

L .1 + .4 {a = 5.7) {6lc)

(¢ is geometric angle of attack in degrees)
It is assumed that lift continues as o increases
beyond the limits of steady stall in order to

approximate dynamic stall conditions that occur in
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yawed flow. (See again 2.2.1-d). Therefore, this
simulation would not be applicable for a starting
analysis, for an axial flow analysis beyond the
static stall limits, for operation at reduced RPM
with low Reynolds Numbers or neidr the ‘stall limits,
or for yawed flow operation resulting in extreme
angles of attack.

The limiting case for the simulation is taken to
be o (geometric) = 20°. These restrictions could
be removed by including the effects of stall on
the 1lift and drag coefficients. However, since a
passive cyclic pitch rotor must be operated away
from static stall 1limits due to inherent
instabilities, and sinée dynamic stall conditions
warrant a linear slope beyond static limits,
calculation of 1ift coefficient is based on
equations {61l) only.

Check for angle of attack between zero and 90° for
drag calculation.

Calculate drag coefficient. A single expression
for drag coefficient was approximated from data

for the respective airfoils at 3 X 106 R_ and

e
standard roughness from reference (20).
Cd_ = .0l + .5 (a’ ) (10)
o * - radians

(¢ is geometric)
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As in the case of the lift coefficient, static

stall effects are ignored.

2.4 Check for a > 20 degrees. Print out warning if
20. degrees.or above. Note this is the geometric
angle of attack.

2.5 Return

3. Predictor-Corrector

3.1 Go to derivative subroutine and calculate all
derivatives, %i, at current time based on current
state variables.

3.2 Store all current state variables and their de-
rivatives at time, t.

3.3 Calculate At based on azimuth step size and { at
time t.

At = AY/Q (62)
3.4 Predict new state variable values at time t + At
by
i (- ..
t + At = Ylt + At (Ylt)(Euler Formula) (63)
and save new Yi (1) values.
t + At
3.5 Increment Azimuth values, as

¥V o= ¥ + AY (64)
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Set iteration counter to 1.

Go to aerodynamic forces subroutine and calculate
new forces at new azimuth angle with new Yi state
variables,

Go to derivatives subroutine and calculate

éit + At(l) derivatives at new time.
Calculate new time step based on average between

at time t and new §§ at time t + At (§ is state

variable Y6) by:

20
At = (1) (65)
: * e+ oat

Correct Yi at time t + At by

(2) _ s At - i (1)
A = Ylt + > (Y1t + Ylt + At ) (66)
Calculate errors and print.
- (2) _ 4,;(1}
% Error - 1 (67)

t + At Yitz)

Check for maximum number of iterations. If yes,
then 3.15.
Check for errors within tolerance. 1If yes, then

3. 15l



-68-

(1)
t + At *

iteration counter and go to 3.7 and repeat.

(2) Increment

3.14 Renane Y1t + At as Yi
3.15 Exit predictor-corrector.
3.16 Calculate final At by equation (65), set iteration

counter to zZero.

3.17 Return

The predictor-corrector algorithm outlined above is
explained fully in reference (18). Several points are
worthy of note here. The error in the solution method is in

the order of At3, an order of improvement over the Euler

Method,the error of which is in the order of AtZ. (The Euler
Method consists of using only the predictor part of the
algorithm). Generally one or two applications of the
corrector are sufficient and it is generally more efficient
to reduce the step size (At, or in this case, AY) rather than
apply more corrections to obtain desired accuracy. For this
reason the maximum number of iterations suggested is 3 for
the simulation. One final note; application of the
corrector only once is also called a second order Runga-

Kutta Algorithm, and is often used for the numerical

solution of differential equations.

4. State Variable Derivatives
4.1 Calculate elements of the mass gyroscopic and

stiffness matrices according to equation (3.17).
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Calculate the first element of the forcing vector.
Fl in equation (3.17).

For constant yaw rate only, skip to step 4.6.
Calculate the second element of the forcing
vector, F2 in equation (3.17). Note that a yaw
moment must be supplied here for variable yaw
rate.

Calculate the inverse of the mass matrix. See
Appendix 3.

Calculate the state variable derivatives.

Yl = 12 (68)
¥2 = f1 (see equation (3.18))

¥3 = Y4

Y4 = £2 (see equation (53))
Y5 = £3 (see equation (56))
Y6 = £f4 (see equation (59))

¥7 = Y8

Y8 = £5 (see eguation (3.19))

For the simulation model under consideration, the
generator torque function, fgen(ﬂ). was
determined by experiment to be CQAJ = 0.008 power-
on and CQ/o = 0.001 in autorotation. By
definition then
e
o}

. 2 5
fgen(ﬂ) = copTh R (69)
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The autorotation flag determines whether the
simulation is run power-on or in autorotation and
substitutes the proper value of CQ/b.

4.7 Return

Although the egquations for variable yaw rate are
presented here and included in the computer model, sim-
ulations conducted to date were carried out only for the
case of constant yaw rate. Therefore, the derivative

equation
(Y8 = X = £5)

was set equal to zero and the simplified eguation (3.21),

derived in Appendix 6.3, was used to calculate Y2,

(Y2 = ¥ = f1)

The equations for variable yaw rate are included however, so
that if the yaw forcing moment in equation (3.17) is known
(for example in the use of an actuator driven yaw control
system) a variable yaw rate can be simulated with this

computer model.

2.2.4.2 Running the Simulation and Error Analysis

A sample input file is shown on the following page for
a simulation to determine cyclic pitch response, discussed
later in 2.2.4.3. The file is given to point out the

constants used in this and other simulation runs and to
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INITIRLIZED GATA SET
1/38-81 EXAMINE CYCLIC -PITCH FREQUEMCY RND CRMPING AT RATED POMWER

QELTH 3 (DEG = £7

PRECONE RANGLE cDEGY= &

BLROE I (K5 MaZ)= 48.7

BLACE MTL.FREG (HZ)= 7.4E

BLADE FREQ COEFF.C(HZ)= .17&3
FHOIUS (M)= 3.81

RIR DENSITY (KG/M~3)= 1.Z23

HERQ O¥N. PITCH AT 7R (OEG)>= -
OR ©MO= 5588

OF. IN RUTOROT.? N
DELTE HZMTH.CDEG)»= 193
# BLRADE ELEM. = 3 :

* PRED.CORR. EFROR LMT= .B3
PRECQ.CORR. ITER. LMT= 3

" BLADE MASS (KGX»= 195

v NHCELLE MOM.OF IMERTIA (KG MazZ)= 51.6 FOR ZERD YEH ANGLE ONLY
'VHH MM, HEM (M= ,K1
SOLIDITY RATIO= Q32

' WIND -SPEED (H/S‘- 14

Yi = 1745
vz = @

Y3 = #1728
Y4 = |
¥YS = 21503
YE = 24,287
WP =@

YR =@

SAMPLE INPUT FILE
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discuss step size choice and resulting errors. Constants 1
through 8 and 15 through 18 are taken from data specific to
the wind turbine to be simulated. See Table 5. The other
items are variable. The blade element span, dr, depends on
the number of blade elements selected. For all simulations
presented, 5 elements were used; 3 elements having been
tried and found to provide insufficient accuracy.

For simulations run to date an azimuth increment of 15
degrees and predictor-corrector iteration 1limit of 3
resulted in adeguate accuracy. Errors in the rapidly
changing variables, T, T, Bar and ée' were denerally less
than 1 or 2 percent while errors in the slowly changing
variables, v, &, and X, were near zero. (Note that one
method of increasing the program speed would be to provide
variable iterations for either rapidly or slowly changing
state wvariables). The error 1limit, set at 5%, was
occasionally met before the 3 iteration limit, thus allowing
for less iterations during that step. These constants and
step size 1limitations are used for all simulation runs
presented herein.
2.2.4.3 Comparison With Other Theoretical Results

Several operating conditions were simulated using the
dynamic computer simulation model as described in 2.2.4.1
and results are compared in Table 1 with results obtained
from the simplified theory for identical operating

conditions.
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TABLE 1

Comparison of Dynamic Simulation with Simplified

Theory for Two-bladed Experimental Turbine Parameters.

Power Off (Autorotation)

Yaw Angle Performance Simple Dynamic
(degree) Variable Theory Simulation
15 v 0.0639 0.0623
0.01847 0.01743
CQ/G 0.00106 0.00106
CT/G 0.05345 0.04979
CP 0.26 0.2806
60 v 0.10204 0.1009
0.00851 0.00781
Co/0 9.68 x 10°% 9.68 x 107*
CT/U 0.0522 0.04747
CP 0.0583 0.0603
80 v 0.26473 0.27126
v 0.003143 0.00246
co/o 9.723 x 107% 9.723 x 1074
CT/U 0.0519 0.04166
CP 0.0034 0.0031
85 v 0.524
v 0.00156
CQ/6 0.001 --
CT/c 0.051
C

P 0.0004
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Power-0n
Yaw Angle Performance Simple Dynamic
(degree) Variable Theory Simulation
15 v 0.108305 0.1113
v 0.020162 0.017128
CQ/G 0.00798382 0.00798397
CT/c 0.11213 0.10158
Cp 0.4022 0.3706
30 v 0.1176 0.1218
v 0.01742 0.01479
CQ/U 0.00797 0.00797
CT/c 0.112 0.1009
Cpo 0.3136 0.2823
60 v 0.1865 0.1996
v 0.009734 0.00786
CQ/c 0.00798 0.00798
CT/c 0.1119 0.09615
c 0.0787 0.0642
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In determining the values for Table 1, one should note
that, although average CQA: for power-on and power-off
operation is set to 0.008 and 0.001, respectively, for the
calculation of torque, CQ/c varies, as do the other
variables, around the rotor disk due to yawed flow
conditions. The values in Table 1 for the dynamic sim-
ulation represent the average value around the disk, and
thus due to rounding errors and finite step size the steady
state averages do not exactly agree with the prescribed
torque function. This average value of CQAJ is used to
calculate the variables v, v and CT/U for the simple theory
for comparison in the table. The data for the simple theory
is represented graphically in Figure 9.

Examination of Table 1 shows the correlation between
the simplified theory and the dynamic simulation operating
in steady state yawed flow conditions to be quite good, with
the following exceptions:

(a) Reliable data from the dynamic simulation at 85°
yaw angle is not possible due to stall conditions
on the retreating blade.

(b} In autorotation the simple theory predicts a
slightly higher CT/G and slightly lower Cg than
the dynamic simulation. With power-on, the simple
theory again predicts higher CTAJ values, than
does the dynamic simulation; and it also over

predicts CP' This is probably due to the effects
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of tip losses which are included in the dynamic
theory and more pronounced at higher CQ/G.

(c) The simple theory predicts higher induced flow

values in all cases.

The good correlation between the two theoretical
approaches is rather surprising, especially when one con-
siders the diversity of the two methods. Due to the com-
patability of results from the two methods, the simplified
theory can provide a short-cut approach to obtaining average
conditions for dynamic operation. Thus, these averages are
valuable as starting conditions for the dynamic simulation,
which decreases the computer time required to reach steady
state values for a desired simulation. The use of a chart
such as Figure 9 can be used to obtain these starting
conditions. One could alternatively devise a combined
program in which steady-state values are first calculated
using the simplified theory and these values are used as
initial values for the dynamic simulation model.

A second theoretical correlation with the dynamic
simulation model can be obtained from the transient cyclic
pitch response. There are approximate formulas for the
frequency and damping for the cyclic pitch and these can be

compared with results of the dynamic simulation model.
Using a basic rotor eguation of motion, it can be
shown, (21), that the fregquency and damping ratio of the

cyclic pitch angle, t, can be approximated by the formula:
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2 _ Y
w © = 1 + 3 tan63 (70a)
and
.
o= 1¢ (70b)
n
Thus:
w. = (1+ L tand, - (£)2)* (71)
a 8 3 i6

The frequencies are measured in cycles per revolution.
Since the lift curve slope for the blades varies with radial
position ( see again equation (61)), an average 1lift curve
slope for use in Y can be calculated by:

3 |
a  =2Fi 8§ . (72)

avg 3

i E:ri
Where r, is the radial station and a; the corresponding lift
slope. For the dynamic simulation, the blade Lock number

can then be calculated as:

with

a=5.5 B=0.96, and ¢ 7 = 0.1915 m

Substituting into equations (70) and (71) gives:
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w =
= 1.6
r = .218
2
wg = n(l-g);‘=l.6

(cyc. per rev.)

The dynamic simulation was initialized from equilibrium
conditions at rated power and zero yaw angle (v = 0.108),
but with the c¢yclic pitch, T, deflected to + 10°.
(Equilibrium value is 0° since there is no yawed flow). The
initial conditions and response are shown in Figure 15.
Response frequency is easily determined directly from the
figure, while the damping ratio is calculated using the log

decrement method. The results are:

wd = 1.532 cycles per rev.

and
z = 0.1882

Thus, the simulation predicts a cyclic pitch response close
to that obtained from simple, uncoupled rotor equation of
motion (70). some of the neglected coupling effects in
equation (70) are dynamic inflow, elastic coning and
periodic coefficients, which are included in the dynamic
simulation, and which may account for the difference in the

results.



-70~

10

~
¥

= 0.19

(4ﬂ

= 1.53 p

wga

-10

Figure 15. T RESPONSE TO +10° DEFLECTION
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A third theoretical correlation for the dynamic sim-
ulation model is obtained by comparisons with results from
the Wilson-Lissman program for axial flow (3). The Wilson-
Lissaman program was run on the DEC-20 computer system at
the Washington University Center for Computational Mechanics
in order to analyze the experimental test rotor with blade
element sections. Lift and drag coefficients were
calculated using a table look-up with stall effects included
(22). Resultant performance coefficient (for -0.5 degree
blade pitch angle, and a tip speed ratio, QR/v, of 9.6) is
0.37 which compares well with the dynamic simulation, which

gives C, = 0.40 at a tip speed ratio of 9.22 for identical

p
operating conditions. One would expect the simulation to
predict a slightly higher performance value since drag
effects are underestimated at the inboard sections for which
the airfoils are thicker and have higher drag coefficients.
The Wilson-Lissaman program included these effects. Also,

neither program includes hub and shank losses, and therefore

both probably over-predict actual CP values.
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3. EXPERIMENTAL TESTING

In order to further examine the effects of yawed flow
on wind turbine rotors, two sets of experimental data are
presented from recent tests at washington University. The
first set consists of results from a small model rotor
operated in the Washington University wind tunnel. The
second set consists of results from a 7.6 meter (25 foot)
diameter, two-bladed experimental wind turbine with passive
cyclic pitch operated at the Washington University Tyson
Research Center. Both the model and full scale wind turbine
were designed and constructed under contract to the Solar
Energy Research Institute by Washington University
Technology Associates, under the direction of Dr. K.
Hohenemser, in order to examine the feasibility of yaw
controlled wind turbines with passive cyclic piteh. (2) The
author has acted as Research Assistant on both projects.
Much of the test equipment descriptions and test data
presented herein are summarized from project reports.and
publications. The interested reader is referred to (22),
(23) and (24) for further details.

3.1 Wind Tunnel Testing
3.1.1 Wind Tunnel Model Description

The model rotor and blade design are shown in Figures
16 and 17 with appropriate dimensions. The hub design
consists of a cyclic pitch hinge with large delta 3 angle

that provides a flat tracking rotor in yawed flow operation.
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Figure 16. MODEL ROTOR IN WIND TUNNEL
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The hub design shown in Figure 18, The model is designed
to operate in two modes: (i) a freely yawing, vane-
stabilized mode, (see Figure 19a and b), and (ii) a fixed
yaw mode, Figure l%c. The latter mode was included so the
vaw angle could be varied and controlled during tunnel
operation. Figures 20 and 21 show photographs of the model
in each operating mode. Rotor solidity is 0.075 and blade
Lock number is 6.4.
3.1.2 Test Procedures and Results

The model rotor was operated in both modes, but for
autorotation only. The operation was in a wind tunnel test
section of 0.61 X 0.61 meters (24 X 24 inches) at wind speeds
from zero to 9.91 m/s (22 MPH). Yaw angles were measured
with a yaw angle gauge mounted on the tunnel floor, and
rotor RPM was measured with a strobe light. Autorotational
tip speed ratios were calculated for each mode as functions
of yaw angle. The data are presented in Tables 2, 3 and 4.
Table 2 contains the data from fixed yaw tests with tunnel
speeds near 8 m/s (27 ft/s, 18 mph), while Table 3 contains
data from free yaw tests with a tunnel speed of 5.7 m/s (19
ft/s, 12.86 mph). Table 4 contains data from a fixed vaw
test at 1800 RPM. All data are for zero degrees blade pitch
angle.

From the tables, it is evident that the tip speed ratio
for a given yaw angle varies widely with rotor speed. It is

presumed that this is caused by a substantial effect of
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Blade
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Figure 19a. FREE YAW MODE, TOP VIEW
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Figure 19b, FREE YAW MODE, SIDE VIEW

—

Tunnel Floor

| ] Yaw Angle Adjuster

Figure 19c. FIXED YAW MODE, SIDE VIEW
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TABLE 2

Wind Tunnel Data

Fixed Yaw Angle

0 Degrees Blade Pitch

R = .216 m (8.6 inches)

Yaw Angle Tunnel Speed Rotational Speed v_ AR

Degrees m/s (ft/s) RPM (rad/s) R v
0 7.75 (25.4) 1525 (159.7) 0.225 4.44

0 8.00 (26.25) 1600 (167.6) 0.221 4,52

0 8.59 (28.17) 1770 (185.4) 0.214 4.67

0 9.40 (30.83) 2400 {251.3) 0.173 5.78

15 7.87 (25.83) 1510 (158.1) 0.231 4,33
30 8.13 (26.67) 1340 (140.3} 0.268 3.73
40 9.91 (32.50) 1770 (185.4) 0.247 4,05
45 8.33 (27.33) 1100 (115.2) 0.335 2.99
60 8.51 (27.92) 535 ( 56.0) 0.704 1.42
70 8.64 (28,33) 350 ( 36.7) 1.09 0.92
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TABLE 3
Wind Tunnel Data
Free Yawing Configuration
0 Degrees Blade Pitch

R = .216 m (8.6 inches)

Yaw Angle Tunnel Speed Rotational Speed v_ &3'
Degrees m/s (£t/s) RPM (rad/s) 2R v

0 5.72 (18.75) 920 (96.3) {0.275) 3.64

5 5.72 (18.75) 940 (98.4) {0.269) 3.72

10 5.72 (18.75) 950 (99.5) (0.266) 3.76

15 5.72 {18.75) 880 (92.2) (0.287) 3.48

30 5.72 (18.75) 760 {79.6) (0.332) 3.01
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TABLE 4
Wind Tunnel Data
Constant RPM Test - 1800 RPM
0 Degrees Blade Pitch

R = .216 m (8.6 inches)

Yaw Angle Tunnel Speed Rotational Speed v aR
Degrees m/s (£t/s) RPM (rad/s) SR v

0 8.53 (28.00) 1800 (189.0) 0.210 4.76

10 B.46 (27.75) 1800 (189.0) 0.208 4,81

20 8.79 (28.83) 1800 (189.0) 0.216 4.63

30 8.89 (29.17) 1800 (189.0) 0.218 4.59

40 9.75 {32.00) 1800 (189.0) 0.240 4,17

50 10.97 (36.00) 1800 (189.0) 0.270 3.7
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Reynolds number on the airfoil drag (25). Figure 22
illustrates the effect of Reynolds number on airfoil per-
formance for an airfoil similar to that used on the model.
At lower Reynolds number, appreciably higher wind speed is
required to autorotate the rotor at a given RPM. Figure 23
shows, for zero yaw angle, the measured dependence of tip
speed ratio, v, on rotor speed. The Reynolds number, taken
with the rotational speed at the 70 percent radius station
is also shown. Re is 50,000 at 1800 RPM for the model rotor.
This curve was used in order to correct v for RPM values
other than 1800 to that expected at 1800 RPM (or 50,000
Reynolds number) in order to obtain consistent results of
the tests. With this correction, all test results can be
approximated by a single curve of tip speed ratio vs. yaw
angle. The results are indicated by the solid line in
Figure 24. Note that the tip speed ratio actually decreases
through the first 15 degrees of yaw below the zero yaw
value, which indicates a slight increase in the power
available for the model between 0 and 15 degrees yaw angle.
This experimental result confirms the existence of operating
conditions at which the maximum power occurs at yaw angles
greater than zero, as predicted by the simplified theory.

Also plotted in Figure 24 are the results of the simplified
theory from Figure 5a for autorotation, 9 = 0.075 and & = 0.
A drag multiplier of 3 is assumed in order to account for

poor airfoil quality and for the low Reynolds number effect
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o Table 4
01— — -
Simplified o Table 3
: Theory Yr Table 2
0 | 8 Overlapping Points
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Figure 24. SPEED RATIO V/QR VS. YAW ANGLE FOR VARIOUS WIND
TUNNEL TESTS (10), (11) AND FOR SIMPLIFIED
THEORY
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as shown in the drag curve of Figure 22, From the figure it
is evident that although the quantitative correlation is
guite poor, the shape of the curves and the prediction of a
power maximum near 15° yvaw angle correlates well, One
should not expect a numerical correlation here, due to the
nature of the wind tunnel model and wind tunnel effects.
For example, the model airfoil data is unknown, blade pitch
angles were set by eye, wind tunnel wall effects were
present, and the model was operated at low Reynolds numbers.
These factors all affect the guantitative results.
Therefore, the fact that the theory predicts the qualitative
trends of the model operation is considered a positive
result.

3.1.3 Qualitative Comparison With Other Wind
Tunnel Test Results

In order to better substantiate the performance trends
predicted by the simplified theory, theoretical results are
compared with other wind tunnel test data. The first was a
1935 NACA test {10) of a 3.05 meter (10 ft.) diameter rotor
which had 4 individually hinged blades with a total solidity
ratio of 0.133. The pitch angle varied within wide limits.
The dashed curve in Figure 24 refers to a ~3° pitch setting.
(Negative angles indicate away from feather.) The blades
are untwisted with a 4418 airfoil. The RPM was constant at
550, representing (at the 70 percent station) a Reynolds

number of 620,000, One will note from the dashed curve,
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that the Washington University model autorotated at a higher
value of v for a given yaw angle, than does the NACA model.
Again, this must be explained by the low Reynolds number
effect and is consistent with the trend.seen in Figure 23.
One will also note that the simplified theory predicts a
similar trend at high yaw angles, although the solidity
ratio and drag coefficients differ.

The second data source for comparison is a German DVL
test of 193% (1ll). These tests were conducted with a 4
bladed, individually hinged, synchropter model of 0.06 total
solidity ratio, also with a wide variation of pitch
settings. The RPM was constant at 430, which represents a
Reynolds number of 260,000 at the 70 percent station. A -3°
pitch setting (3° away from feather) was selected for the
chart. Despite the difference in solidity and Reynolds
number, the dashed curve of Figure 24 represents these data
as well as the NACA data. The DVL tests were performed not
only for autorotation (as were the NACA tests), but also for
driving and driven <conditions (i.e. helicopter and
windmill). Therefore, based on these two tests it appears
the the simplified theory correctly predicts that operating
tip speed ratios, v, are extremely sensitive to variations
in yaw angle when operating at higher yaw angles.

The third test results used for comparison are recent
wind tunnel tests conducted at the University of Mass-

achusetts, Amherst, in June 1978 (9). The rotor from a 200
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watt, Windcharger wind turbine was modified to accept either
two or three blades, and was tested at a variety of yaw
angles and blade pitch angles. Rotor solidities were ¢ =
0.115 and ¢ = 0.174 for the two-and three-bladed rotors,
respectively. The speed of the open-jet tunnel was 10 m/s
(22.5 MPH). Figures 25a and b show the test results for the
three and two bladed rotors at a pitch angle of 5 degrees.
(As before pitch angles are measured positive toward
feather,) Operating inverse tip speed ratios, 1/v, have
been added to the bottom of the figures. Reynolds numbers,
calculated at the 70 percent radius station, were near
230,000 in the maximum power range. The point of maximum
power extraction occurs at a yaw angle of 10 degrees for the
3-bladed rotor operating at a 1/v ratio of 3.7 and at zero
degrees yaw angle for the two-bladed rotor. According to
the derivation presented in Section 2.1.2 based on the
simplified theory, the existence of a power maximum at yaw
angles greater than zero depends on the variable A. (see
equation (18)) . From equation (1l8), one would expect the
effect to be evident for large values of solidity ratio, g,
and small tip speed ratios, 1/v, as is indeed the case in
Figure 253,

In summary, although the quantitative comparison
between wind tunnel test results and the results of the

simplified theory does not correlate well (for reasons
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previously discussed), the trend identification and qual-
itative correlation between the theoretical results and wind
tunnel test data 1is quite good. The theory correctly
predicts the existence of a power maximum occurring at yaw
angles other than zero, it identifies the significant rotor
parameters necessary in determining the yaw angle for
maximum power extraction, and it illustrates the sensitivity
of rotor performance to rotor angle of attack at high yaw
angles.
3.2 Full Scale, Atmospheric Testing
3.2.1 Experimental Wind Turbine Description

The atmospheric test equipment consists of a modified
Astral Wilcon 10B wind turbine mounted on a tiltable, 18.3
meter (60 ft.) Unarco-Rohn steel tower. The Astral Wilcon
10B wind turbine is a tail vane stabilized, upwind turbine
with a self-excited alternator. The original 7.6 meter (25
ft.) diameter, three-bladed rotor is replaced with a two-
bladed rotor with passive cyclic pitch using two of the
original Astral Wilcon fiberglass blades. A new hub and
blade retention structure has been constructed which in-
corporates a cyclic pitch hinge mounted at a delta 3 angle
of 67 degrees, with a +13 degree limit to limit deflection
allowable. Data for the turbine are presented in tabular
form in Table 5 and further details are available in (22},
(23) and (24). Photographs of the machine are presented in

Figure 26.
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Figure 26c¢. PHOTOGRAPH OF WIND TURBINE, FRONT VIEW
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The atmospheric tests were conducted atop a 214 meter
(700 ft.) north-south ridge at the Washington University
Tyson Research Center during the summer and fall of 1980.
The center is located about 32 km (20 miles) west of the
university campus on Interstate Highway 44, (See Figure

27).

TABLE 5

Full Scale Machine Data

Rotor Diameter 7.6 m (25 ft.)

Blade Material Reinforced Fiberglass

Blade twist, chord, and airfoil section, See Figure 14
Blade mass 15 kg (33 lbm)

Blade solidity ratio 0.032 at .7R

Blade moment of inertia 40.7 kgm2 (30 slug ftz)

Blade Lock number 7.0 at .7R

Prelag angle 23°

63 angle 67°

Cyclic pitch stops i13o

Reference rotor RPM 225

Reynolds number 640,000 at .7 R

Tail vane 1l.16 m2 {12.5 ftz) - Fiberglass - 12.7 kg (28 1lbm)
vane arm 5.2 m (17 ft) - aluminum - 42 kg (92 1bm)

Blade retention and hub - aluminum - 36 kg (80 1lbs) -

clamped at fixed pitch setting
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Gear box: Morse type, shaft mounted 15:1 speed increaser
Alternator: Maremont E-95 rewound brushless alternator de-
signed for truck use. Output is rectified and delivers
220 VDC, 40 amps at 5500 RPM. The alternator is driven
by a pulley from the gear box with a total speed
increase of 25:1, The alternator weighs 16 kg (35 1lbm)

Carrier beam: I-type steel with Roulon bearings for tail
boom

Yaw post: 0.076 m (3 inch) steel tube attached by flange
to the carrier beam and freely rotating in an upper
self-aligning bearing and lower Roulon bearing.

Furl control actuator: 12 VDC - Saginaw steering actuator
with 0.305 m (12 inch) stroke and 3338 N (750 1b)
operating load and 13,350 N (3000 1lb) static load.

Furl rate due to actuator: approximately 15 deg/sec. (de-
pends on wind condition and furl or unfurl direction)

Distance from yaw axis to rotor 0.6 m (2 ft)

Starter motor/tachmometer generator: 12 VDC permanent mag-
net motor or mounted on output shaft of the gear box.

3.2.2 Instrumentation
A list of monitored variables and the instrumentation

used for data collection is presented in this section. A

detailed description is provided since the resulting data

will be used to compare theoretical and experimental
results. Three types of instruments are used for recording

the test quantities:
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o] A multi-channel "Consolidated" oscillograph
recorder.
o A microprocessor data acquisition system in~

cluding analog to digital converter, an internal
clock and a 12 inch screen monitor and printer-
plotter,

e} Display instruments for both monitoring and manual

recording.

auxiliary recording equipment includes a twenty channel
"yishay" model 2100 strain gauge conditioner and amplifier
system, a twelve ring slipring unit to transmit signals from
the rotating system, and various signal conditioning filters
and output buffers. The recording instrumentation was
either destroyed or severely damaged during lightning
strikes on June 28, 1980. The repaired recording instru-
mentation has been in use since September 1980.

The measured quantities are divided into slowly varying
quantities (for which a sampling rate of one per second is
adequate), and rapidly varying quantities (which are either
sampled at a rate of 128 samples per second or continuously
recorded on the oscillograph). The slowly varying measured
guantities are: wind speed, rotor speed, furl position, yaw
post position, load voltage, alternator temperature, and
ambient temperature. There are display instruments for each
of these quantities. The first five quantities can also be

recorded with the oscillograph and with the microprocessor.
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The signals are conditioned to vary between 0 and 5 volt DC,
which is the range that the microprocessor accepts. This 5
volt range is divided into 255 intervals. The analog-to-
digital converter assigns each measured voltage point to one
of these intervals. The largest conversion error is +0.01
volt or +0.2% of the total range of the measured gquantity.

The oscillograph channels use a damping resistance of
470 ohms and have a sensitivity of 4 volts/inch. Thus the 5
volt range of the measured quantities corresponds to a 1.25
inch range on the oscillograph record. The light sensitive
paper moves with a speed of either 0.25 or 1.00 inch/second.
In the range of operating speeds (between 100 and 225 RPM)
the time for one rotor revolution corresponds to 0.15 -
0.066 inches at 0.25 inch/ second or 0.6 to 0.267 inches at 1
inch/second on the oscillograph record. The recording rolls
are seven inches wide, so that five quantities, in addition
to the rotor speed signal, can be recorded simultaneously
without overlap. The rotor speed signal consists of 0.1-
inch event marks in response to a magnetic pickup. The RPM
signal is taken for all oscillograph records.

The rapidly varying measured gquantities for the rotor
are: blade flap-bending, blade in-plane bending, shaft
torque, and blade cyclic pitch. The signal wires from the
strain gauge bridges pass through the hollow rotor shaft to
the silver slipring assembly at the rear end of the shaft,

down the tower, and on to the instrument shed located 24 m
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(70 ft.) from the tower base. The rapidly varying measured
guantities for the non-rotating structure are: vertical and
sidewise tail boom bending, fore-to-aft and lateral yaw post
bending, and fore-to-aft and lateral linear accelerations of
the rotor bearing block. The lightning strike on June 28,
1980 destroyed one of the linear accelerometers. Since it
had been found that the lateral accelerations are always
substantially smaller than the fore-to-aft accelerations,
the destroyed accelerometer was not replaced. After
resumption of the atmospheric tests in September, 1980, only
fore-to-aft accelerations were recorded. Here are some more
detailed comments on each measured gquantity.
3.2.2.1 Wind Speed

Until June 28, 1980 a A7-104-4 anemometer sold by
Natural Power, Inc. was used. The signal frequency was
proportional to wind speed (1.7 mph/Hz, or 0.76 m/s/Hz). A
frequency to DC converter was adjusted during the wind
tunnel calibration such that the display voltmeter and the
microprocessor received 0.18 volt/m/s. A "hin" of 1/2 m/s
corresponded to 0,090 volt. The 5 volt range of the signal
corresponded to a wind speed range of 0 to 27.8 m/s
(62 mph). The anemometer was first installed on a
horizontal boom attached to the tower at about 13.4 (44 ft.)
height. The anemometer boom had a natural frequency of 3 Hz
(180 CPM) and was strongly excited by the rotor. To avoid

reading errors and damage to the anemometer, it was
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relocated on a fixed mast of 12 m (40 ft.) height installed
15 m (50 ft.) to the north of the tower. On June 28, 1980
the replacement anemometer was struck by lightning and
destroyed, together with all of the recording equipment in
the adjacent instrument shed. It was then recognized that a
separate pole for the anemometer increases the danger of a
lightning strike and that relocation on the tower attached
boom is desirable. Since the A7-104-4 anemometer had been
found to be sensitive to vibrations of its support boom it
was decided to acquire, instead, a TV 102 Texas Electronics
anemometer which produces a DC signal proportional to wind
speed and has the required range of 0-5 volt. A frequency to
DC converter is not needed. When checking out this in-
strument it was found that it produced a + 1 volt oscil-
lation with the fregquency of its rotation. It was returned
to the manufacturer and was repaired under the warranty
without charge. The oscillation, though reduced to +0.1
volt, still persisted. A wind speed signal conditioning
circuit with active filter and three buffers was developed,
shown in Figure 28, The circuit completely removes the
signal oscillations. It also provides three outputs. One
to the microcomputer, one to the oscillograph and one to the
display DC meter for monitoring. These three outputs do not
interfere with each other due to a buffer in each of them.
(Previously the signal to one of the recording instruments

had some effect on the signals to the others.) The TV 102
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anemometer has a calibration constant of 6.705 m/s (15
mph)/volt and a range of 0 to 33.5 m/s (75 mph)}. On the
oscillograph the calibration constant is 26.82 n/s (60
mph)/inch.

The anemometer boom extends to the west of the tower
and is not in the wake of obstacles for the prevailing wind
direction. However, easterly winds will produce a wake from
the tower structure. It is located 5.5 m (18 ft.) below the
rotor center. Due to the updraft from the ridge on which the
wind turbine is located, the wind speed can be higher at the
anemometer than at the rotor center. This appears to be
true for westerly winds. For northerly or southerly winds
the speed at the anemometer location can be expected to be
lower than at the rotor center. Because of the uncertainty
about the average wind speed over the rotor disk, the
performance coefficient CP based on the anemometer readings
is not a reliable efficiency measure,
3.2.2.2 Rotor Speed

There are two rotor speed signals available. One
signal originates in a magnetic pickup that gives one
impulse per rotor revolution. It is recorded by the os-
cillograph and allows an accurate determination of the rotor
speed by measuring the distance between impulses. It also
indicates phase angle. The other signal originates in the
tach generator which produces up to 17 volts, contaminated

by brush noise. During the initial statistical data
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sampling the signal was merely reduced in strength by a
voltage divider, so that the standard deviation for the
rotor speed included the brush noise. Later, a rotor speed
conditioning circuit was developed, shown in Figure  29.
The circuit has a low pass filter and has three buffer
amplifiers for the three outputs. One to the microcomputer,
one to the DC meter and one to the oscillograph. This
arrangement prevents interference errors from the coupling
of these three outputs, as was originally experienced. The
calibration constants are 1 volt/60 RPM for the
microcomputer which thus accepts up to 300 RPM, 1 volt/100
RPM for the DC meter, and .0254 m (1 inch)/240 RPM for the
oscillograph record.
3.2.2.3 Furl and Yaw Post Position

The electronic configurations for the Boom Position
Detector (furl angle) and the Yaw Post Angular Position
Detector are essentially identical. Each consists of a high
guality, rotating, wire-wound potentiometer as the movable
or sensing element. Each is excited from an adjustable
voltage regulator having load regulation of + 0.2% with
noise and voltage ripple less than 2 mv maximum over the
adjustable excitation range. Each position detector is
excited at a DC voltage level in the range from five to eight
volts, dependent upon the calibration constant of the given
circuit. The input voltage to the Vishay Series 2100 signal

Conditioner is essentially potentiometric in nature. The
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configuration of the selected input circuit allows high-
level voltage signals rather than millivolt level signals to
be transmitted from the position detector to the signal
conditioner. Since the transmission distance is
approximately 45.72 m (150 f£ft.), high level signals are
desirable. Maximum current flow in the signal input circuit
never exceeds 40 microamperes, thereby assuring minimal line
loss. Further, the ratio of detector resistance to
transmission line resistance is greater than 100,000/1.
Measurement error resulting from 1line resistance is
therefore not significant. The amplifier input, after
scaling, varies from five through 20 millivolts. Scaling is
accomplished directly at the input to the amplifier by 0.1%
MIL-R-55182J divider networks. Amplifier input stability is
+ 2uV”RTI/°C (maximum) with noise and drift of less than 10
WV RTI/day. The amplifier input is common mode connected
and has input impedance approaching 26 M ohms. amplifier
Gain (Av) is set in the range from 100/1 to 300/1 depending
upon maximum output voltage level required, amplifier
linearity is + 0.05% at DC. Circuit calibration and amp-
lifier operational tests can be performed at the control
panel of the Vishay Signal Conditioner. Additionally, the
circuit is configured to allow the "balance potentiometer™
(normally used for strain gauge circuit balance) to function

as a voltage level offset control.
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The Boom Position Detector is a 270 degree, rotary,
linear, wire-wound potentiometer, mounted on the underside
of the tail boom pivot pin. The potentiometer slider
(wiper) is driven by a linear mechanical linkage connected
to the tail boom. Overall position sensitivity is 0.3 volts
per 10° of furl angle. Zero output voltage corresponds to
the fully unfurled position.

The Yaw Post Angular Position Detector is a 360°,
linear, wire-wound potentiometer mounted on a tower brace
and the lower yaw post support plate. It is driven by a
timing belt connected to the yaw post. Overall position
rsensitivity is 1.00 volt per 100 degrees of yaw post rota-
tion, zero output corresponds to a North position. The
furl and yaw post position signal conditioning circuit is
shown in Figure 30.
3.2.2.4 Load Voltage

The alternator load voltage is measured across the
resistive load bank consisting of seven resistors with a
nominal resistance of 40 ohm each. The load resistors are
located just outside the instrument shed. Since the voltage
is used to compute the power output of the alternator { power
output equals the squafed voltage divided by the
resistance), it is important to estimate the possible error
from a change in resistance with temperature. One of the
resistors was connected to a 250 volt source and the

resistance measured as it heated up to about 70°c.
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Equilibrium temperature was reached in 10 minutes. The
increase in resistance was from 40.84 to 41.46 ohm, or a
1.5% increase. Since the alternator voltage is limited to
225 volt and is mostly below this value, it was considered
unnecessary to correct for the effect of temperature on the
l1oad resistance. The total load bank resistance is 5.8 ohm.
The total resistance (including that of DC cable to the
shed), is 6.0 ohm when measured at the machine. 3
correction of 6/5.8 = 1.03 is made to the voltage measured
across the load resistors in order to obtain the voltage at
the alternator location. The alternator power output is
thus determined as (1.03 volt)z/ 6.00 watts.

During initial tests, the three phase current from the
alternator was conducted down the tower and to the shed,
where the rectifier and tuning capacitors were located. The
alternating current in the cables adjacent to the signal
caused a severe noise in all signals. Rectifier and tuning
capacitors were then moved to the tower top so that only the
DC cables reached the shed., The signal noise was greatly
reduced but still unacceptable. It was apparently caused by
the AC ripples in the DC current. The DC cables were then
inserted into a grounded metal conduit that extended from
the tower top to the instrument shed. The noise in all
signals is now completely eliminated except that the DC load
voltage still contains a small AC ripple. A voltage signal

conditioning circuit, shown in Figure 31, was added which
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has a low pass filter and buffer amplifiers for the
microcomputer input and for the oscillograph input. The
average calibration constant is 1 volt/100 load volts. The
DC meter receives the load voltage directly. The voltage
signal conditioning unit produces some errors in the
generator output measurements because the signal-voltage
relationship is somewhat nonlinear at low power outputs, and
pecause the gain 1is temperature dependent. The meter
readings are believed to be more accurate and have been used
when possible.
3.2.2.5 Strain Gauge Circuits

Miecro Measurement 350 ohm strain gauges type CEA-06-
250UW-350 are used on all locations. Each bridge is made up
of four gauges, two in tension, two in compression. The
gauge factor for each gauge is 2.1 volt/unit strain. For
most bridges the gain in the vishay 2100 is set at 10:10
corresponding to 2020 amplification factor. The excitation
level is 10 volts. For a complete four gauge bridge the

strain is then given by

e = Volt/(10X2020X2.1)

The stress is 0 =€ E, where E is the modulus of elasticity.

For the aluminum blade retention and for the tail boom E =

6psi. For the steel yaw post and cyclic pitch

6

10.4X10

€lexure, E = 30X10°psi. The moment calibrations are made in
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terms of nominal bending moments at the rotor center, at the
tail boom hinge and at the upper yaw post bearing. The
cyclic pitch flexure, driven by an eccentric, is calibrated
in terms of degrees cyclic pitch deflection. The following
table gives the vishay 2100 gain, the volt/unit, the
psi/unit, and the oscillograph inch/unit for the strain gage
bridges. For the sake of completeness, the gains and
calibration constants for the linear accelerometer, for the
furl and yaw post potentiometers and for the load voltage
are added.

A yaw post position signal of 0.0 or 3.6 volt indicates
that the rotor axis points North. Zero volt for the furl
position signal indicates zero furl angle (90o rotor angle-
of-attack ). The magnetic pick-up signal for rotor speed
is always at the bottom of the oscillograph record. Time
moves from left to right. positive voltage (there is no
negative voltage) is from top to bottom of the oscillograph
record. The yaw post bending gain has been reduced to one
quarter beginning in October, 1980, in order to limit the
output to the 5 volt level compatible with the microcomputer
analog-to-digital input board.
3.2.2.6 Microcomputer System

The microcomputer system for statistical data process-
ing consists of:

o] A 48K, 6502 microprocessor based, "apple II Plus"

Central Processing Unit;
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o] An AIO02, 16 <channel analog-to-digital (A/D)
conversion module compatible with the Apple II

Plus C.P.U.:

o} Plug-in, Mountain Hardware real time clock;
o] An "Apple" mini-disk drive unit;

0 A "Trend Com 200" Thermal Printer; and,

o A black and white video monitor.

Some of the special features available with this system
include floating point BASIC capability incorporated in the
read only memory; built in, high resolution graphics
capability; and print-out capability of the graphics display
in both standard and expanded scales. Further details
concerning the hardware are available in the Apple II Plus
Hardware Manual and other product literature.

In order to integrate the computer system into the
project instrumentation system, several peripheral devices
were added. Between the computer power supply and the
available grid power, three protective devices were added.
First a 120 volt, constant voltage, "Sola" transformer was
installed to protect against voltage transients. Second, a
filter and surge protection circuit were installed to
protect against lightning and high voltage power surges.
And third, a standby power source, purchased from the Apple
Company, was added to provide reserve power in order to
protect data and programs currently stored in the computer

memory in the event of a line power failure.
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It is significant to note that although the constant
voltage transformer and reserve power supply were installed
as buffers to the line power at the time of the lightning
strike, on June 28, 1980, the computer was still severely
damaged, indicating the sensitive nature of these devices to
electrical transients.

In addition to the power supply protection devices, a
special interface box was constructed for the 16 channel, 0
to 5 V DC A/D board. It consists of self-grounding audio
jack inputs (i.e. the input connections are automatically
grounded when the patch plugs are removed to guard against
static electric discharges across the input ports), and 10
volt Zener diodes placed across each input to protect
against reverse and over voltages. The use of 5.6 volt
7zener diodes was attempted, but the input signals became
non-linear at voltages in excess of 3 to 4 volts.

Accuracy of the A/D interface board was determined
using a "Fluke" digital voltmeter and reference voltage
source. It was determined that the board, which converts 0
to 5 V DC to a digital scale of 0 to 255 (0 to FF hexi-
decimal), reads approxzimately 6% higher over its entire
range. This error was compensated during data processing by
use of 54 digital units per volt rather than 51,as indicated
by the A/D board scaling factor. Although this limited the
upper scale reading to approximately 4.6 volts, it had

little effect on data accuracy since most data wvere
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collected at values well below the 4.6 volt DC limit.

Program and data storage was, in general, accomplished
using the mini-disk system with one disk acting as an "oper-
ating disk" containing the sampling programs, a second disk
containing the graphical plotting routines, while the bin
data was stored on separate "data” disks.

Copies of all data and programs were made on separate
disks to protect against disk failure or operator errors,
both of which occurred several times during the course of
data sampling and analysis.
3.2.2.7 Lightning Protection

The test site selected for the wind turbine generator
is at an elevation of approximately 213.4 m (700 ft.). It is
in an isolated wooden area and is without gquestion the
tallest conductive structure in the area. The test site is
located 22 miles southwest of St. Louis, Missouri in an area
prone to strong atmospheric disturbance. The test site is
likely to be affected by three main disturbances; direct
lightning strikes, main power surges and induced transients.
Direct lightning strikes are the most severe source of
atmospheric disturbance. The significant factors of concern
for direct lightning strikes are the pulse rise time,
current amplitude and current duration. The 50 percentile
probabilistic stroke peak current is about 18,000 amperes,
with about one in one hundred strikes exceeding 120,000 peak

amperes. The stoke duration can persist up to 100
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milliseconds and the rise time of the pulse can approach a
few nanoseconds. Most lightning strikes reach 90 percent of
their peak current in less than one microsecond. These data
were obtained from Lightning Elimination Associates.

A severe thunderstorm occurred in the area of the test
site on June 28, 1980. The concentration of high freguency
energy resulted in significant damage to the wind turbine
instrumentation. The test site was so severely struck that
the test equipment was subjected to direct strikes, power
main surges and electromagnetic pulses from nearby
lightning. The electrical storm lasted several hours and
resulted in nearly 7000 dollars damage to instrumentation.
Signal transducers including strain gauge bridges,
accelerometers, position sensing potentiometers and the site
anemometer were destroyed by direct strikes. Computer
circuits and the integrated «circuits for the signal
conditioning instrumentation were destroyed by line
transients and electromagnetic pulses,. Fortunately, the
turbine hardware and generator sustained no damage, although
the fuse protecting the field winding of the generator was
blown. The following discussion describes the steps taken
to insure safety to equipment from subsequent electrical
storms.

The turbine generator is mounted on top of a tiltable
steel tower and each ieg of the tower is connected by a large
copper cable to individual grounding rods driven 3 m (10

ft.) into the earth at the base of the tower. The tower is
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grounded to the wind turbine generator by three large carbon
brushes which bear against the yaw post. The machine frame
is grounded to the main shaft. The main shaft extends
through the gear box to the rotor and passive cyclic pitch
mechanism and is grounded by two large carbon brushes. The
blade retention mechanism is grounded to the main shaft
using woven copper straps. The cyclic pitch mechanism
effectively isolates the blade retention box beam from the
main shaft because Rulon bearings are used in the mechanism.
The woven copper straps provide a flexible ground path
around the Rulon bearings.

The grounding arrangement described@ above provides
shunt paths around all mechanical components likely to
sustain damage from a direct lightning strike. The key
components to be protected are the cyclic pitch mechanism
bearings, the gear box bearings and the yaw post bearings.
The tail boom is effectively grounded to the machine frame
through the shunt path of the furl actuator mechanism.

Site protection was further improved by installation
of a lightning rod mounted to the top of the wooden tower
tilt boom (gin pole). The boom is in the £full upright
position when the tower is lowered and resting in its
cradle. The lightning rod is connected to two grounding
rods at the base of the boom. The lightning rod is the
preferred strike point for any lightning strikes in the

vicinity of the test site and helps insure protection of the
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tower (lowered) and instrument shed during periods when
testing is not in progress.

Metal Oxide Varistors (MOVS) are passive low cost de-
vices used extensively on all tower instrument and power
wiring. All MOVS are connected to grounding rods. They
serve a dual function, During operational tests, they
function as low energy, high amplitude noise clamps, pro-
tecting signal conditioners and a/D computer input boards
from excessive input voltage. They are very effective when
used to bypass furl - unfurl actuator switching noise and
commutator noise from the tach generator.

The MOVS provide a second protective function when the
tower is in the lowered position and unattended. All signal
inputs are disconnected from the signal conditioning
equipment and the computer during unattended periods. The
MOVS effectively tie the transducer signal wires to the
ground. In the event of a lightning strike or other atmos-
pheric disturbance, the MOVS break down and drain the volt-
age to ground. Breakdown occurs in nanoseconds and all
conductors form shunt drain paths to ground, helping to
insure the survival of the transducers and the integrity of
the wiring insulation.

During normal operation and data acquisition, the in-
strumentation power inputs are protected by a "Sola" trans-
former and surge isolators. The surge isolators protect

the instrumentation from power line surges caused by
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lightning strikes, earth currents, magnetic induction,
switch arcing and inductive switching transients.

The main power is disconnected from the instrument shed
by a large knife action switch when unattended. The power
line ground connector is not disconnected by this switch.
The power line ground connector is connected to an earth
grounding rod at the instrument shed to insﬁre power line
ground conductor integrity.

3.2.3 -.Data Acquisition and Processing Methods

Two types of data acquisition methods have been used:
analog data acquisition with an oscillograph, and digital
data acquisition with a microcomputer. approximations to
steady state data have been obtained both from oscilligraph
records and from meter readings. Data on transients have
been extracted from oscillograph records. Digital data
acquisition and processing by the microcomputer have been
used to obtain statistics on performance parameters and on
loads.
3.2.3.1 Analog Data

Steady state data are difficult to obtain during
atmospheric testing since wind speed and rotor speed are
continuously changing. All oscillograph records contain the
traces of wind speed and rotor speed sO that it is possible
to Jjudge when a more or less steady state occurs over

several seconds.
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Sometimes it is not possible to find a steady state
record. For example, conditions with high wind speeds are
only obtained during gusts. 1In order to include the gust
conditions in the steady state rotor power evaluation, the
angular rotor acceleration was determined from the
oscillograph record, and the inertia torgue was added to the
measured rotor shaft torqgue. The sum of rotor inertia
torgue and rotor shaft torque is egual to the aerodynamic
torque. It was found that the inertia corrected rotor
torque agrees with the steady state torque values and can be
considered a gquasi steady aerodynamic torque. It is
multiplied by the angular rotor speed to obtain rotor power.

The steady values of the measured gquantities show
1ittle scatter when plotted vs. rotor speed. The larger
scatter when plotted vs. wind speed is caused by the
difference between the wind speed reading from the
anemometer located 5.5 m (18 ft.) below the rotor center and
the average wind speed seen by the rotor. Scatter is also
caused by the fact that the rotor speed, due to rotor
inertia, follows wind speed changes only after a certain
delay.

1n addition to steady state evaluations vs. rotor speed
and vs. wind speed, some time histories have been extracted
from the oscillograph records. They show starting and furl-

ing processes and responses to gusts.
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3.2.3.2 Statistical Data Processing

Five computer programs have been developed for statis-
tical data sampling using the method of bins as described
previously. The five programs sample data as follows:

Pl. Two performance variables vs. wind speed using

only BASIC.

P2. One dynamic variable, usually cyclic pitch ampli-

tudes,vs. yaw rate.

p3 & p4a. Two or six performance variables vs. wind speed
using a high speed sampling machine language
routine.

P5. Six dynamic load variables vs. rotor speed.

The first program collects, for each wind speed bin,
the mean value, standard deviation, the global maximum and
the global minimum fbr rotor speed and cyclic pitch
amplitude. The second program collects, for each yaw rate
bin, the mean and standard deviation of the cyclic pitch
amplitude. From the oscillograph records a clear dependence
of cyclic pitch amplitude on yaw rate was observed. It was
decided to collect statistical data on this dependence. The
third and fourth programs collect statistical data required
for performance vs. wind speed . The fifth program collects
dynamic loads statistical data in rotor speed bins.

In addition to the five sampling programs, two analysis
programs were developed. The first converts the digital

voltage data stored in each bin array into a graphical plot.
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The second completes a statistical data evaluation of the
rotor power vs. wind speed data and calculates and plots the
power coefficient both as a function of average wind speed
and also for each wind speed bin.

A more detailed description of these programs follows.
The documentation of the programs is presented in Appendix
6.5.

Pl. Power-off Data vs. Wind Speed

The "Wind-2" program was developed to sample cyclic
pitch amplitude and rotor RPM as functions of wind speed
using only BASIC programming commands. This was the first
sampling program developed and was used to collect data in
autorotation before a faster and more sophisticated machine
language sampling program was developed. See Appendix 5 for
details.

The program samples the wind-speed port and rotor-RPM
port twice wusing BASIC commands available in the Apple
command structure. It then takes the average of each and
stores the value. The program then samples the cyclic pitch
position for approximately 1 second (47 times), stores the
values, and, after sampling, determines the maximum and
minimum values sampled. Next, the cyclic pitch amplitude is
determined by calculating one-half of the difference of the
maximum and minimum value. A 56 unit wind-speed bin array
is used based on a 0.5 m/s bin width. Values of the maximum,

minimum, mean, standard deviation and number of samples are
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updated for both RPM and cyclic pitch amplitude for the
current wind speed bin number.

The program also has several control and monitoring
features. The furl angle is tested to insure it is set
properly and no automatic furling has occurred. Since the
rotor ig tilted 8 degrees, actual furl angles are a geo-
metric combination of rotor tilt and furl set angles. The
program calculates the required furl set angle for a chosen
furl angle and insures the angle is within limits for data
sampling. RPM is tested to insure the wind turbine is not in
a starting mode which may bias the higher wind speed bins if
gusts occur during starting. Wind speed is tested to insure
the winds are not zero. If any of these tests fail, a
message is printed to the user and the bin arrays are not
updated.

In addition, cyclic pitch amplitude is tested. If it is
approaching the stop limits, the speaker is toggled for an
audible warning and a visual warning appears on the screen.
This alerts the operator to possible stop pounding during
operation.

Finally, machine performance is monitored by a screen
display of current values of wind speed, RPM, cyclic pitch
amplitude and tip speed ratio.

At the conclusion of data sampling, as determined by
the operator, the bin array data are output to a data disk

and a "hard-copy"” is produced on the thermal printer.
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A plotting routine that uses the Apple high resolution
graphics capability then presents the bin data for analysis.
Elapsed time of the test and approximate rotor revolutions
occurring during the test are also printed. The program is
capable of sampling at a rate of about one sample for each
variable every 3.5 seconds.

P2, Cyclic Pitch Amplitude vs. Yaw Rate

The "Yawrate" Program was developed to relate a dy-
namic variable, usually cyclic pitch amplitude, to yaw rate
by the method of bins based on yaw rate. The program samples
both yaw position and the real time clock, {which reads
time in milliseconds) and stores these values. Next, cyclic
pitch position is sampled for approximately one-half second
(24 times) and these values are also stored. Yaw position
is then sampled again, followed by the clock and the elapsed
time is calculated. The elapsed time and the recorded yaw
position, before and after the cyclic pitch sampling, are
used to calculate an approximate yaw rate in degrees per
second. The yaw rate is an approximation since it assumes
constant, linear yaw rate over the 0.5 second interval.
There are 35 yaw-rate bins, each 1 degree per second in
width, for both positive (unfurl direction) and negative
(furl direction) yaw rates. After determining that the
calculated yaw rate is within limits (i.e. between 0 and 36
degrees per second) the cyclic pitch amplitude is calculated
and the yaw rate bin arrays are updated as in the "wind-2"

program.
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At the conclusion of testing, as determined by the
operator, both the positive and negative yaw rate bin arrays
are output to data disk and then to the printer. The data is
then plotted wusing a graphical plotting routine for
analysis.

The program monitors rotor RPM and only allows data
within specified RPM limits since cyclic pitch amplitudes
are a function of RPM as well as yaw rate. Furl angle is set
at the beginning of the test and held constant during the
sampling. Sampling is monitored during operation by a
display on the video monitor of current yaw rate and cyclic
pitch amplitude.

P3. Power-on Data vs. Wind Speed

The "Wind-6" program was developed subsequent to the
development of a machine language, high-speed sampling
program through consultation with "Micro Systems
Development" of St. Louis. The high speed sampling program
uses assembly language mnemonics for the Apple, 6502 based
microprocessor chip. Briefly, the program, used as a
subroutine of the "Wind-6" program, samples five input
channels 128 times in one second in a multiplexing fashion
and then samples eight more input channels once each at the
end of the five channel, high-speed sampling routine. These
data are stored in the computer with 32 previous data sets
(i.e. 32 previous seconds worth of data). Next, for each

"high speed" channel the amplitude and the mean value are
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calculated and then stored. In addition, the global
maximums and minimums for all channels are stored as a
function of bin number.

By calling this subroutine, up to five rapidly varying
high speed dynamic channels and eight slowly varying dynamic
channels can be sampled in approximately one second. ‘Next,
using BASIC to address the locations in which the mean
values and amplitudes of the current sample set are stored,
one can obtain these values to update the bin arrays, as was
done in the previous two programs, with data from each of
the variables being sampled.

The "Wind-6" program was developed to provide a wind
speed-bin analysis on six variables using the high speed
sampling routine. The variables chosen are RPM, cyclic
pitch amplitude, rotor power output, generator power output,
rotor to generator efficiency, and thrust loading. In order
to determine instantaneous values of these variables the
following signals are sampled using the high speed
subroutine. RPM is sampled directly as a slowly changing
variable, (i.e. once per second). Cyclic pitch is sampled
as a rapidly changing variable (i.e. 128 times per second)
and the amplitude read at the stored address. Rotor power
is determined by treatment of rotor torque as a rapidly
changing variable with mean rotor torque read at the stored
address. This value, multiplied by present RPM, provides

rotor power. Generator power is determined by treatment of
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generator voltage as a slowly changing variable. (i.e.
sampled once per second), (voltage squared divided by
resistive load equals generator power.) Efficiency is
determined from the ratio of generator power to rotor power,
and thrust is determined from the mean fore-to-aft yaw post
strain-gauge value divided by the moment arm to the rotor
shaft.

The "Wind-6" program incorporates all the testing
procedures and performance monitoring features of the "Wind-
2" program. In addition, atmospheric parameters for the
test are input to the program and recorded so that the
performance results can be corrected to standard air density
conditions  for the calculation of nondimensional co-

efficients,

P4. RPM and Rotor Torque vs. Wind Speed
(Fast Sampling Rate)

The "Wind-2 Fast" program was developed to enhance
rapid data collection of two significant variables as
rapidly changing variables. Although the machine language
sampling subroutine, (described above for the "Wind-é"
program) was quite fast, the time to sort the data in six bin
arrays, to perform the operational testing procedures, and
to output performance parameters required overall collection
times of approximately 3.5 seconds per sample set. This
resulted in rather lengthy tests to accumulate the data
necessary to determine meaningful bin values, especially

with rapidly changing wind conditions. Thus, the "Wind-2
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Fast" program was developed as an abbreviated version of the
"Wind-6" program with all extraneous features deleted. The
program is used both to sample mean RPM and rotor power as
fast variables (i.e. 128 times per second) and to store
these variables in bin arrays. All testing for furl angle,
RPM, etc. was removed from the sampling iteration, and
video output was reduced to only the two parameters being
sampled. This resulted in a 1.4 second iteration time per
sample set compared with the 3.5 seconds mentioned
previously. Otherwise, this program operates the samelas
~the "Wind-6" program.
P5. Load Amplitudes

The "RPM-6" program, based on the high speed, machine-
language sampling subroutine, was developed to determine
structural and cyclic pitch response to varying RPM. The
program operates in a manner directly analogous to the
"Wind-6" program with wind speed bins replaced by RPM bins
and performance replaced by structural loads. The RPM bins
are 8.8 RPM in width. The variables sampled and stored in
the bin arrays are cyclic pitch amplitude; vertical boom
bending amplitude; either in-plane bending amplitude or
torque amplitude; mean flap bending; flap bending amplitude;
and either yaw post bending amplitude or front accelerometer
amplitude. Each of these variables are sorted and stored in
bin arrays as described above and then the data plotted in

graphical form. The only data output during the test is RPM



-139-

bin number and warnings if furl angle, RPM or cyclic pitch
exceed preset limits, These tests and warnings are the same
as described in the "Wind-6" program,

P6., Plotting Routines

Bin array data is stored on the data disks as digital
voltage values determined directly from the A/D board
output. These values are then converted into appropriate
units and plotted on axes stored in binary form on the bin
plot disk. In addition, a sample distributién. plot is
completed showing the log of the number of samples vs. wind
speed. The program uses the high resolution graphics
feature of the Apple computer system to print the graph in
either a standard or expanded scale.

P7. Coefficient of Performance Analysis

The “CP“ program was developed to calculate rotor
performance and mean wind speeds based on a given perfor-
mance test. Bin array data for the desired rotor power test
are read into the program along with a standard atmospheric
correction factor that is based on ambient pressure and
temperature recorded during the data collection.

First, the mean wind speed that occurred during the
test is calculated using the number of samples present in
each bin. Next, mean wind power during the test Iis
calculated using a corrected air density, based on the
atmospheric correction factor for the test period and on the

rotor disk area using the equation
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3

P = %0corr. Protor ¢ wind (74)

Then, the wind speed at mean power is calculated. Next mean
rotor power over all bins is calculated and an average
coefficient of performance for the rotor during the test
period is printed. Finally, for each bin, mean rotor power
is compared with power available at that wind speed and a
plot of performance coefficient wvs. wind speed bin is
printed.
3,2.4 Full Scale Test Results

The full scale experiméhtal wind turbine was operated
for a total of 96 hours between May and October, 1980. A
summary of the results that are revelant to the effects of
yawed flow on rotor loads and performance follows. The
reader is referred to (22), (23) and (24) for more details.
3.2.4.1 Power-Off Analog Data

Figure 32 shows the speed ratio VAIR vs. yaw angle (yaw
angle is assumed to be equal to the furl angle.) NACA test
results from Figure 23 are superimposed. The full-scale
rotor autorotates at lower V/QR than does the model. This
is caused by the lower solidity and by the higher Reynolds
Number of the full-scale machine. The discontinuity of the
model curve at 50° yaw angle, {see Figure 23) interpreted as
a stall effect, is not seen for the full-scale rotor. The
measured V/QR curve blends into the NACA curve, which is

probably representative of 6.26 to 12.1 n/s (14 to 27 MPH)
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and between 160 to 250 RPM.

Figure 32 illustrates the difficulty of a power-off
rotor speed control at small yaw angles. For example, a
gust at zero yaw angle that doubled the wind velocity would
require a change in yaw angle (equal to furl angle) of 70°.
The first 30° of yaw angle change would not change vA R and
would be ineffective for the purpose of rotor speed control.
In normal operation there is no need for a power-off rotor
speed control at low yaw angle. For power-off operation at
high yaw angle, envisioned for storm survival, rotor speed
control requires only small changes in yaw angle. For
example, Figure 32 shows that a doubling of the wind
velocity at 60° yaw angle and zero power operation would
require a change in yaw angle of only 20° and would be
immediately effective. As will be shown, the automatic furl
control is not capable of preventing sizeable overspeed from
a gust when the unfurled rotor is operated power-off in
autorotation. This characteristic is evident from Figure
32. Unfurled power-off operation can and should be avoided
except in the case of power failure,

The flap bending amplitude increases along the power-
off operational line in Figure 32 from + 170 Nm (#+ 1500 in-
1b) at 15° yaw angle to + 350 Nm (+ 3100 in-1b) at 80° yaw
angle. The in-plane amplitude remains nearly constant at +
204 Nm (+ 1800 in-1b). The stresses in the blade retention

are quite low, up to + 1655 kPa (+ 240 psi) for flap bending.
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and + 1310 kPa (+ 190 psi) for in-plane bending. The cyclic
pitch amplitude is + 2° to 1_40 and is affected by changes in
wind direction,

To establish the autorotational characteristics as
shown in Figure 32 , some low furl angle tests had to be
conducted power-off. The automatic furl control was set to
be tripped at 228 RPM. Figure 33 shows an automatic furling
process initiated by strong gusts that increased the wind
speed at the anemometer location from 6.26 to 14.1 m/s (14
to 30 MPH) in 6 seconds. Automatic furling began when 228
RPM was reached and stopped 4 seconds later, at 85° furl
angle, The maximum rotor speed was 310 RPM at 45° furl
angle. Without furling, the equilibrium rotor speed for
14.1 m/s .(30 MPH) wind velocity is 540 RPM when a tip speed
ratio of QR/V = 16 is assumed. The maximum flap bending
amplitude occurred directly after the start of furling and
displays a 2P oscillation of + 1130 Nm (+ 10,000 in-1b).
The maximum rotor torgue amplitude which occurred at the
same time as . the maximum bending was a 4P oscillation
with + 188 Nm (+ 1660 in-1b) corresponding to + 9653 kPa (%
1400 psi) shear stress in the rotor shaft. The maximum
rotor thrust, as estimated from a static flap bending
moment of 1809 Nm (16,000 in-1b), was about 1424 Nm (320
1b). Such an overspeed condition can occur in power-on
operation if the power suddenly fails. The test results

prove that the overspeed condition is benign. No damage was
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caused to any component, and the dynamic loads and stresses
remained well within allowable limits. To cover the
emergency case of sudden power loss, the wind turbine must
be capable of withstanding, without damage, a 35% overspeed.
3.2.4.2 pPower-0ff Digital Data

Digital data have been processed to obtain the statis-
tics of aerodynamic and loads parameters during extended
runs of one hour or more., Figure 34 shows some results of
digital data acquisition for power-off conditions. Figure
34a is for 15° furl angle, and Figure 34b is for 45° furl
angle. The first graph in each figure gives log N vs. wind
speed bin, where N is the number of samples in the bin. The
wind speed bin mid-points correspond to wind speeds of 0.5,
1.0, 1.5, 2.0, etc. meter per second. One or two points
farthest to the right have been neglected because they
represent very few samples so that the statistics are not
meaningful for these bins.

The second graph of each figure gives the mean and
standard deviation of the rotor speed for each wind speed
bin. The dotted lines represent constant tip speed ratios
QR/V = 5, 10, 15, 20. It is seen that for Figure 34a, the
mean values of the RPM represent tip speed ratios larger
than 15 at the low end, and tip speed ratios smaller than 15
at the high end of wind speed and RPM. For a steady wind,
the tip speed ratio is constant and, according to Figure 32,

it has the value of Q2R/V = 16 for 15° furl angle. For
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fluctuating wind speed, the tip speed ratio varies because
the 1inertia of the rotor keeps the RPM lower than
equilibrium for gust peaks and higher than equilibrium for
gust valleys. If one computes the root-mean-cubed wind
speed, which represents the mean power in the wind, one

obtains:

Vyp = L (VN7 8 3 (75)

Thus, one can obtain, for the corresponding bin, a tip speed
ratio close to that found in a steady wind. For example,
Yup
3.6 m/s (8.1 MPH). It is seen that for this velocity the tip

for the sample distribution of Figure 34a has the value

speed ratio is in fact close to 16, while at the low end it
is 18 and at the high end it is 13.

The third graph of Figure 34a shows the cyclic pitch
amplitude vs. wind speed. The mean, standard deviation and
global maximum and minimum for each wind-speed bin are
plotted. For low wind speed the mean values are about i3°:
and for high wind speeds, they are about one-half this
value,

Figure 34b, shows a lower tip speed ratio of about 12
for a furl angle of 45°, For steady conditions, the tip
speed ratio should be 12.5, according to Figure 32, so that
the digital data agree with the analog data. The trend

toward higher tip speed ratios at lower wind speed is also
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recognizable in Figure 34b, though it is not as pronounced
as in Figure 34a. This could be due to the higher number of
samples taken, or possibly due to the relative absence of
rapid gusts. The third graph of Figure 34b shows the rotor
power vs. wind speed. The appreciable rotor power produced
at high wind speed and high rotor speed with the generator
switched off is either caused by air pumping losses of the
generator (windage loss) or by the tightening of the belt
from centrifugal forces. Without the belt the rotor power
is quite small.

Loads are not presented for power-off conditions,
although they have been measured. The power-on dynamic
loads at a given furl angle and RPM were found to be either
the same or somewhat higher than for power-off and are
presented later.
3.2.4.3 Power-On Analog Data

Analog data taken with the oscillograph provide both an
estimate of steady state characteristics as well as the time

histories of special events.

Figure 35 shows rotor power vs. rotor speed for the
unfurled position (actually 15° furl angle) and for 40° furl
angle. The data are taken from oscillograph records over
periods of several seconds during which the rotor speed was
approximately constant. The solid line corresponds to a
torque coefficient of CQﬂI = 0.008., With two exceptions,

the measured rotor power points are reasonably well
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represented by the constant torque coefficient, which
implies that the rotor power varies with the cube of the
rotor speed. The two highest rotor power points are taken
during a period of rotor acceleration. If one corrects the
measured shaft torque by the inertia torque from the angular
rotor acceleration, the corrected rotor power values agree
with the cubic power curve. For example, at 250 RPM the
acceleration was 15 RPM/sec. or 1.57 rad/ secz. The torque
correction is, 136 Nm (1200 in-1b), where a rotor moment of
inertia of 88 kgm2 (65 slug ft.z) is used. The shaft torgue
is 414 + 136 = 550 Nm (4880 in-1lb). The rotor power computed
with this torque is 14.6 kW at 250 RPM rather than 11 kW as
found without the inertia torque correction. In the same
manner the second point is corrected, which shifts the rotor
power from 6.6 to 11.4 kW at 230 RPM.

Figure 36 shows one of many recorded time histories of
power-on automatic furling. The furling relay was set at
228 RPM, and a gust of 13.4 m/s (30 MPH) tripped the relay.
The rotor speed reached a maximum of 250 RPM, and the furl
actuator stopped at 70° furl angle as the rotor speed
dropped below 228 RPM.

Figure 37 shows the time history of a power-on gust
peaking at 16.1 m/s (36 MPH). The automatic furling device
had been switched off, so that the machine was in a manual
furling mode. The operator, not expecting the strong gust

( which doubled the wind speed at the anemometer site from B8
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to 16.1 m/s (18 to 36 MPH) within 4 seconds), delayed
manual furling by about 4 seconds. Furling was too late to
prevent a rotor overspeed of 360 RPM which occurred 2
seconds after the peaking of the gust. This is the highest
wind velocity and the highest overspeed encountered so far.
A careful check after the event revealed no damage. The
alternator experienced an overspeed to 9000 RPM. According
to the manufacturer it is designed for 10,000 RPM. The tach
generator experienced 5400 RPM. It is designed for 4000
RPM. The aerodynamic rotor power, including rotor inertial
torque, reached nearly 30 kWw. The alternator power output
at 9000 RPM was only 5.5 kW which explains the rapid
increase in rotor speed. The alternator power probably
peaks at about 7000 RPM and then rapidly declines with
increasing RPM. During the delayed furling the cyclic pitch
amplitude went from 3° to llO; the shaft torque 4P amplitude
went from 75 to 373 Nm (660 to 330 in-1b) * 19,306 kPa (+
2800 psi).
3.2.4.4 Power-On Digital Data

Digital data are used to obtain the "hin"™ character-
istics over extended time periods, as with the power-off
data. Figures 38 and 39 show the performance sampling
results of power-on runs both in the unfurled position (150
furl angle) and in the 45° furl position, respectively.
Winds are from the northwest and west. It was found that the

data for the upper end of the wind speed scale were biased if
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frequent automatic furlings occurred during the test run,
although sampling was interrupted during furling and
unfurling. The two runs presented in Figures 38 and 39 were
performed in wind conditions where no automatic furling
occurred. Figures 38a and 39a show the sampling
distributions which are smooth for both runs. 1In contrast,
sampling distributions taken in south wind were ragged with
substantial differences in the number of samples for
adjacent wind speed bins, The other measured variables also
showed much more scatter and average CP was substantially
lower with southerly winds. Winds coming from the south pass
over woods that extend close to the site. The wind from the
south is apparently quite turbulent which degrades the rotor
performance. All performance data presented are for tests
in which the winds were from the open west or northwest.
Load data, however, includes tests in which winds were from
the south. The point to the farthest right in Figure 38a
and 39a has been neglected because it represents too few
samples.

Figures 38b and 39b show a similar pattern of RPM vs.
wind speed as previously discussed for the power-off test
(Figure 34). mToward the high end of the wind-speed scale,
the tip speed ratio is lower; and toward the low end of the
scale, the tip speed ratio is higher. The rotor power shown
in Figure 38c and 39¢ has a substantial standard deviation

in each wind speed bin caused both by the variation of RPM
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and by the sensitivity of rotor power to RPM, as indicated
by Figure 35. The generator-to-rotor efficiency of Figure
38d shows efficiencies over 0.80 for the higher winds
speeds, but very low efficiencies for lower wind speeds.
Much of the wind turbine operation will be at wind speeds of
5 to 6 meter per second (1l to 13 MPH) where the efficiency
is only 40%. Though the distribution between mechanical and
electrical losses is not known, it is likely that most of
the loss is electrical and caused by the tuning capacitors
needed to increase the peak power output from 5 kW to 8 KkW.
Obviously a prototype should not use the alternator in its
present configuration. Subsequently we will ignore the
alternator performance and only present the rotor
performance.

Figure 38c shows the rotor thrust in newtons. The
rotor thrust is obtained by dividing the yaw-post bending
moment by the distance between the upper yaw bearing and the
rotor axis, 0.521 m (205 inches). From Figure 38e, the
rotor thrust at 9 m/s (20 MPH) is 1200 newtons {270 lbs).

Figures 38f and 39d show the mean aerodynamic rotor
efficiency, CP, for each wind speed bin. At low wind speed,
CP is large; at high wind speed, CP is small. There are two
reasons for this. First, the rotor RPM and rotor power
during gusts is lower than for steady state operation, since
the rotor speed cannot follow the gust. Second, the rotor

RPM and rotor power are higher in lulls than for steady state
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operation. The mean aerodynamic efficiency, Cps has been
computed by relating the mean rotor energy during the entire

run to the total mean energy in the wind.

ZN?R

C =
P ENAD‘-73/2

(76)

where §R is the mean rotor power in each bin, and where vV is
the mean wind speed in each bin.

Since the samples are taken at constant time intervals,
the above expression is the ratio of the time averaged rotor
power over the time averaged wind power. For the test run
represented by Figure 38, CP = 0.46; for that represented by
Figure 39 CP = 0.18. 0 is the calculated air density for the
test run and is obtained by correcting standard sea level
air density to a value at the test site based on measured
temperature and pressure readings. This correction factor
was 0.98 for the run of Figure 38 and 0.959 for the run of
Figure 39.

The true relation between the wind speed as measured at
the anemometer site and the wind speed at the rotor center
is not known and could reduce the cited Cpe I1f one uses the
wind profiles measured at the University of Massachusetts 25
kW wind turbine site (26), one would conclude that the rotor

center sees a 5% higher wind speed than the anemometer. The

cited CP values would then be reduced by 15%. In any case,
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it appears that the storage of wind energy in the rotor
during gusts and its release during 1lulls is quite
efficient. A certain amount of loss as compared to steady
state operation is unavoidable since the rotor operates both
above and below the tip speed ratio for maximum Cp. This is
similar to a constant speed wind rotor, only with less
variation in the tip speed ratio.

In summary, the measurements have shown that the two-
bladed yaw controlled, wind rotor with passive cyclic pitch
variation does not degrade turbine performance and may
actually enhance it due to the rapid adaptation of the
machine to changes in wind direction.

Figure 40 shows, £for the 20° furled position, the
digital data correlation between cyclic pitch amplitude and
yaw rate., It had been observed that yaw rates in the furl
direction (counter clockwise seen from above) cause higher
cyclic pitch amplitudes than the opposite yaw rates. The
reason for this is that even for zero yaw rate, there is a
nominal cyclic pitch amplitude due to velocity gradients
over the disk. This nominal value has the same phasing as
that caused by a yaw rate in furl direction, so that these
two effects superimpose. In the unfurl direction,yaw rate
phasing is reversed and dynamic cyclic - pitch deflection
due to unfurl yaw rate is reduced by the nominal cyclic
pitch deflection. This will be discussed further in Section

3.2.5. The digital program differentiates between the two
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yaw rate directions. Figure 40a refer to yaw rates in the
furl diretion, Figure 40b refer to yaw rates in the
opposite direction. It is clearly seen that the increase of
cyclic pitch with yaw rate is larger for the furl direction
than for the unfurl direction.

Figure 41 shows the results of the loads digital
program for 30° furl angle. The results for 15° furl angle
are nearly identical and are not presented. The fore-to-aft
accelerometer data have been omitted since the acceleration
amplitude did not exceed +0.1 g. The graphs represent volt
vs. rotor RPM. The relation between the volt scale and the
physical units is noted at the top of each graph. Figure 4la
shows the sample distribution which is a smooth curve with
two humps. The point to the farthest right represents only
three samples and has been neglected. Figure 41b shows the
mean flap bending moment. The highest mean value is 4.1 x
355 = 1455 Nm (12,873 in-l1lb). Assuming the aerodynamic
center to be at 2/3 of the radius (at 2.5 meter), the
caleculated rotor thrust is 2 x 1455/2.5 = 1164 N (260 1lb)
which is close to the rotor thrust of 1200 N (270 1b)
obtained from yaw-post bending (Figure 38e) at 9 m/sec (20.1
MPH) wind velocity. Figure 4lc gives the flap bending amp-
litude with a maximum mean value of 276 Nm (2440 in-1b).
Figure 41d gives the in-plane bending amplitude with a
maximum mean value of 204 Nm (1745 in-1b). Figure 4le shows

the bending amplitude for the vertical boom which is equal
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to the bending amplitude of the yaw post at the upper yaw
bearing. The maximum for the boom occurs at the vertical 1P
resonance, (about 160 RPM) and is 290 Nm (2566 in-1b).
These dynamic loads agree reasonably well with the values
obtained from oscillograph records. They represent very low
alternating stresses, see Table 6. Finally, Figure 41f
shows the cyclic pitch amplitude. 1Its mean is + 5° at 50 RPM
and decreases to + 3% at 200 ReM.

3.2.4.5 Steady-State Loads Survey

More or less steady-state conditions have been iden-
tified from the oscillograph records. For such conditioné
RPM and wind speed change only slightly over an interval of
several seconds, From the records taken on September 9,
1980, four such points have been selected at 125, 150, 162
and 171 RPM. The rotor was unfurled (150). The generator-
to-rotor gear ratio was 25:1. The second replacement
generator was installed which has a different power-RPM
relation than the first replacement generator used for most
tests (22). The dynamic loads are not much affected by this
difference.

Figure 42 shows the moment amplitudes vs. RPM. The
bending moment of the vertical boom is not plotted because
it is almost equal to the bending moment of the yaw post.
The in-plane blade bending moment is not plotted because it
is almost independent of RPM. It is about #+ 204 Nm (+ 1800

in-1b). (See Figure 41d.) It originates almost exclusively



~-170-

3000 I
YAW POST
IP
2000-}— —
m
|
1
=
1000 )
TORQUE
o | 1
100 150 200
RPM

Figure 42. DYNAMIC LOADS VS. ROTOR RPM FOR 15 DEGREE FURL
ANGLE



~171-

in the 1P gravitational blade moment. AS mentioned before,
the bending moments are given at the natural reference
locations, and not at the location of the strain gauges.
The bending moment for the yaw post is taken at the upper yaw
bearing, the bending moment for the tail boom is taken at
its hinge, and the bending moment for the blades is taken at
the rotor center. Figure 42 indicates that all moments peak
at about 160 RPM which is the resonance RPM for vertical
boom bending. The yaw post and vertical boom oscillate with
1P, as does the in-plane blade moment, not plotted in the
figure. The flap bending moment oscillates with 2P, and
poth the horizontal boom bending moment and the shaft torque
oseillate with 4P. This may indicate a coupled mode. The
stresses at the strain gauge locations are guite small.
Using the values of Table 6 one obtains the maximum
alternating stresses for steady conditions shown in Table 7.
The maximum steady moments and stresses shown in Table 7 are
also based on the following assumptions, The maximum steady
yaw post and boom moment originates in the gravity moment of
the tail boom of 1696 Nm (15,000 in-1b). The maximum blade
flap bending moment originates in the thrust. This can be
estimated to be 890 N (200 lbs) thrust per blade acting at
2.54 m (100 inch). This does not include centrifugal
relief. The maximum steady in-plane moment originates in
the torque per blade of 226 Nm (2000 inlb) and the maximum

steady rotor shaft torque is 452 N (4000 in-1b). The steady
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moments are merely rough estimates in order to see the
alternating moments and stresses in perspective. For the
determination of fatigue margins, both steady and
alternating stresses must be considered. The yield limits
in the last column are also approximate values. The rotor
shaft is mainly stressed from the torque arm of the shaft
mounted gear bOX. As mentioned before, the alternating
stress from this source is about + 71,708 kPa (+ 10,400 psi)
in addition to the steady 23,167(3350 psi) from the torque.
In view of the high strength of the rotor shaft, the safety
margin is quite high, Both the steady and alternating
stress of the yaw post are, in relation to its yield limit,
much higher than for the other components. The yaw post
gravity moment is really not a steady load since it varies
with furl angle so that it will occur with a certain number
of load cycles. The yaw post is by far the weakest struc-
tural element and will need special attention in a prototype

design.

3.2.4.6 Transients Loads Survey

Rather than selecting steady state conditions, the
maximum loads encountered for a given RPM are now presented.
The effect of furl angle on the 1loads could not be
determined at rated RPM but only at lower RPM values since
the high wind speeds required for sustaining the rated RPM
at the larger furl angles have not been available. 30° furl

angle was tested up to 200 RPM, and 45° furl angle up to 144
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RPM. Table 8 gives a comparison of the maximum loads for
four furl angles.

The in-plane bending moment remained at about * 204 Nm
(+ 1800 in-1pb) independent of furl angle or RPM. The
vertical boom bending moment is always nearly equal to the
yaw post bending moment, while the horizontal boom bending
moment is lower. The stresses for the maximum loads are
shown in Table 9. Though the stresses are in part sub-
stantially higher than for the steady states shown in Table
7, they should be well below the infinite life fatigue

allowables, except possibly for the yaw post.

3.2.4.7 Overspeed Conditions Loads Survey

several overspeed conditions were encountered due to
testing outside the normal operation envelope. Figure 33
shows one such overspeed case for which the power-off
operation in unfurled condition, led to a 310 RPM overspeed
in a strong gust. Only blade flap bending and rotor torque
were measured. They reached a maximum # 1130 Nm (+ 10,000
in-1b) (2P) and + 188 Nm (+ 1660 in-1b), respectively.

Another overspeed case, which reached 360 RPM, is shown
in Figure 37. This was caused by delayed furling in power-
on operation. The only 10ad measured during this overspeed
was the rotor torgque amplitude which reached 373 Nm (330 in-
1b) at 4P during furling near 360 RPM. The torque amplitude
in the unfurled position was only 75 Nm (660 in~-lb) despite

the high RPM, Table 10 compares the overspeed loads, as far
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TABLE 9
Maximum Stresses

SI Units: kPa = psi x 6.9

Component Stress, + psi

Yaw post 1680

Tail Boom 390

Blade Flap Bending 340

Blade In-plane Bending 200

Rotor Shaft Torgue 980
TABLE 10

Overspeed Loads
SI Units: Nm = in.ibf. x 0.113

kPa = psit x 6.9

Flap Bending Torgque
RPM  MPH + in-1b. + psi %+ in-1b. + psi Power
200 27 2,500(2p) 190 1,170(4P) 980 on
310 30 10,000(2P)} 770 1,660(4P) 1400 off
360 36 3,300(4P) 2770 on
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as they are known, with the loads at 200 RPM.

The high 2P flap bending load is probably caused by the
coning mode which has a 2P resonance at 280 RPM (22). The
high 4P torque may be caused by the symmetrical in-plane
mode which, theoretically has a 4P resonance at 220 RPM.
However, the resonance is probably modified by coupling with
a boom mode (22}. Furling at any rotor speed produces
rather high 4P torque amplitudes. 1In the laboratory, it was
observed that furling without the rotor produced large 12 Hz
oscillations in the boom and in the actuator motor current.
These furling actuator oscillations may couple with the
symmetrical in-plane mode (torque mode) via the speed
reducer torgque arm. These oscillations occur only during
actuator motion and almost disappear when the actuator
motion stops. Even the highest overspeed stress, a torque
amplitude of + 19,099 kPa (+ 2770 psi), is small compared to
the rotor shaft bending stress of + 71,708 kPa (4
10,400 psi), which is caused by the torque arm of the shaft-
mounted speed reducer. One-half of the 373 Nm {3300 in-1b)
torque is in the blade root, causing a stress of only 1241
kPa (180 psi). Alhough the overspeed stresses, particularly
during furling, are several times higher than the stresses
at 200 RPM, they do not represent any structural risk.

3.2.5 Correlation of Theoretical Results With
Full Scale Experimental Results

In an attempt to verify the theoretical developments

presented in Section 2, it is desirable to correlate the
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experimental results of the previous section with the
results obtained using both the simplified yawed-flow theory
and the dynamic simulation model. These correlations,
however, are hindered by numerous factors, so that numerical
correlations within a specified error tolerance are
difficult, if not impossible, For example, although wind
speeds are measured at the tower, actual wind velocities
across the rotor disk are unknown, due to vertical gradients
in wind wvelocity and due to turbulence. Since both
theoretical models assume a uniform wind velocity over the
disk, this 1is a probable source of large errors,
Furthermore, due to the continual wvariability of wind
velocity, steady state conditions are rarely obtained and
can only be approximated by review of oscillograph data
which makes correlations with theoretical, steady-state data
difficult., Finally, when one reviews the assumptions used
in the development of both the simple and dynamic simulation
model theory, one can at best expect only an approximate
agreement between the\theoretical and experimental results.
In spite of these difficulties, correlation of certain
experimental and theoretical results are useful in gaining
confidence in the theoretical models developed and in
illustrating these limitations.
3.2.5.1 Correlation of Autorotational Data

Figure 43 repeats autorotational tip speed data for the

full scale wind turbine as was shown in Figure 32, Also
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shown are data points from both the simplified and dynamic
simulation models for the full scale rotor. The power loss
due to friction shown in Figure 34b can be used to calcualte
that the wind turbine autorotates at a CQ/b of approximately
0.001. This wvalue was used for both the simplified and
dynamic theories to calculate autorotational states.

The figure shows excellent agreement hetween the exper-
imental and theoretical data. Full-scale autorotational
tests were only conducted up to 80 degree yaw angle due to
low wind conditions; therefore, the NACA test results (10)
are included for higher yaw angles. Note that the dynamic
simulation model is discontinued at 80 degree yaw angle.
This is because at 80 degrees the retreating blade
experiences angles of attack exceeding 20° on the inboard
section which is the assumed stall limit for the simulation
model.
3.2.5.2 Correlation of Power-on Data

Figure 44 shows power-on data vs. wind speed for the
full scale turbine at 15 and 40 degree yaw angle taken from
Figure 35. It is evident that at small yaw angles both the
simple theory and dynamic theory correlate well, while at 40
degree yaw angle, either theoretical result overestimates
the power produced. The simple theory is worse than the
dynamic theory. (Recall that the simple theory has no tip
loss correction, which is more significant when the rotor is

producing power than in autorotation). The dynamic theory,
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on the other hand, has a tip loss correction, but does not
include hub and shank losses which probably become more
significant at higher yaw angles.

3.2.5.3 Correlations of Cyclic Pitch Deflections

One advantage of the dynamic simulation model is that
it can calculate cyclic pitch deflections in various
operating conditions, which the simplified theory cannot do.

In Section 3.2.4 it was noted that cyclic .pitch
deflections were affected by yawing direction (furl or
unfurl), yaw rate, and RPM. Figures 40a and 40b illustrate
the effects of yaw direction and yaw rate while Figure 41f
illustrates the effect of RPM.

The dynamic simulation model was run for 20° yaw angle
at 146 RPM (minimum RPM for Figure 40 was 120 RPM) with yaw
rates of 3 and 9 degrees per second in both directions.
Table 11 shows the results of the simultations compared with

the average experimental values obtained from Figure 40.

TABLE 11

Effect of Yaw Rate and Direction on T

Condition Experi;ental Dynaﬁ;c Model
Furl) Direction, 3°/S il.9° il.lo
Unfurl Direction, 3%/s i1.2° 10.2o
Furl Direction, 9°/s +3,1° +2.5°
Unfurl Direction, 9°/s 11.90 il.so
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By extrapolating the experimental data one finds that
for zero yaw rate there exists a cyclic pitch deflection
larger than one would expect from steady operation at 20°
yaw angle. This fact is confirmed by oscillograph records,
for which a nominal background cyclic pitch deflection of
approximately 2 degrees appears consistently. As a result,
one would expect T values predicted by the dyanmic
simulation to be less than experimental values by 1 or 2
degrees, as in the case in Table 1l.

To further correlate the effects of yaw direction and
yvaw rate on T, two simulations were run and correlated to
oscillographic records for similar operating condtions. The
results are shown in Figure 45. The phase of the cyclic
pitch response is determined by using the magnetic pickup on
the main rotor shaft, while the cyclic pitch amplitude is
determined by the cam follower on the cyclic pitch hinge.
The figures illustrate the effects of yaw direction on T.
The phase of the background cyclic pitch deflection is shown
by the steady state simulation curves. The amplitude of the
steady state value is greater in the full scale turbine,
probably due to turbulence and wind sheer effects, but it
has the same phase relationship as in the simulation model.
From Figure 45a it is evident that the T response to a yaw
rate in the furl direction has approximately the same phase,
thereby amplifying the response. Yaw rates in the unfurl

direction cause a phase reversal in the T response and the
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net effect is a reduced T. Note that these effects are not
simply additive. Comparing only the simulation data, the
steady T response is + 0.34°. I1f the .responses were
additive, there would be a difference of 0.68° in peak amp-
1itudes between the furl and unfurl directions. The actual
difference is 1.5°, about twice that value. This explains
why the simulation for the unfurl direction more closely
approximates the experimental data, while the simulation for
the furl direction is underpredicted by more than the 1 or 2
degrees background deflection. 1In general, one may conclude
that the dynamic simulation correctly predicts phase
relationships and c¢yclic pitch response to yawed flow
conditions and yaw rates, provided that corrections are
applied to account for the background cyclic pitch due to
factors not considered in the simulation model, such as
wind shear or turbulence.

As mentioned above, cyclic pitch deflections are also
affected by rotor RPM, as shown in Figure 41f. The dynamic
simulation was run at 40° yaw angle at rated power, (230
RPM) and at 118 RPM, power-on, and in steady-state
conditions. A yaw rate of 25° per second in the furl
direction was applied, and the T response recorded. The

results are shown in Table 12.
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TABLE 12

Effect of RPM on T

Simulation Yaw Andgle = 400: 25°

Per Second Furl Yaw Rate Applied
After One Revolution

RPM = 230 RPM = 118
+T 3.9° 6.6°

Note: If fgrl rate were expressed nondimensionally based
on tip speed there would be no change in T.

There is approximately a 70% increase in T at the lower
RPM, which confirms the trend shown in Figure 41f. {One
would expect only a trend correlation in this comparison due
to the numerous variables averaged into the RPM bin data.)

3.2.5.4 Correlations of The Effects of Yaw Angle
On CT/G and CQ/O'

Both the simple theory and dynamic simulation predict
that CTAy is approximately constant with yaw angle, for
constant CQ/U, up to yaw angles of at least 60 degrees for
the experimental wind turbine (see Table 1). Since the wind
turbine operates power-on at a constant CQA; of 0.008, it
is of interest to compare the data of Table 1 with
experimental power-on data. Figure 4lb shows flap bending
deflection at a furl angle of 30 degrees. The maximum
thrust was calculated previously to be 1164 N (260 lb) at
197 RPM, The CT/c value for this case, using corrected air
density,is 0.107. The same methodology is used to calculate

CTﬁJ at other rotor speeds. These are recorded in Table 13.
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TABLE 13

CT/b Comparisons for CQAJ = 0.008

Yaw Angle Experimental Simple Dynamic
Degrees RPM Wind Turbine Theory Theory

15 75 0.106

15 150 0.108

15 159 0.112

15 178 0.110

15 Avqg. 0.109 0.112 0.102

30 75 0.097

30 150 0.099

30 178 0.104

30 197 0.107

30 Avg. 0.106 0.112 0.101
Note 1. Higher yaw angle tests not available.
Note 2. Results for the dynamic theory showed CTﬁy to

be independent of RPM. The experimental

variation of CTAJ with RPM is most probably due

to unsteady effects and too few samples.
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Figure 46 shows a similar plot for a furl angle of 15
degrees, CT/b is again calculated and recorded in Table 13.
Finally, CTA: from Table 1 is recorded for 15 and 30 degree
yaw angles for power-on conditions. (Note that, although
not strictly identical, furl angle and yaw angle can be
assumed equal with little error due to the large lifting
area of the tail vane.)

The table shows that for the two angles tested, CTk: is
independent of yaw angle and falls between values predicted
by the simplified theory and the dynamic simulation. The
simplified theory tends to slightly overpredict the
calculated values from the flap bending data. One should
temper these numerical correlations with the restrictions
and the assumptions used in calculating thrust forces based
on flap bending data.

3.2.6 Applications of the Theoretical Models

As discussed previously, the simplified theory can be
effectively wutilized to find approximate steady-state
performance points which can be used as inputs to the
dynamic simulation in order to save computer time. In
addition, the simplified theory can be used to estimate
performance, to identify trends and to determine the effects
of pitch angle, solidity ratio, drag coefficients, 1lift
curve slope and operating tip speed ratio on performance as

a function of yaw angle. The previous sections have shown
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the theory to be remarkably accurate in spite of its
simplicity.

For all its advantages, the simplified theory predicts
neither aerodynamic blade forces and moments, local induced
flow or local angle of attack, cyclic pitch response, nor
transient yaw effects. One must use the dynamic simulation
model to estimate these parameters. In order to illustrate
some possible applications of the simulation, several
operating conditions of interest were simulated and the
results are presented in this section.
3.2.6.1 Prediction of Stall Limits

Since the two-bladed rotor with passive cyclic pitch
should be operated out of stall conditions, estimates of
operating conditions.which might encounter blade stall are
valuable so that these conditions might be avoided. An
angle-of-attack of 20 degrees is assumed to be the limiting
value for approaching stall conditions. (This wvalue is
large to account for dynamic stall.) It should be noted
that this is only an assumption and that actual stall
depends, not only on angle-of-attack, but also on dynamic
effects and the percentage of the blade actually stalled.
Figure 47 shows polar angle-of-attack plots for a yaw angle
of 60 degrees, power-on, and a yaw angle of 80 degrees
power-off. Since 20 degrees angle-of-attack limit 1is

reached on the inboard section in these two cases, they are
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conservatively assumed to be limiting cases for the dynamic
simulation model.

Relating these polar plots to actual operating con-
ditions, one can conclude that the wind turbine gen-
erator power should- be cut out at a yaw angle of 60
degrees at a corresponding wind speed of 18.4 m/s (41 MPH)
to avoid possible blade stall. Although an autorotational
limit of 80 degrees is shown for the model, actual rotors
are capable of operating above this value without stall (10)
and (1ll1). It has been theorized that, since the retreating
blade can enter regions of reverse flow at high advance
ratios, the airfoil may produce lift again and thus avoid
stall. Therefore, although operation power-on may not be
possible above 60 degree yaw angles, operation at high
advance ratios in autorotation at yaw angles greater than 80
degrees is possible, even though high angles of attack and
reverse flow are encountered.
3.2.6.2 Loss of Load, Overspeed Simulation

If, during operation at rated power and rated wind
speed with yaw angle equal to zero, there occurs a loss of
load due to power transmission or electrical failure, the
wind turbine rotor will tend to overspeed, even if equipped
with an automatic furling device or speed governor. This
operating condition was simulated during the £full scale
tests in autorotational conditions and resulted in a 35%

speed increase. (See again Pigure 33).
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The dynamic simulation model was used to simulate such
an occurrence and the results are shown in Figure 48. The
model predicts a 41% overspeed, with constant wind
conditions. No stall is encountered and the cyclic pitch
remains within allowable limits.
3.2.6.3 Gust Response

Gusty wind conditions can cause unexpected operating
conditions at the rotor and can lead either to stall con-
ditions or excessive cyclic pitch response that may result
in stop pounding of the cyclic pitch mechanism., Since gusts
can include a change in wind direction as well as in wind
speed, and since these gusts may cause furling operations,
three gust reponse cases were simulated. The first consists
of simply a 50% increase in wind speed at a constant yaw
angle. The second combines a 50% increase in wind speed
with a 20 degree per second yaw rate in the furl direction.
The third consists of a 20 degree per second yaw rate in the
unfurl direction. The simulated gust has a two second
period and is shown in Figure 49. One will note that
although shorter in period than most gusts, this gust
profile compares well with the actual gust encountered
during testing shown in Figure 33. All simulations started
at 40 degree yaw angle, steady-state conditions. The
results are shown in Table 14. The table shows that furl
direction yaw rates or furling conditions during a gust tend

to aggrevate both cyclic pitch response and the approach to
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TABLE 14

Gust Response

(dr-1 is the Inboard Element of 5 Blade Elements)

o

o +T -1

Time, s Blade 1 yO dr Deqgrees RPM
¥aw = 40° NO YAWRATE
0 < 20 230
0.25 < 20 . 232
0.50 < 20 . 237
0.75 20 270 1 . . 248
1.0 21 255 1

22 270 1

21 285 1 1.7 1.7 263
yaw = 40° to 60° 20°/s FURL DIRECTION
0 < 20 230
0.25 < 20 . 231
0.50 < 20 . 231
0.75 21 255 1

22 270 1
1.0 21 285 « 1 4.3 4.3 234

21 240 1

24 255 1

25 270 1

23 285 1

20 300 1 4.5 4.5 235
vaw = 40° to 20° 20°/s UNFURL DIRECTION
0 < 20 230
0.25 < 20 1.5 233
0.50 < 20 5 1. 242
0.75 < 20 .2 1.3 260
1.00 < 20 .2 1 285
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blade stall. Unfurling, on the other hand, decreases these
factors. A gust with no associated yaw rate will have an
increasing effect on cyclic pitch and will aggrevate the
approach of blade stall.

It is of interest to examine and compare angle-of-
attack and induced flow patterns during gust and yaw rate
conditions, as they are calculated by the dynamic simulation
model, Figures 50a and b show angle-of-attack patterns and
induced flow patterns for a yaw angle of 60 degrees, at
rated power, with no yaw rate, and no transients included.
Figures 50c¢ and d show the same charts at rated power during
a 20 degree per second furl from 55 to 60 degree yaw angle
(one rotor revolution) at the same rotor speed and wind
speed. The transient effects are quite evident in the
figures.

3.2.6.4 The Effects of Passive Cyclic Pitch on Aero-
dynamic Blade Forces in Yawed Flow Conditions

One reason for the use of a passive cyclic pitch hinge
in the rotor system is the relief of unsteady aerodynamic
thrust forces and moments that occur in yawed flow
operation. The reduction in these forces and moments are
easily examined using the dynamic simulation model.

The simulations were run at a 60 degree yaw angle in
steady conditions at rated power. In one simulation the
cyclic pitch response was included, as usual, while in the

second simulation the T response was forced to zero to
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Figure 50a. ANGLE-OF-ATTACK PROFILE YAW = 600, "RATED POWER,
STEADY STATE
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simulate a rigid rotor. The resulting aerodynamic forces

and moments in the thrust direction are shown in Table 15.

TABLE 15

1P Aerodynamic Forces and Moments
Per Blade For Rigid Blade Rotor and
Passive Cyclic Pitch Rotor

Yaw = 600 Rated Power

Wind Speed = 18.4 m/s (41 MPH)
RPM = 230 Steady State

t(degree)} Thrust (N) Thrust Moment (Nm)
+ 1.9 734 + 4% 1966 + 3%
0 768 + 24% 2049 + 25%

It is evident from the table that although the average
forces and moments are nearly equal, the excursions about
the average are markedly decreased when a passive cyclic
pitch hinge is included. This should lead to decreased
blade flapping fatigue loads.
3.2.6.5 Dynamic Loads

Although the dynamic simulation model is well suited to
calculate blade aerodynamic forces and moments, in its
present form, the accurate calculation of the dynamic loads
due to these forces and moments is more difficult. 1In spite
of this, a few observations are possible from simulation
results. |

Since the model includes elastic blade flap-wise

deflections as a state variable (se), flap-wise blade loads
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can be calculated using the simulation model. However, due
to the assumption of a rigid blade with eguivalent root
spring (Figure 12), blade loads calculated in the simulation
are probably not completely accurate. However, the
calculation of resonant rotor frequencies that affect blade
loading can be calculated using the present simulation model
because aerodynamic damping terms are included in the
simulation.

For example, since the rotor has a damping ratio of
about 0.2, see equation (70k),. one would expect a
relatively flat resonance peak. Based on the frequency and
damping of simple blade flapping see equation (53) one
would expect a mild flap-wise resonance at 265 RPM with
half-power points at 193 and 366 RPM. gimulations run at
230, 250, and 270 RPM indicate a relatively constant
resonant amplification factor of 6 for flap-wise bending at
all three speeds.

In order to adapt the simulation model to calculate
dynamic blade loads as well as resonant frequencies, one
could include an actual blade mode shape rather than use the

assumption of a rigid blade with hinge spring.
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4.0 CONCLUDING REMARKS

This section presents a summary of the dissertation,
conclusions that can be drawn from work presented, and
possible directions for further work in this area.

The simplified theory, which is developed from three
basic, rotor performance equations, predicts average rotor
performance in yawed flow with surprising accuracy, despite
numerous simplifying assumptions. The theory, which is
developed in the form of a computer algorithm, illustrates
several valuable points., First, it shows for blades with
zero pitch, CT and CQ are linearly related by a constant
which is independent of yaw angle. This suggests that rotor
control could be maintained from a feedback of rotor thrust
rather than from the more conventional feedback of rotor
power. Second, the simple theory shows that maximum rotor
power may be obtained at yaw angles other than zero, and
illustrates that the rotor parameters CT' g, v and 9§ can be
used to determine the yaw angle for best performance.
Third, the simplified theory provides a quick method by
which one can determine steady-state rotor parameters that
can be used as initial conditions in the dynamic simulation.
This results in considerable savings in computing time in
the dynamic simulation.

The dynamic simulation in yawed flow, although rather

complex and computationally slow in comparison with the
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simplified rotor theory, is used to provide detailed rotor
operational characteristics that cannot be determined using
the simplified theory. These include local angle-of-attack
teeter or cyclic pitch response, and variable aerodynamic
blade forces.

The dynamic simulation differs from some other sim-
ulation models in that it does not consider steady blade
stall effects but does include a dynamic inflow theory to
calculate induced flow velocities over the rotor disk.
Since many horizontal axis wind turbines include a teetering
or passive cyclic pitch hinge (in order to reduce blade
loading in yawed flow or during yaw transients), this
simulation is developed specifically to model these types of
rotors.

Since the operation of teetering or passive cyclic
pitch rotors in stall can produce a stop pounding insta-
bility, as, for example, the stop pounding instability that
occurred in the modified MOD-0 teetering rotor during gust
conditions (27), they must be operated out of stalled
conditions. Therefore, it is unnecessary to calculate
performance in stalled conditions for a teetering rotor.
The simulation incorporates a constant 1lift curve slope for
all blade angles of attack that occur during yawed flow
operation. Although stall is not included, an important
application of the dynamic simulation model is to identify

operational 1limits that may lead to blade stall so that
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these conditions can be avoided. Actual stall prediction is
quite difficult due to the uncertainties that exist in the
prediction of dynamic stall (28). For example, (28) shows
that dynamic stall with unsteady free-stream (as occurs in
rotors) exhibits entirely different characteristics than
does a similar oscillating airfoil in steady airflow
conditions, such as in Figure 2. Thus dynamic rotor stall
is not well understood. One can, however, make a
conservative assumption for limits on the local angle of
attack for stall and thereby determine operating limits.
This method is used in Section 3.2.6 with an angle-of-
attack limit of 20° and from it one may conclude for the
turbine modelled herein, that: (a) it should not be
operated power-on at yaw angles in excess of 60 degrees, (b)
that an increase in wind speed of more than 50% in less than
1 second may lead to stall conditions, and (c¢) that a gust
coupled with a simultaneous 20 degree per second yaw rate in
the furl direction will aggrevate the stall while the same
yaw rate in the unfurl direction will relieve the stall
conditions. This type of analysis should be of significant
value in the operational development of teetering and
passive cyclic pitch wind turbine rotors.

In addition to the above considerations, the simulation
model is also of value in predicting teeter or cyclic pitch
response to various operating conditions so that stop limits

can be determined and stop pounding avoided. For example,
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the simulation demonstrated that a 50% wind gust causes a
70% increase in cyclic pitch response for the experimental
wind turbine.

The simulation model can also be utilized to calculate
instantaneous aerodynamic forces on the blades., It showed a
22% decrease in aerodynamic, oscillatory thrust moment due
to the passive cyclic pitch, at a 60 degree yaw angle as
compared to a rigid rotor. In its present form, blade
flapwise resonant frequencies can be calculated from the
simulation model, although blade loads are not well pre-
dicted due to the rigid-blade assumption. Further work on
the simulation could include the actual blade mode shape to
more accurately calculate blade 1locads and resonant
frequencies,

The dynamic simulation is compared in this work to both
the simplified theory and experimental results from full
scale wind turbine tests at Washington University. Both
correlations are quite good, providing confidence in the
simulation.

Although the dynamic simulation is capable of modelling
transient yaw rate conditions, simulations conducted to date
and presented herein have been limited to constant yaw rate.
Further development of the simulation could incorporate any
governing device that might be used to control rotor speed
or rotor torque. Such a simulation could use the equations

as developed, except that a yaw-rate equation would be
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added. One could also simulate a passive, thrust controlled
wind turbine by including the yaw equilibrium equation
developed in Appendix 3 and simulating thrust limited power
control,

It is qguite evident that the dynamic, yawed flow
simulation which has been developed has not been exercised
to its full potential. Much work could be done in this area.

The result of the wind tunnel model tests presented
here illustrate both the usefulness and limitations of
small-scale rotor experiments. The experiments were
valuable in obtaining general characteristics and trends
associated with a passive cyclic pitch rotor and yawed flow
operation. They showed that the passive cyclic pitch rotor
operated well as long as stall was avoided, that a power
maximum can occur at yaw angles different from zero, and
that rotor speed control with yaw angle was possible.
However, due to low Reynolds Number effects, tunnel wall
effects, and model construction 1limitations, numerical
correlations between the wind tunnel results and either the
full scale experimental results or theoretical results was
impossible.

The £full scale experimental studies provided both
operational experience and data that is useful in examining
the effects of yawed flow on wind turbine performance and
loads, and on the operation of a yaw controlled wind turbine

with passive cyclic pitch. Difficulties were encountered in



-209-

obtaining estimates of average operating conditions (due to
variable flow over the rotor disk, wind turbulence, and
continual variability of wind speed and direction).
Nevertheless, oscillographic records and digital data-
collection techniques using the method of bins provided data
that <correlated within reasonable 1limits with the
theoretical performance results. The data was also useful
in assessing the effects of yawed flow operation on a rotor
with passive c¢cyclic pitch, It was found that:

(a) The passive cyclic éitch rotor operates with about
the same efficiency as other horizontal axis wind
rotors in steady, axial flow and may extract more
power than a rigid rotor during wind direction
changes because it more closely follows the wind.

(b) The machine autorotates at yaw angles up to 80
degrees with the measured tip speed ratios
agreeing with theoretical values and with those of
large wind tunnel studies. Also, vyaw angle
variations while operating at yaw angles above 70
degrees cause large changes in rotor performance.

(c) One should expect rotor overspeed of at least 35%
with a yaw controlled wind turbine operating in
autorotation during gusts or loss of load. This
is due to the relatively flat performance curve
(tip speed ratio vs. yaw angle) that exists up to

yaw angles of 60 degrees.
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(d) The variable speéd rotor efficiently stores energy
at higher wind speeds (during gust peaks) and
releases that energy during wind speed "1lulls",.

(e} Cyclic pitch response is a function of RPM, yaw
angle, yaw rate, and yaw rate direction,

(£) sSelf-excited alternator efficiencies, like in-
duction generator efficiencies, decrease rapidly
below rated power, and may be only one-half their
rated valué during much of the wind turbine
operating time.

(g) Dynamic loads remained within allowable limits at
various yaw angles and during yaw transients. The
most highly stressed component is the yaw post.
The dynamic loads exhibit a peak at the rotational
frequency corresponding to the tail boom
resonance.

In summary, it was found that the full scale yaw
controlled wind turbine with passive cyclic pitch operated
well and provided valuable data concerning the effects of
yawved flow on wind rotors and passive cyclic pitch oper-
ation. The next phase of experimental testing will include
the addition of a hydraulically controlled speed governor to
control yaw angle with variable wind speed and a thrust
controlled governing mode.

It is significant to note the important role that the

microcomputer system played in this work. The significance
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lies partly in the fact that the computer was able to
provide on-site data collection, programmable data
filtering, operational testing monitor and control, statis-
tical data processing, on-site graphical results at the
conclusion of each test, data storage both on disk and hard
copy, and both simple amd complex simulation rotor models.
Although these capabilities have existed for some years now
in larger, dedicated computers, the Apple microcomputer
system used for this project was very compact, portable, and
quite inexpensive ($3500) making the above capabilities
available to most experimenters, researchers and
analysts. It is for this reason that the dynamic simulation
program, developed here, in addition to the other programs
developed and included in the Appendicies, were all written
in BASIC programming language. This affords most potential
users of these programs the opportunity to apply them

without the necessity of access to a large computer system.
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APPENDIX 6.1

Nomenclature

4 C
T 26

g av 3v

Used For Determining X for
Maximum Power.

Lift Curve Slope (l/rad.).

Axial Induced Flow Factor.

Flow Rotation Factor.

Tip Loss Factor.

Fffective Blade Radius for Lift Calculation.
Number of Rotor Blades.

Drag Coefficient.

Lift Coefficient.

Normal Force Coefficient.

Rotor Coefficient of Performance =

P
1 2 .3
=P T

Rotor Torque Coefficient = Q
2 .5
p T R

Rotor Thrust Coefficient = T
2 4
p® & R

Chord wWidth.
Elemental Drag.
Elemental Lift.
Elemental Torgque.
Elemental Span.
Elemental Thrust.

Frequency
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f1-£5 State Variable Functions.

1 Blade Moment of Inertia.

Ig Nacelle Moment of Inertia,

I Equivalent Centrifugal Inertia.

i Dummy Index.

3 Dummy Index.

K Flap Hinge Spring Force Coefficient.
M Blade Mass.

MB(1i) Thrust Moment Per Blade.

MO(1) Driving Torque Per Blade.

m Elemental Blade Mass.

N Number of Samples.

n Dummy Index.

P Rotor Power

P Per Revolution Frequency.

§R Mean Rotor Power Per Bin

Q Torque

R Blade Radius.

r Local Blade Radius Station,

T Thrust Force.

TB(1i) Total Thrust Force Per Blade.
TO(i) Total In-plane Force Per Blade.

t Time

U Resultant Blade Element Velocity.
UP Normal Blade Element Velocity.

U Tangential Blade Element Velocity.
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Wind Speed
Tip Speed Ratio - = ¥/0R
Induced Flow Velocity.

In-plane Wind Speed Component = V, =V sin¥.

Axial Wind Speed Component, V, = V cosX.

In-plane Tip Speed Ratio, v, =V siny.
Axial Tip Speed Ratio, v, = V cosX.
Average Wind Speed Per Bin.

v/v Definition,

State Variables:

¥l =1
Y2 = 1
Y3 = ?e
Y4 = 8,
Y5 = v
Y6 = Q
Y7 = ¥
¥8 = X

Blade Angle-~of-attack.
Mean Rotor Angle-of-attack.
Blade Flap Angle.

Blade Elastic Flap Angle.
Blade Precone Angle,

Blade Lock Number.

Increment
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Delta Three Angle. An andle measured from
an axis normal to the blade pair of a two-
bladed rotor, in the plane of the rotor, to
the axis of rotation about the prelag hinge.

Damping Ratio.

Blade Pitch Angle.

, V_-v,
Inflow Ratio = 2 "1
IR
Tip Speed Ratio = QR/V
v
3 : ol - — Z
Axial Tip Speed Ratlo = V., =R
. Vx
Advance Ratio = V. < OR
Induced Flow Ratio = Xi
QR

Air Density (Standard = 1.23 kg/m3).

di i = bC
Solidity Ratio = TR

Cyclic Pitch Deflection. Actually this re-
presents deflection about the prelag axis.
wor rotors with 6§, = 0, movement about this
axis represents o%ly blade flapping motion.
In rotors, such as those considered herein,
with large §, values, movement about the pre-
lag axis is almost all a blade Pitch change,
since

Flap = tcosﬁ3

Pitch =1 sin53
Thus the definition of cyclic pitch for T is
slightly in error. When T reaches its physical
limit of travel it is called stop pounding.
Inflow Angle.
Yaw Angle.

Blade Azimuth Position.
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Rotor Speed
Matural Frequency.
Nonrotating Frequency.

Rotating Frequency Component.



o

AE
ALPHA
CD
CHI
Cp

Cco

CT

FLAG
GTHETA
INFLOW
J

JJ

K

KK
LAMBAR
MCD

MU
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APPENDIX 6.2

Documentation for

The "Yawflow" and "Yawplot" Programs

Lift Curve Slope

Angle-of-attack Selected for Plotting
Angle-of-attack Array (degrees).
Iteration Error Variable.

Calculated Angle-of-attack (radians).
Drag Coefficient.

Yaw Angle (radians).

Performance Coefficient = 2 CQ/V3.

Torque Coefficient _ Nondimensionalized
Sigma if Desired).

Thrust Coefficient Nondimensionalized
Sigma if Desired).

Iteration Counter.

Geometric Pitch Angle.

Inflow Ratio.

Yaw Angle Counter.

Yaw Angle Limit.

Tip Speed Ratio, V/QR, Counter
Tip Speed Ratio Limit.

Axial Flow Ratio.

Drag Multiplier

Advance Ratio

on

on



NU

Niu, N2U
PI

THETA

U s

XSIG

X0

YAW
YAW.AA
YAW.DAT

YAW.CQ
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Induced Flow Ratio.

Induced Flow Iterative Variables.

i

Aerodynamic Pitch Angle.

Title String Variable.

Tip Speed Ratio, V/QR.

Solidity Ratio.

Selected Torque Coefficient for Plotting.

Yaw Angle
File Name
File Name

File Name

(degrees).
for Angle~of-attack Plotting.
for CT vs. Yaw Angle Plotting.

for Torque Coefficient Plotting.



-221~

1PR¥
JLIST

1 REM YRWFLOW PROGRiH CALCULRTED STERDY STRTE PERFORMANCE IN YRHWED FLOW

2 REM REVISION 2-2/81

3 REM ALPHR AND DRRG ARE CRLCULATED BRSED OM GEOMETRIC AMGLES WHILE ECQUATIONS
USE AERCOYNAMIC PITCH ANGLES

5 Ds = CHRS (4)

7 HOME : UTHE S

16 DIM AD(18,20).YAHW( 18,20).U(18,28),C0 10,2082,LT(18.28)

12 DIM XRCSXAACS)

14 IMPUT “ENTER DATE AND NOTES > *:U$

15 INPUT “INPUT DRBG HULTIPLIER 7 “;HCD

20 INPUT “INPUT SIGHA? “;XSI6

30 INPUT “ENTER RERGDYN, PITCH IN DEG. > “THETR

31 INPUT “ENTER BEOMETRIC PITCH IN DEG. > “;6THETA

35 INPUT “DO YOU WANT OUTPUT NOM-DIMEMTIONALIZED ON SIGMR 7 (Y/N) Y25
38 INPUT “INPUT ITERATIONS ON KYAM) 7 “;JJ

39 INPUT “INPUT ITERATIONS ON K(U) >2 7 *iKK

48 A = 5.7:PI = 3.14139

45 THETA = THETA + PI ~ 186

46 GTHETR = GTHETH * PI ~ 180

o FOR J=8T70 1)

O YAM(JK) = J * 18
28 CHI = YA J.K) = PI ~ 188
98 W UKD = .82 % K
188 LAMBAR = W K> * COS (CHI>
118 MU = U(JaK)> ®# SIN (CHI)
133 REM ITERATE FOR MU
148 H1U = LAMBAR -~ 3
158 FLAG = 1
168 %8 = (HSIG * A ~ 122 ®# (1 + C1.5 % MU ~ 2)) % THETR + X516 * A * LAMBAR ~ 8
178 WYY = (XSIB * A ~ 82 + SOR ((LAMBAR — N1U)} ~ 2 + MU ~ 23
188 N2U = ¥} 7 W
1928 RE = ABS (N2U — NiU)
209 IF RE < .PAB1 THEN 228
218 IF FLAG > 18 THEN 226
212 FLAG = FLRG + 1
214 M1 = NZ2U
218 6OTH 178
220 REM
238 NY = N2UY
235 INFLOW = LAMBRR — NU
248 IF MU < @ DR NU > LAMBAR THEM 260
258 GOTO 279
S?Bg EEINT “* MU NOT BETHEEM B AND LAMBAR™
4
3@ REM ALPHA AND DROS CALCULATION BASED ON GEOWETRIC ANSLES
316 ALPHA = (1.43) % INFLOH - GTHETA
326 RIXJ,K) = ALPHA ¥ 188 ~ Pl
336 CO = .81 + .5 = ALPHA ~ 2
431 €0 = CD # MCD
482 CTCJ.K) = 2 ¥ N ¥ SOR (CLAMBAR = HUD> ~ 2 + MU ~ 2
418 OX = (LAMBAR — NU2> * CT(J.K)
428 C¥ = 3 - (KS]I6 ~ B> ¥ (CO ~ CX>
438 C(JK) = CX * CY
448 IF Z% = “N“ THEN D99
458 CT(J.K> = CT(J.K) ~ X516
460 COX . J.K) = CO(.J,K) 7 XSI6
S86 NEXT K: NEXT J

-4
mn
S
-
I

3]
3
R
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952 REM INSERT TEST STOP HERE

680 REM PLOT U PRRAM.¥¥STORE AS YRW.ORT
81 PRINT D$:“MON C.I,0%

682 PRINT D$;“OPEN YAM.DAT"

Ba4.  PRINT D$:“DELETE YAH.DAT®

686 PRINT D$;:“OPEN vAW.DAT"

688 PRINT D$;“HRITE YAM.DAT™

616 FOR J =08 T0 .JJ: FOR K = 3 TO KK

628 X = 42 + {98 — YAH(J,K)> * 21 ~ 18
625 X = INT (X + .57

B3B8 Y =( — 128 ~ .24> # CT(J.K) + 148
B35 ¥ = INT ¥ + .37

543 PRINT ¥ :

646 PRINT ¥

658 NEXT Ki MEXT J

6355 PRIMT “g9939¢

568 PRINT D$;“CLOSE YAM.OAT*

788 REM PLOT CO= PARAM*ESTORE AS YAM.LCO

782 INPUT “HOW MANY CO‘S WILL YOU PLOT 7 (<S> 7 “;RR
783 FOR R =1 TO RR: PRINT “CO# *;R: INPUT “ INPUT COr/SIGMA 7 “;XACR)
784 NEXT R

795 PRINT D$:“OPEN ¥AW.CO*

706  PRINT D$:"DELETE YAW.CB"

787 PRINT D$:"OPEN YAM.C0“

788 PRINT Ds:“HRITE YAW.CO

718 FORR =1 TO RR

728 FOR o =08 70 AJ

738 K =3

748 BB = COJ-KD> — XR(R)
798 IF BB > =8 THEN 785
7E8 K = K + 1

778 IF K > KK THEN 996
788 GOTO 744

83 IF K = 3 THEN 980
568 RT = BB ~ (CO(J-K> - CR(JK - 1)
818 KT = CTCJaK) — RT # (CTCJLK) = CT{JsK = 1))

828 X = 42 + (98 - YAK(J,K>D> * 21 - 18
823 ¥ = INT (¥ + .5

3@ ¥ =( - 128 / .24> * XT + 148
835 ¥ = IMT (¥ + .52

898 PRINT X

856 PRINT ¥

S@8  NEXT J

982 MEXT R

985 PRINT “99999

919 PRINT D$;“CLOSE ¥YAH.CG"

1889 REH PLOT ANGLE OF ATTACK FOR STALL
1818 REM STORE AS YAKH.AA

1812  INPUT “HOH #RMY BR‘S WILL YOU PLOT? (<35> “:RR
1814 FOR R = 1 TO RR

1816 PRINT “ANGLE OF ATTRCK # *;:R

1618 IMPUT “INPUT AR 7 ";RAKRY

1819 NEXT R

1428  PRINT D$:"OPEN YRH.RA*

1838 PRINT D$;“DELETE YRW.AR®

1848 PRINT DS$:"OPEM YAM.PA"

12568 PRINT D$:“HRITE YRH.AR"

1968 FOR R = 1 TO RR

1876 FOR 4 =98 TO0 W

1488 K = 3

169% BB = ADCJLK> - ARKR)



IF BE > = @ THEN 1899

K=K+1

IF K > KK THEN 11808

G0TO 1896

IF K = 3 THEN 1186

RT = BB ~ (AKX J.K) = ADCJI.K = 170
¥T = CTCJsK) — RT % (CTCJK2 = CTLUSK — 10D
=42 + (90 — VALK * 21 ~ 18

X = INT (¥ + .5

¥=( =128 ~ .24 ¥ NT + 148
¥ = INT ¥ + .52

PRINT &

PRINT ¥

NEXT J

HNEXT R

PRINT “99999*

PRINT D;“CLOSE YAM.AR"

PRINT D$:“PR¥1"

PRINT = PRINT

PRINT * DATE: “;U$: PRINT

PRINT “ SIGHA= “iXSIG

PRINT * THETR= “;THETR ¥# 188 ~» PI;" DEG"
PRINT = DRAG MULTIPLIER= “:MCO

PRINT * ANGLE OF ATTACK #1= “:RA(1)>;" DEG®
PRINT * CR-SIGMR #1= “;XG(1}

PRINT 3 PRINT = PRINT

PRINT O%;“PR#a"

END

-223-
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JPRs
JLISTY

5 REM YRWPLOT PROGRAM

16 0 = CHR$ (4)

2@ HGR

25 HCOLOR= 3

38 REM PLDT B¥IS

31 FOR Y = 4 TO 144 STEP 148: FOR ¥ = B3 TO 231 STEP 21
32 HPLOT X.% + 1 TO X, + 2

323 MNEART Xz NEXT ¥

35 HPLOT 42,4 TO 238.4 TO 238.148 TO 42,148 TO 42.4
36 FOR X = 42 TO 234 STEP 192: FOR ¥ = 28 TO 132 STEF 16
27 HPLOT X + 1.¥ TQ 2 + 3.Y

38 NEXT ¥: NEXT X

39 PRINT D$;“BLORD AXIS—YAWPLOT™
43 PRINT D%;:“OPEN YAW.BAT"

58 PRINT D$;“READ YAW.DAT"

68 INPUT X: IF X = 99959 THEN 88
Bl INPUT ¥

85 IFY <SS ORY > 147 THEN 75

78  HPLOT Xa%

¥S 6070 68

g6 PRINT D$;“CLOSE YAM.DAT"

98 PRINT * U DOTS PLOTTEDY

188 REM PLOT CO

118 PRINT Ds;“0PEN YAW.CO"

128 PRINT D$:"RERD YAM.CQ“

138 . INPUT X1

148  INPUT Y1

150 INPUT X2

168 IF %2 = 94033 THEM Z18

178 INPUT ¥2

188 HPLOT X1,¥1 TO X2,¥2

1868 X1 = X2:¥Y1 = ¥2

zZél? 6070 150

216 FPRINT D$:*CLOSE vYau.Co"

238 PRINT “ CQ LINES PLOTTEDY

3690 REM PLOT GMNGLE OF ATTACK LIMNES
318  PRINT D$;“0PEN YaW.AR"

328 PRINT D$:“REARD YRAH.AA™

338 INPUT X1

348 INPUT Y2

358 INPUT X2

368 IF X2 = 99939 THEN 508

378 INPUT ¥2

375 IF ¥t > 147 OR ¥t < 5 THEN 390
376 IF ¥2 > 147 OR ¥2 < 5 THEN 390
388 HPLOT H1.Y1 TO X2.¥2

390 X1 = X2:¥1 = Y2

489 ©GOTD 350

588 PRINT D$:;“CLOSE YRW.PA"

6 END
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IPR#E
WIST

1 FREM YRWFLOM PROGRRM FOR PLOTTING STEADY STATE PERFORHRNCE IN YAMED FLOW RS A
FUNMCITON OF CP

2 REM REVISION 2/2s81

3 REM ALPHA OND DRAMG ARE CRLCULATED BRSED ON GEOMETRIC ANGLES. EQUI'-‘ITIUNS UsE A
ERODYNAMIL ANGLES.

4 REM PLOTS CP L5 TIP SPEED RATIOD

S5 D% = CHRS (4

3 HOHE @ UTREB S

i8 DI C0C8.20,CT(9,28)

14 INPUT “INPUT DRTE FOLLOMED BY NOTES FOR THE RUM > “;U$
15 INPUT “INPYT DRAE MULTIPLIER 7 “;MCD

2@ INPUT “INPUT SIBMAT “:XSI6

30 INPUT “ENTER AERODYNAMIC PITCH ANGLE., DEG. > “;THETH
31 INPUT “ENTER GEDMETRIC PITCH RNGLE. IM DEG. > “:5THETH
235 INPUT 00 YOU WONT OUTPUT NON-DIMENTIONALIZED ON SIGHR 7 (YN “i28
38 INPUYT “INPUT ITERATIONS ON KYRH> 7 “;JJ

39 INPUT “IMPUT ITERATIONS OM K(UJ)>1 7 “;KK

48 B = 5.7:PI = 3.14139

45 THETA = THETA * PI ~ 188

48 GTHETR = GTHETR *= PI ~ 188

S8 FOR J =8 TC Jo

€8 FOR K =1 TO KK

84 CHI = J ¢ 16 + PI ~ 189

ey = .82 %K

196 LAMBAR = U * £05 (CHI)

118 MU = U * SIN (CHI)

13a REM ITERATE FOR HU

143 Niu = LI-'MBQR s 3

156 FLAG =

lBBXX-(XSIG-I-QIIZ)*(I +(1S*HUAZ))*THETR-PXSIG*Q*LFIHBQR/S
170 ¥¢ = (XSI6 * A 7 8> + SOR ((LAMBAR - NI1U) ~ 2 + MU~ 22
188 N2U = AKX 7 YY

198 RE = RABS (N2U -~ NIU}

ZB@ IF AE < .30@1 THEN 22@

218 IF FLAG > 18 THEN 228

212 FLRG = FLRAS + 1

214 N1 = N2U

216 GOTO 170

220 REM

238 NU = N2U

235 INFLOW = LAMBRR ~ MU

248 IF MU < @ OR MU > LAMBAR THEN 260

258 GOTO 2r8

266 PRINT * wMU NOT BETHEEN 8 AND | RHBAR™

274 REM

388 REM ALPHA AND CI) BASED ON GEOMETRIC ANELES

318 ALPHA = (1.43) * INFLOM ~ GTHETH

328 Q = ALPHA # 188 - PI

398 IF 3> — B AND D <20 THEN 0 = 681 + .5 # (0 ¥ Pl ~ 1893 ~ 2
388 IFO>200R G < -8 THEN PRINT “AR OUT OF RANGE *¢!
491 CO = €D # MCD

42 CTCJLK) = 2 & MU = SOR CCLAMBAR — NUX ~ 2 + MU ~ 27
419 CxX = (LAMBAR - NU) * CTCJsKD

428 CY = 1 — (X516 ~ 8> # (LD ~ CK»

430 COLJ.K) = Cx % LV

448 IF 2% = "N THEN So8

450 CT(J.K) = CT{J.K) ~ KS1E

460 CO(J.K3 = CRCJI-KD ~» XSI6

4780  PRINT JsK
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45 NEXT Kr NEXT J

431 6OTO S6%

495 REM PRINTOUT ROUTINE

D08 PRINT D%;"PR#1"

518 PRINT “DATE: “;U$ )

528 - PRINT : PRIMT “SOLIDITY RATIO= “;XSI6

536 PRINT “AERODYN PITCH ANBLE= ";THETR * i8¢ ~ PI:“ DEB"
535 PRINT “DRAG MULTIPLIER= *:MCD

537 PRINT : PRINT “UERT AXIS IS CP. ONE UNIT=.85*
538 PRINT “HOR AXIS IS TSR. ONE UNIT=2"

532 PRINT “CA-5 ROGMGES FROH B TO 318 STEP .M

545 PRINT .2 PRINT : PRINT Ds;*
346 CHALL - 16646
547 EMND

60@ GOSUB 1588: REM PLOT AXIS

601 REM GET CP-TSR UALUES

585  INPUT “ENTER YAH ANGLE <99=EXIT)X> “iJ

686 IF J = 99 THEN 1238

BOF J = .1 % J

618 FORC =8 T0 18

628 CRS = .81 * C

538 REM GBET CT UALUES FOR CGS

3@ K =1

748 BB = T J.K> — COS

798 IF BB > =8 THEN 7850

768 K=K + 1

772 IF K > KK THEN 968

783 BOTO 748

785 IF K = 1 THEN Sad

308 RT = BB ~ (CR{J-KD> — CRCJSK — 13D

818 %XT = CTCI.K> — RT & (CTCJ-KD — CTCdaK — 1 D)

S8 REM CONTIMUE

1680 REH 6ET U VRLUES

1929

183a TCJaKD — BT

1848 IFBB:* = 6 THEM 1888
K
K

%K
1]
(')

+ 1
> KK THEN 1188

=1 THEN 11868
BB ~ (CT(J,KD — CTCJsK = 120

1188 REM CONTINUE

1120 CP = CR5 # 2 * X8I6 *® (1 7 (XJ ~ 32
1122 REM INSERT CP MULT HERE

1123 GOTO 1148

1132 PRINT °R=":XAs" LAM=":1 7 #$U;* CP=";CP;" (Q/5=";C08;:"

¥= INT (.54 12 % (1 ~ XU
1158 ¥ = - 368 * CP + 158
1155 IF ¥ > 158 THEN HPLOT X.153 TG X,161
1188 HPLOT X,¥
1288 HNEXT C
1218 S50TO geS
1238 INPUT * DO YDU WISH TO PRINT THIS 7 (M) “;0P$
1235 IF OP$ = “Y* THEN Saa
1248 STOP
158@ REM SUBR TD PLOT AXIS
1918 HER @ HCOLOR= 3
1528 HPLOT 8,8 TO 248.8 TO 248,168 TO 8.168 T0 @.#
1538 FOR L = 8 TO 237 STEP 237
1548 FOR M = 18 TO 145 STEP 10

CT/5="3XT



1554
1568
1578
1568
1394
15585
1596

HPLOT LM TO L + 3Z.0

NEXT M: NEXT L

FOR # = 9 TO 157 STEP 157
FOR L = 24 TO 216 STEP 24
MEXT L: NEXT M

RETURN

-227-
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APPENDIX 6.3

Derivation of Rotor Equations

I. The rotor coordinate system used in this derivation is
shown in Figure 10 of the text. Note that Ugr Vo and w, are
for blade number 1 in the rotating reference frame.
II. Write Velocities

From the Figure one can write the velocity for an ele-

mental section of blade 1 in terms of the components

and a
Uor Vg W s

c

u, = % (moment arm) (no wind or induced flow effects)
u, = ¥ {(rotation term - flapping term)

u, = X (s - r t cosds) cos¥ (3.1)
v, = Ur cosB) - X(S - T r cosd,) sin¥

but for small flapping angle, 8 ,

cosB = (1 - %82) = (1 - %T2c03253)

thus
2 2
v, = Qr(l - %¥1°cos®83) -
X (8 - 1 r cosdy) sin¥ (3.2)
and
W, = flapping term +»i(moment arm)
W =TI cosG3 +X r cosY (3.3)
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1II. Write Kinetic Energy, T

T = %m(vel?) {elemental T) (3.4)
Note:
2 _ 2 2 2

o] vel® = U, + Ve + Ve (3.3)

R
o M= f mar (3.6)

o
R
o 1=r2 [ mar =m’ (3.7)
o

o All equations are for Blade 1 only.
o We will discard all terms of 3rd order or higher,

i.e. (%%t), (X, T, T) etc. This is an approxi-

mation for simplicity.

u 2 : . 2

¢ = (X8 —~xrrt cos\53)2 cos“ ¥
= izszcoszw

- Ziz T8I coszwcos53.2 3rd order = 0
2

+ ¥212,2 c05253 cos“Y > 3rd order = 0

thus



-+
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2 8% cos’y (3.8)

(Qr - %Q «r 12c05263 -y Ssin¥ + y 1 * coss3sinw)2

ﬂzrz

2 1 %r2:2 c05263

2 Qr ¥ S sin¥

2% 8 r?r cos§, sin¥
% 9? % .4 cos463 > 3rd order =0

245Qryxs T2 cosza3 siny > 3rd order =0

25 Q r2 X 13 cos363 siny > 3rd order = 0
iz 52 sin’y

-2 . 2
2 x" s rtcosdy sin¥ > 3rd order = 0

*2 2 2

X~ r 1~ cos 63 sin2

¥ > 3rd order =0

R° r {(3.9)

92 r2 T2 005263

2Qr % S sin¥
5 2 . .
 r-x T cosa3 siny

iz S2 sinzY



thus;

IV.

%
[}

from

Since

LI Q° 1° cos
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(¢ r coss3 + % r cos‘i’)2

2t ¥Xr c0563 cos¥
2

definitions of T, M, and 1

From

M X“° 8° cos“Y { (3.8)

2 2 2
%3

M r XS sin¥ (3.9)

X QT cosS3 sin¥

M kz g2 sin’y

1 12 c05263

T X cosG3 cos? (3.10)

v2

I X coszw

(3.10)

(3.11)

there are no potential energy terms (i.e. vacuum)

Lagragian, L =T7 - V =T

Thus; equations of motion are:

a (3T)_ 3T _,
dt \at ;

8T

(3.12a)
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a fer). 3 _,
dt 9% Y

v. Write Equations of Motion from Lagrangian:

owu
(o

4.3']33\
A g
S

(Note: ¥ =Q)

=8 2 : .
= 3t [% I cos §4 (2%) + T ¥ cOS§, cosw]

= 2 ¥ .
I cos 63T ;

+ I cos<S3 (-%x § sinY + ¥ cos¥)
or

=1 cosG3 (cosé, T - ¥ @ siny + % cosy)
ar  _ _ 2 2 . .
5; = L 1 Q% (21) cos 63 +Ix @ coss3 siny

=1 coscS3 (-1 8

2 . :
cos§, + X R siny)

Now the first equation is:

N 2
I 00563 (T cos&3 + 1T 8 c0563

D1Q
t

-2 % Qsin¥ + X cost) =0

= 7

d
ST |+ n M (2x) s? cos’y

3

MR r$s sin¥

+ I QT c0563 sin¥

+ kM (2%) 52 sinzw
+ I T 00563 cos¥

+ % 1 (2%) coszw

(3.12b)

(3.13a)



-233-

- M g2 [i (-2 Q sin¥ cos¥) + X coszw]

-MTI S 92 cosYy

+ I c0553 Q [QT cosy + T sinw]
+ M 52 [i (2 g siny cosy) + ¥ sinzq]
+ I COS§ 4 {.{ Q siny + T cosxp]

+ 1 [i (-2 @ siny cosy) + § coszw}

aT _ o

X

cancelling terms and noting

coszw + sinzw =1,

thus the second equation is:
2 .. 2. . .
MS™ g + Icosy¥g + I coss3 cosy ¥ (3.13b)

-2 1I g siny cosvy

e

+ I cosa3 92 cos¥ T

-Mr S 92 cosy¥ = Q

VI. Combine equations in matrix form:

Mass Matrix:

{1 c05263) (I cosG3 cosY¥) by

+ (3.14)

(I coss, cosy) (M s2 + I cosgw) X
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Gyroscopic Matrix:

(0) (-2 1 Q sin¥ coss3f 1

(0) (-2 I @ sin¥ cosY)

e

. L .

Stiffness Matrix:

(1 02 c05263) (0)] [
+
(1 02 coss , cos¥) (0) X
- o . .
+ (0} = 0

-(Mr s 92 cos?)

(FOR BLADE 1 ONLY)}

vII. Write Kinetic Energy for Second Blade
For second blade

T becomes -T
and

¥ becomes ~¥X
From the equation for kinetic energy of Blade 1, the

only term affected by the sign change is the term:
. . 2
(-M Q@ r X s sin¥) (From Ve }

it will become (+) due to the i sign change.
In the equations of motion, then, for the second blade
the terms are all the same, except the forcing term which

for both blades are added then the final equations of motion
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will be the sum and will also include the moment of inertia

of the nacelle in the ¥ term

IN = Nacelle moment of intertia
Mass = M
i 2 T T.T 3.15
(1 cos 63) (1 coss3 cosY¥) 1 (3.15a)
2
2 2 v
(I cos§, cosY) (IN + M8° + I cos'¥) X
L - L

(Gyroscopic) = G

i ]
(0) (-2 1 Q sin¥ coss3ﬂ T
+2
(0) (-2 I @ siny cosY) Lk
(stiffness = K)
B © ]
(1 92 cos®s,) (0)] T
+2
(1 92 cosg§ , cos¥) (0) LX
- - -
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VIII. Next, one must consider the aerodynamic forces and
include these on the right side of the eguation. Using
definitions of MB, MQ, TQ and TB the forcing vector, F,
becomes

+ (MB(1) - M B (2)) cosd 4 {3.15b)

Fa
i j

(MQ(1) simg (1) - MQ(2) sinB(2)) sind,

s (Te(2) - TQ(1)) sin¥

- T—

+ s (TB(2) sinB(2) - TR{1) sinB(l)) cos¥
+ (MB{1l) - MB(2)) cos¥

+ (MQ(1) sing(1l) - MO(2) sinB(2)) sin¥

+ Yaw moment j

—l

IX. Solving for ¥ and ¥

One now has:
2[M](§) + 2 [G]()T:() 2 (R) (;)= (F)
ol - () -0

Next; multiply G and K times T and ¥ vectors,

Then; calculate (m) "L,

Then; premultiply all terms by M -1 to decouple equations.
Now:
(0(f) = - W () () - oo (3.16)

() + s )
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Where 1 is the identity matrix.

Equations for # and § can now be found by matrix manipulation.

X. Matrix Manipulations

Notation used:

M11 M12
(M) = M21 M22

and _ _
M11 M12

(™ = g ;
M21 M22

By definition:

det M = M1l * M22 - (MlZ)2 (symmetric)

and
M1l = M22/det M
M12 = -M12 det M = M21 (symmetric)
M22 = Mll/det M

Identifying the matrix terms from equation (3.15), one has:

2

M1l = I cos 63 (3.17)
M12 = 1 c0563 cosY

M21 = I c0553 cos¥

M22 = In t M s2 + 1 coszw

Gll = 0

Gl2 = -2 I & sin¥ c0563

G21 = 0

G22 -2 1 § sin¥ cosY
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Kil =1 92 c05263

K12 = 0

K21 =1 92 cos&3 cos¥

K22 = 0
F1 = (MB(L) - MB(z))coss3

+ {MO(1) sinB (1) - MQ(2) sinB(Z)]sin63
F2 = s (To(2) - TO(1l)) sin¥

+ s (TB(2) sinB(2) - TB(L) sinB (1)) cosY

+ (MB(1) - MB(2)) cos¥

+

(MO(1) sinB (1) - MQ(2) sinB (2)) sin¥

+ Yaw moment

Thus carrying out the matrix multiplications and finding [M]-'1

one obtains:

L(M11 * F1 + M22 * F2) (3.18)

L H
i

(M1l * Gl2 % + M12 * G22 %)

(M11 * K11 t + M22 * K21 1)

L (M21 * F1 + M22 * F2) (3.19)

Pt
1}

~(M21 * Gl2 ¥ + M22 * G22 ¥)
-(M21 * K11 T + M22 * K21 T)
These calculations are easily carried out in the computer by

jdentifying the matrix terms from equation (3.17) and

calculating the mass inverse matrix terms.
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XI. Constant Yaw Rate Only

1f simulations are limited to constant yaw rates only,
then the X equation is unnecessary and since ¥ = 0, one can
simplify the matrix equations, since they decouple.

Thus

m(f) - @) - W) + () (3.20)

can be written for constant yaw rate:

M1l %

-(G12 %) - (K1l t) + % F1

]

K12

i

{Since Gl1 0 for this case)

and

- _ 1 -
T = m [—Glz X - Kll T + % Fl] (3.21)



A S
AA
APITCH
B
BD
BR
Bg
CD
CL
CNT
co

CR

C3

DLT
DPSI
DR
DTHETA
DY

D3

EL or
ELAPSED

EY
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APPENDIX 6.4
Documentation for Constant Yaw

Dynamics and Revplot Programs

Date and Notes for Simulation Run.
Angle-of-attack (degrees).
aerodynamic Pitch Angle.

Total Blade Flap Angle (radians).
Total Blade Flap Rate.

Tip Loss Factor.

Precone (radians).

Drag Coefficient.

Lift Coefficient.

Azimuth Iteration Limit = INT (27/DPSI).
Azimuth Angle Counter.

Blade Pitch Correction (degrees).
Chord width (m).

Cos (53).

Time Increment (seconds).

Azimuth Increment (radians).

Blade Span Element (m).

Local Total Blade Pitch (degrees).
State variable Derivative.

Delta Three Angle (radians).

Elapse Time (seconds).

Predictor-corrector Error Limit.



EZ

El

FFLAG

Fl1,

G ¢

H1
H2
H3

H4

H5

H6

H7

KT,

MI
MQ

MZ

NI
NR
P-$

PHI

F2

Kz
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State Variable Error After Each Revolution.
present Predictor~-corrector Error.

Maximum Iteration Limit for Predictor-corrector.
Scale Factors for Plotting.

Autorotation Flag.

H Force (N).

Total CT Counter for Averages.

Total CQ Counter for Averages.

Total NU Counter for Averages.

Maximum Value Over Revolution of Array Variable
sl.

Minimum Value Over One Revolution of Array
vVariable Sl.

Maximum Over Revolution of Array variable S2.
Minimum Over Revolution of Array variable S2.
Loop Variable.

Revolution Limit Counters.

Blade Counter (1 or 2).

Total Blade Thrust Moment (Nm}.

Blade Moment of Inertia (kg mz).

motal Blade Driving Torque (Nm}.

Blade Mass (kg).

Number of State Variables.

Nacelle Moment of Inertia (kg m2).

Number of Blade Divisions.

Print Flags.

inflow Angle (radians}.



Pl
PSI
QF
QP

RADIUS
REV

REV.DAT.X

RY
R4

R5

sD3
SL
sl

s2

53

s4

TB
THETA

TQ
T@
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T

Azimuth Angle (radians).

gcaling Factor for Plotting.

Option Select Flag.

Local Blade Position of Element (m}.

Wind Turbine Blade Radius (m).

Revolution Counter.

File Name to Save Angle of attack, Cyclic
Pitch, and Induced Flow Data from Previous
Revolution.

Air Density.

Reynolds Number.

Dummy Variable = R T r3.

o T R,

Dummy Variable
Distance from Yaw Axis to Rotor (m).
Sin (53).

Solidity Ratio.

Array Variable Saved for Printout. Usually
Cyclic Pitech, Y(1), (radians).

Array Variable Saved for Printout. Usually
H Force, H(N),or Induced Flow, Y(5).

Array Variable Saved for Printout. Usually
Local Angle-of-attack, AA (degrees).

Array Variable Saved for Printout. Usually
Local Induced Flow, (z3 = A (m/sﬂ .

Total Thrust FPorce Per Blade (N).
ritch Angle (radians).
Total In-plane Force Per Blade (N).

Blade Twist (degrees).



up

uT

VX

Vi
WIND
WB, Wl
Xy, Z¥

XDY

Y@

Z3
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Resultant Blade Element Velocity (m/s).

Normal Blade Element velocity (m/s).

Tangential Blade Element Vvelocity (m/s).
In-plane Wind Velocity Component (m/s).

Axial Wind Velocity Component (m/s).

Wind velocity (m/s).

Blade Fregquency Coefficients (rad/s).

Dummy Variable to Save Previous State Variables.

Dummy Variable to Save Previous State Variable
Derivatives.

State Variables {(see List in Text).

variable to Save Present State Variables as
New Ones are Calculated in predictor-corrector.

Dimensional Local Induced vVelocity (m/s).
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WIsY

1 AEM  CONSTANT,YAW.DYNARICS

2 'REH REVISION 2/6-81

3 REM CONSTANT YAH RATES ONLY

4 REM SEE SUBR. 1488 FOR DYNAMIC YAW RATE CHANGES

5 0§ = CHRS (4)

28 DIH $C8)XY092,Y00 95,610 92,0V 9, XDV 93,29 9),E2¢ 9, TB(2).MBX 22, T 2 ), HK 2D+

. B(22BOC2) -

21 DIM S1¢363,52(36)

22 DIM S3(36,165,84(36,10)

24 HOME : UTAB 5

25 PRINT * NOTES*: PRINT “1.“CNTRL 2/ STOPS PROGRAM OM EVEM REVOLUTION.*

26 PRINT "2. UNITS ARE SI*

27 PRINT “3. PRESENTLY FOR CONSTANT YRHRATES OMLY. SEE SUBR. 1468."

28 INPUT “PRESS RETURN TO CONT."iH$

29 HOHE

28 INPUT “ENTER DATE AND NOTES FOR THIS RUN. IF ANY > “;As

31 PRINT

35 INPUT IS THIS RUN FOR RUTDROTATION ? (Y/N) ;6%

36 PRINT

ait  INPUT “INPUT DELTR AZIMUTH URLUE IN DEG 7 “;0PSI

41 PRINT \

45 1IMPUT “INPUT ERROR TOLERANCE FOR PRED, CORREC. ROUTINES 7 “;EY

48 PRINT

5 INPUT “INPUT MAXIMUM MUMBER OF ITERATIONS FOR PRED. CURREC. ROUTINES
7 #:FFLAG

51 PRINT

58 INPUT “INPUT MUMBER OF BLRDE DIVISIONS FOR CRLCULATIONS 7“:NR

61 PRINT

§5 INPUT “ENTER WIND SPEED (MsS> > “;WIND

66 HOHE : UTAE S

76 PRINT “WHICH PRINT ROUTINES DO YOU MANT? *

71 PRINT

PRINT * AMSHER (Y¥/N) “: PRINT : PRINT : PRINT

INPUT “DATE. IMITIAL UALUES AND INPUT DATA? “;P@S

INPUT “OETRILED BLRADE DRATA? “:P1$

INPUT “CURRENT NOW-DIH. DATA? “;

INPUT “DIH. DATR? “;P3$

INPUT “CURRENT Y1) VALUES AND ERRORS? “;P4$

INPUT “AUERAGE UALUES AT END OF REV.PRINTED 7 (Y/M) *;PS$

INPUT * OUTPUT TO PRINTER FOR ¥(I) URLUES AT ERCH PSI (Y/N)> 7 "iPY$

REM INITIALIZE ¥ URLUES AND DATR

HOME
ig@ PRINT “ENTER INITIAL W(I)> URLUES :*
182 N = 8: REH WNUMBER OF STATE WARIABLES
185 FOR I =1 TO M
187 PRINT “ ¥¥;51;
188 INPUT YW I)
118 MEXT I :
115 FOR I =1 TO Me2WI) = WId: NEST 1
116 SL = .832: REM SOLIDITY RATIO
117 APITCH = - .5: REM RERDDYMN. PITCH ANGLE IN DEG.
118 £R = APITCH + 2.22: REH THIST CORRECTION
119 HZ = 15:n1 = 51.6:5 = .61
128 PI 2.14159:86 = @ = Pl ~ 189:03 = 67 = PI ~ 188:£3 = (O0S (D3%:73 =
TAN (D3I:HI = 48, 7:RADIUS = 3.81:RHD = 1.23:803 = SIN (03)
121 MB = 7.46 # 2 % PI:H1 = 1765 # 2 * PI;DR = (RADIUS — 1.016) / MR
122 R4 = RHO = PI * RADIUS ~ 4

fREcBRB AN
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123 RS = R4 # RADIUS

125 1IF P8BS = “y* THENM 60SUB 2890

126 KT = 1:K2 =8

127 PSI = B:REV = B:C0 = @

128 ELAPSED =

134 CNT = INT (362 - DPSI)

135 DPSI = OPSI * PI - 180

144 - HOME

145 UTAB 19t HTAB 1: PRINT “HAIT"

1580 REM LODPS FDR ITERATIONS

168 IF CO=CNT THEMKZ = KZ + 1

161 IF CO = CNT THEMN REU = REU + 1

18w GOSUB 890 )

181 S2(COY = {TAK 2> - TRC1>> # SIN (PSI>:

187 REM S2 IS THE WNING INPLANME FORCE

195 IF P3$ = “¥* THEN 0SUB 23090

218 IF P2s = *"¥* THEN 6OSUB 2209

228 IF K2 = KT THEN GOSUB 3208

225 IFf CO = CNHT THEMN . 60SUB 798

238 GOSUB 190@: REM CALL PRED CDORREC.

235 EL = EL + DLT:CO = CO + 1

238 UTPB 24: PRINT CNT;* = “;C05* REU=";REU;* B2M="; INT (.5 + PSI # 188
7 PI):Y TIME=%;.81 # [INT <188 = E£L + .5 UTAB 19

248 IF Pas = “¥* THEN GOSUB 8508

256 IF PSE = "4* THEN GOSUB 8860

278 S1CC0)Y = ¥(1>

466 GOTO 168

704 REM SUBR TO RESET Z2¥(I) AND CD

IR CO =09

728 FOR I =1TON

TR Z¥(IY = (I

748 NEXT 1

758 RETURN

308 REM SUBR. BLABE FORCES

831 72 = SOR (1 — COS (V7> » (1 + COS (WP

863 FOR L = 1 TO 2:TBCL) = @zHB(L) = B:zTHL)> = B:HEKL) = 8

294 NEXT L

285 Ux = HIND ® SIN (Y72

897 UZ = WIND ®* COS (¥(7))

g8 FORL=1T02

899 IF L = 2 THEN PSI = PS

210 B(L> = BB + W3+ { -

812 BKLY = ¥4) + ( — 1 ~

814 BR = RADIUS

g18 FOR IR =1 TOMNR

828 R =1.8916 + IR # DR — .

46 TA = ~ 7187 # R ~

845 IF R < 1.27 THEN Q;v

2 et Pt

* DR

5.934 * R ~ 2 - 23.359 # R + 28.80 + CR
CR

¥ # w1y ¥ 503 # 198 ~ PID

870 CW = - 875 * R + 392

828 IFR < 1.27 THEN CW = .8 ¥ R - .7112

898 UT = WB) = R + (U —~ w8> = §) ¥ SIN (PSI)

895 73 = WE) £ WS) * R ¥ (1,33 + (15 # PI » 64) *# Z2 % (05 (PSI Y
9PE P = UZ — 23 — R # BOXL) — <B(L> * UX + W8> £ R> # CO% (PSI>
YA U2 =UT ~ 2 + UP ~ 2

915 RY = SOR (U2 # CW * 1888 - .01394

a2 PHI = ATN {UP ~ UT)

928 AA = (PHI — THETR)> # 188 ~ Pl

932 IFL < > 1 THEN 9449

933 IF FLARS < > B THEN 948
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934 S3(C0.IR>Y = ARS4CO.IR> = 23

948 GOSUB 60eB: REM GET CL AND CD

942 IF IR = MR THEM 945: REM TIP LOSS CORRECTION
944  GOTOD 95&

945 BR = RADIUS = .96

946 IF 6% = “Y™ THEN BR = RADIUS * .98: REW  AUTOROTATION
948 CL = CL * <1 - (3.81 - BR)> ~ DR)

938 Z1 = .5 * RHO * (W = * DR

955 TR = 21 * (CL % COS (PHI)> + CD # SIN (PHI))

968 AR = 21 * (CL # SIN (PHI> - CD = COS (PHI D

965 TE(L) = TEXL) + TReMB(L) = HB(L) + (TR * R

970 TELY = TR(LY + BRzHE(L> = HLD> + (GR * R)

a7 IF Pls = “vY* THEM G£0SUB 2164 :

588 NEXT IRz NEXT L

983 PSI = PSI - PI

985 RETURM

1668 REM SUBR. TO CALC ¥I AT TIME T +DLT
118 60SUB 14@8: REM GET DVYS

1638 Ya(l) = Y1)

1648 XOW(I)> = DWW I)

1658 NEXT I

1855 OLT = DPSI ~ Y&(6)

1868 FOR'I =1 T0 :
1878 W(I) = ¥a(I> + DLT * (DY I)>
1888 XY(I) = ¥(I)

1898 NEXT [

1894 PSI = PSI + DPSI

1895 FLAG = 1

18968 IF PSI = (2 # P1> THEN PSI = PSI - 2 *# PI

1187 OLT = 2 # DPSI ~ (Y&(B) + WE»

1118 FOR I =1 TO N

1128 WI) = I+ .5 % OLT * (XDYC(ID) + DWIN)
1125 IF ¥(I) = @ THEN 1148

1138 E1(I» = ABS (WI) ~ #WI)) » RABS (W1
1148 HNEXT 1

1142 UTAB 183 HTAB 1: PRINT *

1142 PRINT *© .

1144 UTAB 18t HTAB 1z PRINT *ERX: “;

1146 FOR I = 1 TO Ne PRINT INT (188 * EA(I) + .53:%: “5
1148 NERT !

1149 UTAB 19: HTEB 1: PRINT * FLAG= “;FLP6
1158 IF FLAS = FFLAG THEN 1258

1168 FOR I =1 TO M

117@ If EICI) > EY THEN 1286

1188 MNEXT 1

119 6070 1268

1200 FOR 1 =1 TON

1218 ¥YW(I) = Y1)

1239 NEXT I

1235 FLAG = FLAG + 1

1244 6OTO 1188

1258 UTRB 19: HTRB 1: PRINT *



1252
1260
12685
1267
1275
1960
1418
1415
1428

1421
1438
1448
1459

1431
1453
1468
1481
1462
1463
1468
1470
1488
149@
1491
1588
15635
1518
1511
1512
1528
1524

1535
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N

UTRE 19: PRINT “ FLAB= “;FLAG;" STOP ITERRTION®
REM LATEST ¥( 1) SAUED.CONTINJE

DLT = 2 % DPSI ~ (YB(E) + ¥(E)>
FLAG = &

RETURN .

REM SUBR TO CALC ¥W(I> DERIV.

REH CALC HRTRICIES

C1 = €£0S (PSIJSI = SIM (PSIXNI = 51.6
Hi = )I*(CEAZ):”Q=HI*CS*C=H4=

+ 1.65 * ¥W(7)
NI + M2 ¥ §~2+H]l ¥ (CI

a2
REM #2=M3 ' ’
G2 = —2 %Ml Y6+ C2 #3I:54 = -2 % Ml ¥ Y5> # SI #CI
KL = ML # (YW(E) ~ 2) ¥ C3 ~ 2:K3 = MI % (WE)Y ~ 2) # L3 * CI
Ol = (MBC1) — MBC2)Y) * C3:B1 = (M 1> # SIN (B(1)) — HEX2) * SIN (B(Z23))
* §02
F1 = Al + BL
GOTD 150@: REM CONSTANT YRHRATE OMLY
01 =5 % (T2) — TA1>» ¥ Sl
02 =S ¥ (TB(2> ¥ SIN (BC2)) - TB(1> * SIN (B(1)) # CI
03 = (MBCL) — MBC2)) % (]
D4 = CMOC1Y ® SIN (BC1)> — HE2) ¥ SIN (B(2))) * Sl
REM QDD YAW MOMENT TO 1478
F2 =01 +02+ 03 + 04
DH = (M1 % M) — M2 ~ 2
11 = H4 ~» DMeI2 = — M2 ~ DH:I4 = M1 ~ OH
REM I2=I13
DY(12 = YW2>
BOTD 1529: REM CONSTANT YARRAQTE OMNLY
0 = .5 % CI1 # F1 + I2 % F2>
02 = — (It * 62 = ¥(8) + 12 * 64 * W8
03 = —CI1 % K1 # ¥(1>+ 12 * K3 % Y13
D2y =01 + 02 + 03
REM 1525 WOT TRUE FOR DYMAHIC YAWRATE..DELETE
OW2Y=¢1 7 ML) % ¢ — B2 % ¥(8) — KL % ¥(1> + .5 ® F1)
DY(3)> = ¥4
02 = (MB(L) + MB(2)) » (2 * ML
OY(4) = =1 % C(HE ~ 2+ (YWEY ~ 2) % WL ~ 2) % W3+ A2
GOSUB 7oRe
W = SOR ((MU ~ INFLOW ~ 2))

2+ ¢

TT = (64 ~ (75 % PI) » W
DWS) = ¢WBY 7 TT) % ¢(.3 % CT » W = W3

IF 6% = "¢“ THEN 60 = 3.2 - 85 % RS % W6 ~ 2

REM AUTOROTATIONAL SHAFT TORGUE 1S COv/S=.881 FROM TEST DRTR
IF 6% = “N* THEN 60 = 2.56E - 84 * RS * ¥(6) ~ 2

REM SHAFT TORGUE IS CQ/S=.8686 FROM TEST DATR

IWEY = €1~ (2 % HID) % (HE(1) + HR(2) — BA)

REM RPPROX. IGNORES EFFECT OF FLAP DM TORBUE

OY(7>» = W(E)

REM FDR CONSTANT YAHRATE DMLY

D8l =

5070 1708

01 = .5 % (I3 ¥ F1 + [4 ¥ F2)

02 = — (I3 % 62 %+ ¥8) + [4 64 % W8N

02 = =C(I3 ¥ K1 * V(1> + 14 % K3 # W1D

O8> = 01 + 02 + 02

RETURN

REM SUBR. PRINTS INPUT DATR (Pas)

HOME : UTAB 18r PRINT "RERDY TO PRINT THE INITIAL DATR SET."
PRINT @ INPUT “DO YOU HRANT THE PRINTER ON? (Y/N) > “:08
IF 0% = *¥* THEN PRINT D%:"PR#1"



2e83
201e
2011
2e12
2814

2916 .

2818

2144
2148
2148
2139
2156
2168
2165
2173
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HOME : PRINT : PRINT *INITIRLIZED ORTR SET*: PRINT : PRINT R$

PRINT : PRINT “DELTA 3 (DEG)X= ;03 # 188 ~ PI
PRINT “PRECONE PNGLE (DEG)= ;B0 * 188 / PI
PRINT “BLADE I (KE Ma2)= “;HI

PRINT “BLADE NTL.FRE® (HZ)= “;MB ~ (2 * PI)
PRINT “BLADE FREQ COEFF.(HZ)X= “iHl ~ (2 * PDD
PRINT “RODIUS (H)>= ";RADIUS

PRINT “AIR DENSITY (K6/H~3)x= “;RHO

PRINT “AERD D¥YN. PITCH AT .7R (DEG>= “;APITCH
PRINT “DR <M)= “;DR .

60SUB 2858
RETURN
PRINT : PRINT “OP. IN RUTOROT.? ":6%

PRINT * DELTA AZMTH.(DEG>= “;DPSI
PRINT “# BLRDE ELEM. = “:NR.

PRINT *PRED.CORR. ERROR LMT= “EY
PRINT “PRED.CORR. ITER. LMT= “;FFLAG
PRINT “BLADE HASS (K6 "2

PRINT “NACELLE MOH.DF INERTIA (K6 Ma2)= “;Ni;"
ONLY™

PRINT “YAW HOH. ARM (H>== “:5

PRINT “SOLIDITY RATIO= “iSL

PRINT “WIND SPEED {MH-/S)X= “;HIND
PRINT : FOR I =1 TO N

PRINT “ ¥*:I:% = ;W)

NEXT I

INPUT * PRESS RETURN TO CONT.";H$
IF 0% = “¥* THEN PRINT Ds;“PR¥@"
RETURM

REHM SUBR. TO PRINT CURRENT BLADE DATR. (P1s$)

INPUT * PRINTER ON (Yr/N> 7 “;:PPS

IF PP$ = “¥¥ THEN PRINT D$:“PR#1Y

PRINT * ELEMENTRL BLADE DATR"

PRINT “STEP","“R“,"AZM*

PRINT IR.R.PSI * 188 s PI

PRINT “TOTAL BETA URL.(DES)= “:B(L) * 182 / PI

FOR ZERO YW PNBLE

PRINT *TOTRL BETA DOT UALCDEG/S)= *;BDKL) * 188 ~ Pl

PRINT “CHORD (H)>= *:CH

PRINT “UT (MsS)= “:UT

PRINT “UP (/S "3

PRINT “PITCH-TWST (DEG)= “:

PRINT “TOTAL PITCH(DEG > “:DTHETH

PRINT “INFLON ANGLECDEG )= “;PHI * 188 ~ PI
PRINT * ANGLE OF ATTACKCDEG)= “:

PRINT *TIP LOSS FACTOR= ";(RAOIUS — BR) ~ RADIUS

PRINT “REYNOLD’S MUMBER= “;RY

PRINT “ LOCAL INDUCED FLOM (M/S)= ";
PRINT “CL= “sCL

PRINT “CD= *:CD

PRINT “ELEM. THRUST (N)= *;TR:" BL#"sl
PRINT "TOT. THRUST (NX>= “;TB(L);* BL#iL
PRINT “TOT. THR.HOM (MW= “;HBCL);" BL#®SL
PRINT * ELEM. IN-PL FOR.(N)X= "3O0R;" BL#“;L
PRINT “TOT. IN-PL FOR.CH)X= =;TGKL):" BL#®:L
PRINT “TORGUE (MH)>= “FHO(L):* BL¥%:L

IF PP$ = "y* THEN PRINT D$:"PR¥G"

PPE = “N*

INPUT *  PRESS RETURN TO CONT.":H$
HOHE
RETURM
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22@p@ REM SUBR TO PRINT NON-DOIHM DRATA

2201 HOME

Zow2  [NPUT ®  PRINTER OM (Yr/N) 7 “;PP¥

2293 IF PP$ = “¢¢ THEN PRINT O%:“PR#1"

2204 PRINT = PRINT “NON DIMENSIONAL DATR™

2095 PRINT @ PRINT *AZIMUTH (DEG)= “3PSI + 186 ~ PI

2297 GOSUB 7008 -

2208 PRINT “U= “;U

2216 PRINT "TSR=1/0 = *;1 ~# U

2226 PRINT “CT= “;CT

2225 PRINT “CB= “;C0

2238 PRINT “CP= “;CP

2235 PRINT “INFLOM= ";INFLOMH

2248 PRINT ROV RATIO= “sHU

2245 PRINT “INOUCED FLOW= ">

2245 INPUT ¥  PRESS RETURN TO CONT.“:H$

2247 HOME

2243 IF PP$ = “¢* THEN PRINT DB$:"PR#G"

2249 PPS = “N

2258 RETURN

2398 'REM SUBR TO PRINT DIM DATH

2391  HOME

2302 INPUT “PRINTER ON 7 “;PP$

2303 IF PP$ = “Yy* THEN PRINT D$;“PR#1"

22p4 PRINT “AZIMUTH = “; IMT (.5 + PSI # 188 ~ PI);* THR -~ THR HMOM -~ IM-PL
# TORY ~ POWER “

27208 FOR L = 1 TO 2: PRINT “ = “;L;: HTERB 11

2318 PRINT INT (.5 + TBCLIXs*: “3 INT (.5 + HBCL2):": e INT €.5 + TRCL» s
w: INT €.5 + MRCLDYs*r “: INT (.5 + ML) * WEX?

2312 NEXT L :

2314 PRINT “TOTALS="s: HTAR 11

2318 PRINT INT €.5 + TBC1) + TB(2>)5%: *3 INT (.5 + MBCI> + HMBC2O3:": M3
INT €.5 + TQ(1) + TEC2):%: “5 INT (.5 + HR(1) + MGE 2335 45 INT
€.5 + (HR(LY + MG(2)3> % Y(B))

2330 IF PP$ = *v* THEN PRINT O$;"PR#Q"

2334 INPUT “ PRESS RETURMN TD CONT.":

2335 PP$ = “N“

2337 HOME

2348 RETURN

3093 REM SUBR. TD CRLC ERRORS ON EACH REVOLUTION

I@8] REM CNTRL Z STOPS PROGRAM IN THIS SUBR.

I KZ =8

Iomd HOME = UTAB 3t HTAB S ‘

385 PRINT “AFTER *:REV;* ROTOR REVOLUTIONS THE ¥ 1) ERRORS RRE:"

e FOR I =1 7O N

3929 IF 2¥(1» = 8 THEW 3855

3@I0 EZ2 = ABS <Y¥CIy - Z¥W Iy » ABS (21N

3854 GOTD 3968

3855 E2 =408

3968 PRINT * ¥*;I;" = “:¥I)

3861 PRINT * ERR“:1;* = “;E2

318% NENT 1

370 REM  PRINT AUERRGES

3718 PRINT Ds;"PR#1“ )

3728 PRINT "REU=";REU;* TIHE=";.@1 & INT (EL % 109 + 530 YRW="  INT
(YT % 188 7 PT + 52" RPMEY; INT (W(B) ~ 185 + L535 HU=Y MU

3720 PRINT *AUGS: CT/S=";Hi - (CNT * .@832):" COr/S=";H2 ~ (CNT * .832):"
M= ;W3 £ ONT

3740 Hl = BrH2 = B:H3 = @
3745 HS = 19:H7 = 18
3746 H4 = P:HE = 8



4818
4026
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FOR I = 1 TO CNT

IF S1{1) < HJ THEN H5 = SI(1>
IF S2¢1) € M7 THEN H? = S2(ID
IF S1<I> > H4 THEN H4 = S1(I)D
IF S2(1> > HE THEN HE = S2(1)
MNEXT I

PRINT “MAX TAU="3.1 *# . INT (H4 # 1888 ~ PI + .5);* MIN TRU=":.1 ¥
INT <HS * 1888 ~ PI + .5);:% HAX H =";H6;* MIN H =";H7

PRINT D$:"PR#E"

REM STOP OPTIONS
w4 = PEEK ( — 163845

POKE - 16368.8

REM PRESS CHTRL Z TO STOP

IF XX € > (128 + 26> THEN 4837

PRINT z INPUT “PRESS RETURN TO CONT.";W$

HOME = UTAB 5: HTRE 5

PRINT “SELECT OPTION®: PRINT ,“1 CONTINUE™: PRINT .“2 CHANGE PRINTOUT

OPTION“: PRINT ,*3 CHRNGE INPUT URLUES*: PRINT ,“4 STOP!

PRINT ,"S CHONGE ITER. COUNTER“: PRINT .*5 OUTPUT TO DISK®

PRINT .*7 PRINT S2 UALUES"

INPUT 29

g?UPZS 0T 4897 ,39858,3983,3962 ,3572 ,4065,3965

PRINT D$;"PR#1“

FOR [ =8 TO CNT - 1

PRINT “A2= “;1 * (368 ~ CNTY:* H FORCE (N)= “;S2(1):HF = S2(1) + HF:

NEXT 1

FRINT “H FORCE TOTAL(M)= “iHF:HF = ©

PRINT O%;“FR#a

GOTD 3928

HOME @ UTAB 5

PRIMT * CURRENT AZIMUTH ITERRTION COUNTER, KT= “;KT

PRINT = INPUT * INPUT MEW KT VALUE *:KT

HOME : UTAB 18z HTAB 3: PRINT * NEW KT UALUE = “;KT

1NPUT PRESS RETURN TO CONT.*;W$

60TO 3926

HOME

INPUT =INPUT PRINT OPTIONS (Y/N), INITRL DATR. BLADES, MON-DIM. DIN-
WCIDTINPUT ALL FIVE RS ¥ OR N 7 “;PO%,.P1$,P25.P3%,Pa%

PRINT : INPUT “PRINTER ON FOR Y(I) AT ERCH PSI UALUE (Y/N> 7 “;PY¥$:
60T 3926

HOME

DPSI = DPSI * 18@ ~ PI: PRINT r PRINT “CURRENT DELTR AZIMUTH (DE6)=
“;DPSI: INPUT * CHAONGSE URLUE 7 “52%

IF 28 = °¢* THEN INPUT “NEW DPSI-DEG? “;DPSI

PRINT = PRINT “CURRENT PR.COR. ERROR ANO ITERATIONS= “:;EV.FFLAG: INPUT
“CHANBE URLUEST(Y/ND *32¢

IF Z& = “v= THEN [INPUT “NEM EY AMD FFLAG? “;EY.FFLAG

PRINT = PRINT “CURRENT AUTORDT. FLRE = “3

INPUT * CHANGE UALUE 7 “;Z%

IF 2% = Y% THEN INPUT “ NEM RUTOR. FLAG (Y/N)>= ";E¥

PRINT : PRINT “ CURRENT WIND UALUE= “sHIND

INPUT *  CHANGE VALUES 7 *:2%

IF 2¢ = "y THEN INPUT “NEW HIND URLUE > “FWIND

PRINT = PRINT * CURRENT BLADE STEPS = “;MR: INPUT “ CHANGE UALLE 7

“;7¢: IF 2¢ = *Y* THEN INPUT * NEW BLADE STEP NUMBER 7 “3NR
PRINT : PRINT “CURRENT YAMRRTE= =;¥(8): REHW FOR CONSTANT YAWRATE OM.Y
INPUT "CHANGE UALUE 7(YsN) “i2%
IF 28 = “¥* THEN INMPUT * ENTER NEW YAHRATE UALUE > *:¥(8)
HOHE : PRINT * CORRECTED IMPUT UALUES ARE:“: GOSUB 2850
CNT = INT (362 - DPSI)



7aip
7915
7828

7838
7058

8085
gale
8626
8638
8858
8564

8585
a51p
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oPSI = DPSI * PL ~ 186@

OR = (RADIUS - 1.816) ~ NR

5070 3926

REM DISK OUTPUT

PRINT D#;*HOW C.1.0"

PRINT D$:“0PEN REV.DAT. “s

PRINT D;:“OELETE REV.DAT. “;REV
PRINT O$:“OPEM REVU.DAT.. “;

PRINT D$;*HRITE REV.DART. “;

PRINT REU: PRINT CNT: PRINT OLT: PRINT MR
PRINT (¥(8) + RADIUSO

FOR I = 1 TO CNT

PRINT S1¢I): PRINT S2(I): MNEXT I -
PRINT 299999

FOR I =1 TO CNY

FOR J =1 TD MR

PRINT S3(1..)

PRINT S4(1.J)

NEXT J: NEXT I

PRINT D$:*CLOSE REV.DAT, s

8070 3926

B0SUB 708

HOME

RETURN

REM SUBR TO GET CD AMD CL

IFR < 1.55 THEN CL = @875 = @A + .2
IFR> =1.55 AMD R € 2.5 THEN CL = 8875 # AR + .3
IFR> =25 THENCL = .1 * AR + .4
QK = RAz IF AR < O THEW AK = - AR

IF AK > 98 THEN AK = 188 — RK

£D = .81 + (.5 % ((AK ¥ PI ~ 188) ~ 207
IF @8BS (AK) > 20 THEM 6857

60TO 5108

IF FLA6 < > @ THEW 6190

UTAB 19: HTAB 13 PRINT * :
“s UTRE 19: HTEB @
PRINT D%;"PR#L"

PRINT "BL=";L;* STEP=¢;IRs* RAZM="; INT (.5 + PSI * 189 ~ PI)s"

DEGY ; “REV=" ;REW}

PRINT D$;“PR¥O"

RETURM

REM SUBR TD CRLC NON-DIM OATR
CT = (TBC1)Y + TBC2)) 7 (R4 * ¥(E6) ~ 2)
Ca = (MC1) + HEK2)) 7 (RS * '"WB) ~ 27
U = HIND ~ (RADIUS * Y{(6))
CP=2%C0 7 (Y~ 3

= (YZ ~ (¥E) * RADIUS)) - WS}

MU = UX - (Y5> * RADIUS)
N = )

URN
REM SUBROUTINE PRINT WCI-CT,ETC
GOSUB 7enl
IF Pys = “v* THEM PRINT O$;“PR¥I®

FCSR I =170 N: UTAB I: HTAB 9: PRINT “;: UTRB I: HTRE

-
»

Ll
F



8338

3544
8556

e566
8580

8618

PRINT “wi;1:% = *;

PRINT O;“PR%a"

HTAB 14: PRINT *

HTRB 14: PRINT *

2

HTAB 7z PRINT *

HTAB 73 PRINT *

HTAB 7: PRINT ™

HTAB 7z PRINT *
128 ~» PI + .3)

RETURN
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B89l % INT (10808 # w(I> + .50z NEXT I

33 HTAB 1@: PRINT “OY5=";D¥(3>
“z: HTAB 1@: PRINT “DYE=";D¥(&

: HTAB 2: PRINT “CT-5=";CT ~ 3L
HTAB 2: PRINT *CR-S=%;CR ~ SL
“i: HTAB 3: PRINT “LAM=*;1 ~ U
“zr HTAB 1: PRINT “FLAP1="; INT (B(1) %

M
-

L TR Y
as
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3&?&9 REVPLOT .

144 REM REUPLOT PROGRAM

1S REH REVISION 1-23-81

20 S = CHRS (4) :

38 DIM S1(361.52¢(36)

31 DIM S3¢24,53,54(24,5)>

35 HOME : UTRE S

4@ INPUT “ENTER NAME OF FILE > “;:2¢%

45 PRINT

58 PRINT DS$:*MON C,1,0%

68 PRINT D$;“OPEN “32¢

7@ PRINT D%:"RERD ":Z%

75 INPUT REU: INPUT CHT: INPUT DLT: INPUT NR: INPUT RYS
7 FOR I = 1 TO CNT

78 INPUT S1¢123s INPUT S2(I): NEXT I

ge  INPUT 00

31 IF 00 € > 99993 THEN STOP

85 FOR I =1 TOCNT: FOR J =1 To MR

87 IMPUT S3(I1.,J): INPUT S4(1,J)z NEXT J.I

112 PRINT O$;“CLOSE Y:2%5

114 HOME : UTRAB 10

115 PRINT “SELECT PLOT:"

116 PRINT .*1 TRU*

117 PRINT .2 S2¢

118 PRINT ,“3 AR*

119 PRINT ,%4 NU*

125 PRINT = INPUT * ENTER SELECTION > *;:0P

138 HER @ HCOLOR= 3

135 ON 8P G0TD 148.148.606.508

148 HPLOT 0,8 TO 248,8 TO 248,160 TC @8.168 TO 9.8
15¢ FDR J = 8 TO 237 STEP 237

160 FOR K = 28 T0O 148 STEP 20

179 HPLOT J.X TO
188 MNEXT K=
198 HPLOT 2,80 TO 248,368

208 FDR J = 28 TO 220 STEP 28

218 HPLOT J.78 TD J.82

228 MEXT J

238 ON &P S50TO 258.588

258 REM PLOT POINTS

254 UTAE 24

255 INPUT “ENTER TAU SCALING FACTOR > ";:F1
268 FOR I = 1 TO ONT

278 X = INT (.5 + 248 # I ~ CNTD

288 ¥ = &3 — (S1¢1) * {186 ~ 3.14159) ¥ 28 - F1)
298  HPLOT Xa¢

380 NEXT [
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318 INPUT “ DO YOU WISH TD PRINT THIST (Y/H) “;P%
315 TEXT

326 IF P$ = “N“ THEN 114

348 INPUT “ENTER BRAPH TITLE > “;5U$

345 INPUT “ENTER DATE > “iC#$

350 PRINT D$;“PR#1"

388 PRINT ¢ PRINT *TITLE: “:U$

378 PRINT : PRINT “DATE: “:C¢

380 PRINT : PRINT *TIME FOR OME REV.= “;CNT # DLT;* SECONDS®
385 PRINT “REVOLUTION MUHBER= “:REY

336 IF 8P = 1 THEN GF = F1

387 IF oP = 2 THEN OF = F2

390 PRINT “SCRLE: ONE UNIT= “:8F

395 PRINT D%;:“PR&3"

408 COALL - 16846

4i8 6OTO 114

508 REM CT ROUTIME

582 UTRE 24

S¢S INPUT “ENTER S2 SCALING FACTOR > “;F2

Sié@ FOR I = 1 7O CWT

S2@ X = INT (.S + 298 = I 7 CNT)

538 ¥ = 88 — (S2(1> % 28 ~ F2)

548 HPLOT X.Y ’

958 HEXT 1

S6B GOTO 318

688 REM PLOT CIRCLE

683 PI = 2.14159:RAD0 = 3.81:00 = 1.616

616 DR = (RAD — £0) ~» NR:AZ = 2 = PI 7 CNT

612 HPLOT 148,96 TO 165,96

Bl4 HPLOT 165,93 TO 235,93 T0 235,99 TO 165,93 TD 165.93
6iS FOR 1 = 8 TO 368 STEF 2

618 THETR = 2 * PI - 1 * PI ~ 188

628 X = INT (14@,5 + 95 # COS (THETR)

£25 ¥ = INT (96.5 - 95 * SIN (THETRAX)

636 HPLOT R.Y

555 MEXT I

. 875 ON QP 5O0TO 114,114,708,308

768 REH AR PLOT

784 UTRB 24: HTAB 1

705 INPUT * ENTER AR (93=EXIT) > “:fAK

7ie 1F AK = 99 THEM 318
725 FOR I =1 TO CNT
739 FOR J=1T04

735 IF AK > = S3(I.J) AND AK <
746 IF AK < S3(1,.S> AND AK > =
745 60TO 767

P88 0 = (B3I, + 12 = AKY 7 (S3(I.J + 1) ~ 531,00
7685 G0OSUB Son

767 NEXT J

778 MNEXT I

775 E0T0 785

795 6070 318

80@ REM MU PLOT

837 UTAB 24: HTAB 1

848 INPUT * ENTER MU (99=EXIT)> > “;NJ

843 IF MU = 99 THEN 318

844 NU = NU * RYE

S3(1.J + 1) THEM 760
§3I,J + 1) THEN P68

845 FOR 1 = 1 TQ ONY
850 FOR J=1T0 4
855 IF NU > = S4(1,J) AND HU < S4(1.J + 1) THEN 888
856 IF MU < S4CI,J) AND NU > = S4(I,J + 1) THEN £88
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362 BOTO 887

G890 D = (54CI,J + 12 = NI 7 (BT, + 13 ~ S4(T.00)
885 60SUEB Suva

887 MNEXT J

gam NEXT I

892 GOTO B4@

895 ©0T0 314

998 REM SUBROUTINE

985 PR = (CO + ¢J + 1 — D> % DR - .5 # DR) » RAD
918 IF PR > 1 OR PR £ (CO ~ RAD) THEN 350

915 THETR =2 *# PI - AZ # 1

928 X = INT {148.5 + PR * 95 # COS (THETA))
925 ¥ = INT (96.5 - PR ¥ 95 # SIN (THETA)?
938 HPLOT X.¢

958 RETURMW

i8@8 END
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APPENDIX 6.5

Data Analysis Software

Introduction

Nine computer programs were developed in order to

evaluate and analyze the performance of the experimental

wind turbine. Brief Logical Descriptions along with the

program listing are presented here.

1. The "Wind-2" Program

1.1 Program Logic

l.

2.

Type operator instructions

Check variable conversion constants and desired
values of cyclic pitch amplitude limits and furl
angle

Calculate required furl set angle to account for
rotor tilt and display result

Read clock - store start time

sample wind speed and RPM twice consecutively and
calculate mean value

sample furl angle

Calculate current value of average RPM during
test

Test RPM preset value to avoid operation in
starting regime. If test fails go to #16

Test furl angle in limits., If test fails go to

#15



10.

11.

12,

13.

14.

15.

16.
17.

18.

19.
20.
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sample cyclic pitch position 47 times (approx-
imately 1 second), store the values, then cal-
culate the amplitude of the signal and store the
value

Test cyclic pitch within limits; if test fails,
print warning on screen, toggle speaker and
continue

Calculate bin number based on sampled wind speed
and 0.5 m/s bin width

For each bin array, RPM and cyclic pitch amplitude
update the following values at the current bin
number. Maximum value in the bin, minimum value,
number of samples, mean value, and standard
deviation

Go to #17

print furl angle out of limits, pause and go to
#17

Print RPM out of limits and pause

Test wind # 0, if test fails, go to #20

Calculate current wind speed, RPM, cyclic pitch
amplitude and tip to wind speed ratio and print
out these values on the monitor

Go to #21

Print wind is calm



21

22.

23-

24,

25.
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Test to see if operator wishes to pause or stop
sampling program. I1f pause is desired, to to
pause subroutine; if neither, go to #5 and repeat
sampling

Read clock, calculate elapsed time of test and
total rotor revolutions using current average RPM
value

Print out bin arrays

Store bin array data on disk along with other
pertinent test data.

End



AR
B%
CB
cC
CF

COLLECT 5
OBJECT

CR
cT
cv
CwW
Cy
DAT.BINS
Dl
D2
D3
D4
D5
D6

FC
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Documentation for
Sampling Programs
Wind 2, Wind 6, RPM 6, Wind 2 Fast,

Yawrate, and Binplot Programs

Average Rotor Speed.

Bin Number (integer).

Boom Calibration, Per Volt.

Cyclic Pitch Calibration, Per Volt.

Flap Bending Calibration, Per volt.

Assembly Language Sampling Program.
RPM Calibration, Per Volt.

Torque Calibration, Per Volt.
Generator Volts Calibration, Per Volt.
Wind Calibration, Per Volt.

Yaw Post Bending Calibration, Per Volt.
File Name for Bin Data or Disk.
Ambient Temperature (°c).

Ambient Pressure (atm).

Wind Direction (degrees}.

Generator Load (ohms).

Gear Ratio, Rotor to Generator.

Furl Angle, (degrees) Desired.

Density Correcfion Factor
* = =
p(standard) FC p(corrected)
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FS Furl Set Angle Correcting for Rotor Tilt.

FV Fast Variable Address Counter for Getting
Sampled Data. See Collect 5 Program.

I Sampled Variable Number.

J Bin Number Counter.

K Channel Number Counter.

K-$§ Channel Names.

MAX Maximum Value in Bin.

MEAN Mean Value in Bin.

MN Minimum value in Bin.

N Number of Samples in Bin.

NR Number of RPM Samples for Average.

0s Furl Voltage for Controlling Data Collection
at Proper Furl Angle.

PM Maximum Cyclic Pitch Voltage (0-255).

PN Minimum Cyclic Pitch Voltage (0-255).

REV Revolution Counter.

RPM Rotor RPM.

s Sampled Variable for Bin Data.

SBAR Dummy Variable for Bin Data.

SE Standard Deviation in Bin.

SLW Slow Variable Address Counter
(See Collect 5 Program).

ST Number of Data Sets Counter.

TABLE Pointer for Collect 5 Program.

TIME Elapsed Time.

TSR Tip Speed Ratio, SR/v.

T-S Clock Variables.



Vi

WIND

Z$

BP
CCYCP
CRPM
CWIND
Fl

XS

CDYN
CYAW
DH
DL
ET
FURL
HS
LS
Qp
Y1lp
Y2p

T3
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Number of Digital Units Equivalent to One
for Analog Board.

Wind Speed (m/s).
Data File Name.
FOR WIND 2 ONLY
Desired Furl Angle.
Same as CC.
Same as CR.
Same as CW.
Sampled Furl Angle.
Sampled Cyclic Pitch.
Same as 08S.
FOR YAWRATE ONLY
Dynamic Channel Number
Yaw Position Channel Number.
Maximum Dynamic Value Sampled.
Minimum Dynamic Value Sampled.
Elapsed Time.
Furl Angle.
Maximum RPM for Test.
Minimum RPM for Test.
Yaw Direction 0 = CCW, 1 = CW.
lst Yaw Position.
2nd Yaw Position.

Yaw Rate Bin (integer).

volt
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WIET

5 REM THE WINDZ2 PROGRAH
& REM #%x%s
18 0% = CHR% (4
28 PRINT D$;°MON C,1.0"
Za  PRINT D$;“OPEN BRT.HW2*
4@ PRINT D%;"DELETE ORT, 42"
5@ PRINT D$:“OPEN OAT.W2"
68 PRINT D$:"CLOSE OAT.W2"
81 REM FILE DAT.W2 OM DISK 1S CYELIC PITCH DATA FILE.
65 HOHE : UTAE S: PRINT “THERE ARE 4 COMTROL INSTRUCTIONS:"
65 PRINT *1. ‘D PUTS CYCLIC PITCH DATA OM DISK*s PRINT *  ANY KEY RECOVERS®:
PRINT “2. “CNTRL #° IS A WRIT ROUTINE“: PRIMT “3. “CNTRL 6° RECOVERS FOR DATA SH
MPLIMG*: PRINT “4. “CNTRL 27 STOPS PROG. AMD STORES ORTA®
gi PRINY : PRINT : INPUT *  PRESS RETURN TO CONT.“iWs
vl = 54
72 HOME @ UTHB Sr PRINT * CHANMEL ASSIBNMENTS™: PRINT ,"@ = WIND": PRINT ,*1 =
RPH4: PRINT ,%2 = CYCLIC PITCH": PRINT 3 PRINT
73 PRINT -*3=B0O0M POTENT.": PRINT : PRINT
73 PRINT “ PRESENTLY OME UOLT = “suil
76 PRINT %  CHAMGE LIME 71 IF DESIRED*
?7 PRINT : PRINT “CHECK URRIABLE CRLIBRATION CONSTANTS IM LIME 85 IF REGUIRED
BEFORE RUNNING PROGRAM,
78 PRINT : INPUT * PRESS RETURM TO CONT." iM%
79 HOME @ UTRE S
g6 INPUT “IMPUT MAX AND MIN CYCLIC PITCH CONTROL NUMBERS.. MORMAL UALUES ARE- 2
45 AND 4 7 " ift.PH
BS CWIND = 5,785:CRPH = 5B.8:CCYCP = 5
9@ YR = CRPM ~ U1:NR = @1@R = &
158 DIM S¢3 ). MERS6,2) MM SE,2 1, HERMK 36,2 )N 562 3, SE( 56,2 »»3BRR( 56.,2)
118 OIM KECSaD
115 PRINMT & PRINT : INPUT ® ENTER FURL PANGLE INCLUDING ROTOR TILT > “sBP
117 %2 = ¢ COS (BP x 3,14159 ~ 1880 ~ © COS (.14
118 FS = — ATM (XZ 7 SER ¢ — ¥NZ * X2 + 1)) + 1,5768
119 PRINT : PRINT “FURL SET ANGLE IS “;FS % 188 -~ 3.14159;" DEGREES“: PRINT
128 UF = FS = 6 # U1 % .95 ~ Z.14159
125 PRINT : PRINT : INPUT “ PRESS RETURN TO CONT. “iHS
131 HOME : UTAB 12: INPUT * PRESS RETURM T STRRT DATA SARPLING®sH¥
132 60SUB 2eEd:Hs = T$:T1$ = 7%
148 FOR J =1 TD S6: FORK =@ TQ 2
198 MNCJ.K> = 255
168 MERT K
176 NERT J
188 tL = 47
199 FOR I = @ TO 1: REM SAMPLE WIND AND RPH
280 POKE - 15871.1
282 P1 = PEEK ( - 15872)
204 POKE - 15871.1
2@8 P2 = PEEK ( - 158725
218 SC1Y = .5 % (P1 + F2)
2z MERT I
225 POKE - 15871.,3

226 F1 = PEEK ¢ — 15872)

232 MR = NR + 1

240 AR = S(1) ¥ XR » HR + (NR — 12 * HR ~ NR
245 1IF S(1> 15 THEN 664

<

246 IF F1 > (UF + 7> THEM B56
247 IF F1 < (UF — 4> THEN B56
258 REM SRAMPLE CYCLIC PITCH
26 FOR L =1 TO LL

27 POKE - 15871.2

280G XS5(L)> = PEEK { - 15872)
298 HNEXT L

3@ REWM CALC CYC.PIT AMP.



528

530 SBARCEZ,

666
670
875

£9¢ TSR

i

718 RPM

ritt
*N
FOR

2
235

IF MS(L) < ¥N
"NEXT L

IF Mt > PH DR XN < PN

6070 43R

L =1 TdLL
IF RSCLY > pi THEN MM

THEM XN =

®SCL)
®E(L2

THEN &0TD 328
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PRINT *CYCLIC PITCH OUT OF LIMITS!®

FOR B =1 TO
5 = PEEK ¢ -
MEXT &

144
16336 >

G2y = .5 ¥ (v — Knr: RER S(2)=HALF TOTRL AMPL,

REM

REM UPDATE B
FOR I =1 TO

IF SCI) > MARCEX,]> THEN MRX(BY%,1)> =
IF 813 {N("N(BZ'I> THEN HNCEBX,15 = &
Bx%

N(B%,.I)> =
MEANCRB%,1D =
Iy=

SE<B%,I) =
NERT I
W =

BIN CALL. S6 BINMS, .939
B = (2,815 + S(B8)) ~ 4.8268

i ARFAYS
z

210+ 1
8¢

{
(SBARCEBX, 1) * (N(EX,1) )
SOR (SBRARCBXZ,1) — MEANCBX,I>

FEEK ( — 1B384)

I> + COMCBY%.10 - 10

UrBIN

IF W < > (128 + 68) THEN 60TO €73

REM PUSHING THE D KEY CRUSES THE

REM CYCLIC PITCH DATA TO BE STORED ON DISK. PUSH AnY OTHER KEY TD STOP.
PRINT D$;:“APPEND DAT.H2*
PRINT D$:“HRITE DRT.W2"
FOR mit =1 TO LL

PRINT XS(MM)
NEXT i

PRINT D$:*CLOSE DAT.W2"

8070 675

FRINT = PRINT
PRINT @ PRINT
FOR IH =1 TO
8070 675
PRINT =

PRINT : PRINT
PRINT = PRINT
FOR WG = 1 TO

PRINT

“FURL ANGLE OUT OF LIMITS - RESET®
» BIN DATA WOT UPDATED™

1299: MEXT IH

: PRINT ,“RPH TOO LOW®
SU“BIN DATA NOT UPOATED

1086z NEXT WO

IF S(@> = b THEN BOTO 768
53 WIND = CWIND # SC@) ~ UI:RPH = CRPM # S(1) ~ V1:CYP = COYCP # 5(2) » W1

.4 * RPH

TSR «1 ¥

7 WINDO

INT (TSR # 1@ + .D)
INT €RPM + ShCYP = .1 %

IMT 1@ ¥ CYP + .59

728 PRINT *TIP SPEED R™,“RPM“,“CYC PTCH*

734
7448
NT &
o

PRINT TSR.RPM
WIND = .1 #
PRINT 3
GOTO ?7e

SLYP

INT CWIND * 19 + .50z PRINT :
PRINT :

PRINT

7668 PRINT “HIND IS CALM™

7ra

REH

PRINT “HINDsM-/S": PRIMT WIND: PRI

79@ REM LDGIC FOR STOPPING PROGRAM
785 REM WAIT SUBR..PRESS CNTRL H

786 068 =

787

8Aa KX =

PEEK ¢ -

16384

IF @6 = 151 THEN 605UB 1508
796 REM TO STOP SAMPLING PRESS CNTRL 2

PEEK ( -

163847

1@ IF X¢ < > (128 + 26> THEN 199
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811 GOSUB 200u

G517 WOME ¢ UTRB S

814 BOSUB 3eeazHz = ST0

816 T$ = T1$: GOSUB 36@0:H1 = STD

818 TIME = (HZ — H1) ~ 3699

‘g2@ ST = B FOR K = 1 70 25 FOR 4 =1 TQ 56

g3@ IF NCJ.KD> = @ THEN 258

#4@ ST = ST + 1

858 MEXT Js NEXT K .

fE@ PRINT “TIME OF TEST START WAS:*: PRINT : PRINT H$
g7e PRINT “ ELAPSED TIME OF TEST WAS“: PRINT »TIME;* HOURS™
o000 REU = INT (AR # 6B = TIME + .30

885 PRINT : PRINT *TOTAL ROTOR REM.= "sRELG" REUS.™
BEE PRINT @ PRINT *® INSERT DATA DISK IF DESIRED™
287 PRINT @ INPUT “PRESS RETURN TO CONT, “ ;W%

BGe PRINT D$;“OPEN DAT.BINS"

e PRINT D$:“DELETE DAT.BINS"

9tm PRINT D$:“OPEN DRAT.BINS"

928 PRINT DS:“HRITE DAT. BINS"

925 PRINT Ul: PRINT CHINDz PRINT CRPM: PRINT CCYCP
93@ PRINT ST: PRINT HS

948 PRINT TIME

5@ PRINT BP: PRINT REU

958 FOR K =1 TD 23 FOR J =1 TO 58

g7 IF NCJ.K) = @ THEM 1669

a9gm  PRINT K

998 PRINT J

1908 PRINT MN(CJ.KD

18168 PRINT HAXCJ.K)

1928 PRINT MERNK J.XD

1636 PRINT HNCJ-KD

1349 PRINT SE(J.K)

1956 PRINT SBRARCJ.KD

1868 MNEXT J '

1878 NEXT ¥

1989 PRINT D$;*CLOSE DART.BINS*

1998 PRINT Ds;“PR#1"

1199 PRINT “START TIHE= “HE

1116 PRINT “ELAPSED TIME= “;TIME:" HOURS": PRINT
1128 PRINT “FURL AMBLE = “:BR;" DEGREES"

1129 PRINT “ROTOR REU.CCALC. »= “;REU: PRINT : PRINT
1158 PRINT SCHE/B TN N/ HERN/STD, DEUAHARAHIN®

1166 PRINT

1174 FOR K =1 TOD 2& FOR J =1 TD 38

1188 IF M(J.K> = @ THEN 12208

119% PRIMT K:*  “3Jd:" “5NCJSK 25 U SHERNC JLK 35" WESECJLKK05Y UHARCILKYEE s
MINC JaK D

1228 MNEXT J

1230 NEXT K

1748 PRINT 0O$;"PR#8"

125@ HOME @ UTAB S: PRIMT “DONT FORGET TO REMAME DRT.BINS. DATR IS DELETED WHEM
PROGRAM 15 RN AGAIN,f1re1"

1269 END

1568 KEM SUBR WAIT. CHTRL G RETURNS TO PROGRAH
151 POKE - 1636%,9

1517 52 = - 16336

15209 FOR 92 = 1 TO 9@:RZ = FEEK (52)>: NEXT 02
1538 07 = PEEK { — 16384)

1548 IF 97 < > (135> THEM 1528

1545 POKE - 16368.4

15560 RETURM

B0 REM

>3@5 REM %% SUBR - BET THE TIME
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2@1@ REM +%% THESE NEED TD BE CHANGED IF OISk I5 NOT USED
2925 REM FOR SLOT 4 CLOCK DMLY **%

2839 PRINT 0%;"[Nsa®

2048 PRINT D&;“PR#4Y

2a5@  INPUT “ “5TS

zase  PRINT Oz IN#a®

2a78  PRINT O%;“PR#@"

20mB  RETURN

i8@l REM FOR LEAP YERRs%#:L=1
3895 REM SUBR — STO
3986 REM
2m1@ REM CALCULATE SECONDS TQ DATE FOR EACH TIME ¢(STD)
3009 REM THIS IS THE NUMBER OF SECONDS SINCE JANUARY 1
3936 REM DO THIS FOR STRING TIHE T#
3940 REM RETURN A NUMBER - STD
3@58 REM
I@50 REM FIND #°S FOR DATE AND TIME

UYAL ¢ MIDF {T$,1.,20)
3080 VAL ¢ HIDS (T$,4.2))

yaL ( MIDS (T$,.7.2))
21ee VAL ¢ MIDS (T$-18.227
3118 UL ¢ MIDS (T$,13.60)
3138 REM CALCULRTE DAYS TO DATE - OTD
3135 RESTORE
3140 0TD = @
5@ FOR I =1 TOHMT
3168 READ J
3170 07D = DTD + J
2188 HNEXT 1
3¢ DATR @.31,28,31,38,31.38,31,31 »30,31,30,31
3205 REM ADD IN DAYS AWD LERP YEAR DAY
3218 DTD = 0TD + D
238 IF MT > 2 AND L = 1 THEM OTD = DTD + 1
3749 REM FIND SECONDS TO DATE - ST0
325@STD=DTD*BB499+H*3SBB+H*SB+S
3388 RETURN

8
3
3

nmIIO
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2, The "Collect 5" Subroutine by Micro Systems Development

Note:

The following narrative and flow chart describe the
task accomplished by the machine language program developed
by Micro Systems Development Company. They are designed to
give an overview and a logical description of the program.
They do not describe the actual seguence of events which was
optimized for CPU/memory efficiency.

Upon call, the machine language program performs some
initialization and bookkeeping functions, sets flags, etc.
It then checks for user interrupts, and services them on a
first in first out basis. Then the A/D board fast channels
are processed and the local data table updated. This
process is repeated until a set (128 wvalues for each
variable) is collected at which point the less rapidly
changing variables are read once.

If the rotor speed is below a preset value data are not
desired, and control is returned to the calling program;
otherwise, a test for critical loads is conducted. Next the
global data bank is updated and mean and axial amplitude
values are calculated completing the task of a single call.

When an unacceptable load condition is confirmed, the
data buffers are transferred to random access memory, and
rapid read/dump-to-disk cycle initiated, This will result

in each of the fast variable values being written to disk at
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a rate of approximately 128 values/second until the disk is
filled, which should give extremely detailed time histories

for about 2 minutes following detection of a critical load.
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USER
INTERRUPT

COLLECT FIVE
FAST WARIABLES

SERVICE
INPUT

UPDATE LOCAL
MIN,, MAX,, SUM

YES

COLLECT EIGHT
SLOW VARIABLES

COMRUTE
BIN NUMBER

l

| COLLECT MEAN
AND AMPLITUDE

UEDATE .GLOBAL
DATA TABLE

T

SAVE
EXISTING DATA

READ 128 AaW
DATA SET2

ouMP 128
SETS ON DISC

Pigure 6.5.1.

WRITE MESSAGE
T0 SCREEM

COLLECT 5 SUBROUTINE FLOW CHART
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1e9a + DATH COLLECTION

1@1@ % MICRO Sv§ DEW CO

1828 % S-24-80

1838 =

1548 % COLLECTS SOURCE

1ose #

1958 + REVISION &-38-8Q

167G #

1855 * ORIGIM = SGad

1@on « PROGRAM SPRCE = TES BYTES
11a8 # $9083 - $IFF

1118 + GLOPAL DRTH THELE = 7&E BYTES
1128 $93a9 - FIIFF

1136 * DOS SPACE = 16752 BYTEC

1148 # F3580 ~ $BFFF

1156 % DISK APLSFT SPACE = 18243 EYTES
1168 # 0590 - 3663

1178 * HARDWARE SPACE = 2847 BYTEE
1ic@ # saa0a - $A7FF

1194 *

126@ * SPACE FEMAINING = 23341 BYTES
1218 =+

1228 % IMDIRECT IMDEX POINTERS

1236 +  $FC~$F0 - GLOBAL “BTEL"
1248 #  $FE/$FF - DATH YOPNT"
1258 +

1268 . OF $ou06

1278 TR $Rg0E

1288 *

1798 = DHTAH TRELE BASE ACDORESS
13@@ +  HIGH EYTE OMLY LOW = 580
1318 DPNT .EG $DEFE

1320 BTEL .ER seeFC

1330 LTBL .ER $2ZAZ

1340 BUFR .EQ $0298

1338 =

1358 CHAL .EQ $C281 - R-D PORTS
1370 STDM JEQ $C282

1389 INTHM .EG $C283

1390 DRATA .EG $Cz80

1489 EOCF .EGQ $0282

1418 INTF .EQ $C203

1420 *

1430 SPCK JER $COCE CLOCK PORTS
14481 STCK (EQ $COCS :
1458 THEL .ER $CBC4

1460 THEZ ,EQ $LEHCI

1470 TMEZ .ER $CBCZ

1488 THE4 .EG $LECL

1490 THES EQ $COCH

1588 «

1512 RWTS .EE $83D3 FIRMWARE
15z KYBD .EQ sCoRQ SUBROUTIMES
1532 STRE .EE $CE18

1548 SPKR .EE $FEDD

1550 YAHN (EG $FCREZ

1582 IORS .EQ $FF3F

1578 IG5V .EQ $FF48

1588 +



JbGe-
2063
3686
SEBs-

izl o
QBH0-
apaF-
ae1z-
IBi4-
9816~

3E19- 1

Su1C-

8610~
aez6-
a2z

3025~
2027~
29—
9B2C-
ApZE-
2031~

e32-
SH35-
12K P
RZA-
S83C-
983E~

ap4e—
SBdE—

4944
2847=
SR4A-~
8pac-

S04F -
T2
9854~
aB55—
9a58-
ES9-
3858~
985E-
FEOF-
Se61-
9664~
pES—
I858-
Sesg—
Jeec-

&0

RD
ig
2c
ca
Dt
RS
8D

&8

2
2t
1B
2c

BE
3@
98
g9
ce
RY
g4
ce
]
g8
cs
39
ce
99
cg

az

FF
o
FF
92
9z

32
3

Pt

52
32

9z

ca

ca

az

FB

e

e
g2

g2

82

1598
1Ee6
1618
1628
1630
1642
1550
1668
16878
160
1680
1768
1vie
1728
1734
1744
1756
irea
i¥ra
1788
1708
1204
18186
1820
1839
1248
18508
1868
187a
1886
139
13808
1918
1926
19248
1946
12958
156a
19va
1988
1896
zpen
2910
zaz20
2B3e
2149
254
2868
zerg
el
oaoe
z16n
211@
212a

2178

2148

*
#
HUTH

*
MGDE

MOD1

MODZ

MODZ

*
STRT

ENTD

ENTR

ENTS
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JSR 108V SAVE REGISTERS
JSR HMOBE PRUGEAH

J3R IORS RESTORE REG’S
RTS

LOA CRIT CRITICAL?
EES MOLD2 MO

LDA CMHD

CHF #82 CHMD=HRITEY
ENE MOD1 MO

JHMP CRI®

5TR CRIT THEM CMND=3
RTS

LOR CMND INITIALIZE
EME MOD3 PROGRAMT
JHP INIT

CHP #04 IMITIALIZE
ENE STRT OISK?

J5R OISK

LOA #B2 SET CHMD
STH CMND T0 HRITE
FT&

LDA k¥YBD TEST FOR
EPL ENTE USER

BIT STRB - INTERRUPT
CHP #2185 2 + 128
ERE EMTE

LDR #@2

STH ABRT

RTS

JSR SPKR HALT PROGRAM
BIT KYED

BPL ENTR

EIT STRE

LD¥ FUAR INITIALIZE
LDY #@h - LOCAL DATA
TvH TRBLE

STA LTEL.Y

INy

LDR #$FF

STR LTEL.Y

Iny

LDR #B2

STA LTBL.Y

Iy

E£TR LTEL.Y

INY

STH LTBL.Y

INY



SBET-
JB6E~
|70~
agvI-
aare~
p7e-
987A-
387D~
S97F-
1 oy
9B84-
4B37-
SeRA-

SEn-
QdE-
9893~
SEa5—-
Fe38-
9859
S&568-
Se90-
SBRa-

ABAS-
98AE—
98R S~
S@ng-
IBRE~
- SnF-
3pB2~
98pa-

9885~
SBE7-
SeEA-
ApED-
9eRF-
BC2-

IBCI-
QBC5—-
2eCT=
Sach-
SaD-
SeCcE~-
SBCF-
9ape-
3604~
9605~
9B0e-

o055~
gepe-
%8bD-
Seck-
IBE2~
98ES-

LH
06

oo

=1

&
FE
EF
FF
F2

be 1]

92
g2

2156
z1Bg
2ivae
21rl
2172
2173
2174
2173
2176
2177
2166
2196
zzat
Z2ie
2220
Z238

T 2248

51

=t}
Sa

91
az

91
a3z

FC

a2
g2

ZzTa
2266
2278
2230
229
2308
z221e
2346
2354
2355
2308
2360

r 2EFe

2358
22948
2482
z419
z420
24406
2458
2458
2470
2486
Za3@
£51e
2528

z 2538

2549
2550
2568
2574
2575
2577
2588
2598
ZEBG
2818
2628
2634
2649
2e5a

EnNT4
FRST

FASE

FAS1

*
FhRZz

FAS3
*

SLOK
5L01

PNTE

DEX
BNE
LD
CHP
ENE
LDH
5TR
STH

TR
JER
JSR
JHP

JSR
LDA
ENE
JER
INY
CPY
BEG
ISR
JHP

JSH
STH
LoA
JER
IHA
CPx
ENE
RTS

LDH
JSR
LoA
BED
JER
RTS

Loy
Loy
JSR
S5TR
INK
INY
CPY
ENE
™R
JSR
RTS

Loy
LbH
STR
LDA
STR
RTS

ENTS
RSET
MSET
ENT4
#a
ASET
DPNT
BUFL+1
DPHT+1
PNTE
FRST
HEXT

FRS1
CRIT
FASY
[ghtely

#1258
SLOM
FRSZ
FRST

BET
EUFR. =
#128
UFRD

FLAR
FRS1

#B0

HEX1
oLV
FAS3
YRHHN

#o9
#20
BET
EUFR.Y

SUAR
Lot

UPRO

#86
DPHT
PBSE
DPNT+1
PBSE+1
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FRST UARIABLES

SLOH URARIABLES

PLLS 8
TO IMDIR ADDRES

SET
BHSE
POINTER



B1B5-
Sigg-
67-

= =iy

9168-
S16B~
2160~
9ive-
9173
9175~
3177-
Q17R=
9178~

SivC-

170~
917vE-
9181~
9184~
3196~
218v-
918R-
918~
F13E-
9156
3181-
9194~
3195~
g198-
918A-
919D~
31 8-
o1a1-
S1A4-
91A5~
91RE-
S1AT-
G1RE-
9iag~
S1RE-
91iB8~
F1p2-
S1B0-

S1B6-
gige-
21BB-
aiBC-
S1BE-
91Ce-
g1c2-
9103~
9104~
aicr-
31C8-
91C8-
31CC-
91CE-
9108~
Qi1pa-
9103~

@

Fa
o

81
FR

[2
FC

ar
FC

Dz

a2
a2

oz

g1
22

B2
a1

gt

92
a2
a2

ez

=38

3328
3338
2348
345
3347
3358
F3E8
3370
2380
3398
34@8
341
2428
2439
3435
344
34540
3468
2476
3480
349a
2o0e
3518
3oze
25340
3540
2556
3564
o
2584
eict
=1
Jeta
i6z8
3625
3827
3636
36544
2654
3860
678
35848
2690
2roa
3rin
arze
3738
3748
3758
Irea
3rea
roe
3755
Zaea
3216
3520
3238
I34@
3350
2860
2879

#
Mk

HMxML

HEH2
HRHS

Mxia

HRHS

MEHE
MxH?

HXHE

TYA
PHA
THR
PHEH
(174
Loy
LoA
CHP
BCC
BER
8TR
IH®
INK
IHK
cLC
ACC
STH
BECC
Thx
INC
INY
crPY
BEE!
THx
JHF
TN
CHP
ECE
s7A
JHP
INx
JHP
PLA
TR
PFLA
THY
LPbR
CHF
BCS
LbA

- §TR

MZM3

MERM
HERL

MERZ

MERS

RTS

LDX
LOR
PHA
CHP
BCC
STA
INY
IHE
JMP
THY
INX
LOH
CHP
BCS
£TA
IHY
PLA
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LOCAL DRTA MAX
HMIN HEAMW TEST

#o8
#10
BUFR.,Y
LTEL.X
HXHS
Mz
LTBL X

LTEL.x
LTBLX
urtels

LTEL. X

FUAK
HKXHE

MxM1

LTBLSX
HHEME
LTBL ¥
HMXMZ

Mg

CRIY
BUFR
MXH9
#@3

TCRI

#0 COMPUTE MERN &

LTEL,¥X LPDRTE GLOBARL
MAXMIN

(BTBL J.¥

HERZ2

¢BTEL),Y GLUBAL MAH

MEAS

LTEL. X

(BTBL).Y

HEHRS

{BTBL .Y GLOBAL MIN



98EE-
IPES—
98EC-
SBEE-
SeF -
IBF3-
9BFS-
96F 8~
S8FS-
SeFA-
S6FD-
9150~
S1a1-
104~
aipr-
3199-
Si18E-
F1GE-
9111-
9113~
9116
9118~
9118
2118~
110
JLiF-
9126~
9123
9124~
9128-
9128~
1z2a-
a1z8-
312E-
9131~
3133-
9136-
9139
9130~
13-
3141~
9142~
9145~
9148~

F149-
914C-
914F~
9152~
9155
9158~
1SR~

9156~
915C-
3156~
9168~
3152~
§164-

FA
EC
80
28
&d
Fe
ED

a2

FE
FE
B2
FF

az
g2

8z

92
a1

gz
92
a2
g2

8z

a1

ZEED *

2570 MEXT LDH
2689 &Th
zeoa L0
2reg LDY
zria LBk
2rza AND
2vaa 57R
2v4b LSR
gl L3R
2vee STA
2rve JGR
2726 IR
Z79a LD
zs00 Crp
2819 - BCS
2820 LDR
za3e £TA
2831 NEX1 LDH
2832 &TA
2233 LDA
2234 STA
2341 RTS
20S@ LASE CHP
2868 BCC
2879 STH
2220 1Y
28949 JHF
2908 LASt INY
2918 CHP
2026 BLS
2938 TR
2948 LASZ INR
2954 LDR
2988 CHMP
zave BLC
298 5TR
2998 JHP
Za3a LAS3 CHP
2610 BCS
3828 STH
7028 LAS4 INY
3640 JSR
2138 - INC
7188 END RTS
3174 =+

3128 GET LDA
2i9n STR
3269 LDR
3218 JER
3220 LA
323@ STR
3248 KTS
3aoe «

2268 UPRD CLC
3278 ADC
3268 STH
J294 BCC
3368 INC
3318 HOCY RTS

TCRI
CRIT

L o

#08
ELFR,%
#5FC
HIND

BIMN
GBIM

EUFR.-
LRPH
LAS@
#91
RERT
PBSE
BFNT
PBSE+1
OPHT+1

(ETEL .Y
LRS1
(BTBL Ja¥

LRSZ

(BTBL 2. ¥
LHS2
(BTBL .Y

BUFR.®
ALTH
LHE3
ALTH
LHS4
ALTL
LAS4
ALTL

MERN
ASET

UCHM ¥
CHML
oLY2
YHAHM
OATR
{OPNT 2.¢

DPHT
DPNT
NOCY
OPNT+1
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COHPUTE BIM &

FPH TEST

SET FLAG & RET
IF TOC SLOMW

MAX GLOBAL RPH

HIM GLOBRL RFH

HAX ALT TEMP

MIN ALT TEMP

A-D HCCESS

UPDIATE POINTER



91D4-
3105~
gipe-
3109~
91DRA-
100~
g1iDE-
S1EL-
QiE2-
91E5-
91Ee-
J1ES-
S1ER-
JL1EB-
S1EE-
F1Fe-

31F1~
S1F4-
91FG-
9iFg-
31FA-
91FE-
F1FE-
91FF-
3ceo-
Qzaz2-
Yzag-
S2ae-
9288~

F205-
g28C-
F20F-
S212-
3214~
9216-
g218-
g216-
3216~
a21E-
26—
9222~
53225~
S227-
3229-
9z22B-
9220~
922F-
238~
S23z-
3234~
9235~
9237~
az238-
S23A-
923C-

Fz 92
Fa 32

F3 oz

2B 92

3834
3356
z380
2518
2928
3930
3948
3958
3984
3370
2986
3998
4688
4910
4626
4836
A6
46158
4368
49376
4980
4630
4168
4110
4126
4138
4148
4158
4168
4173
4188
41989
4280
4218
4226
4238
4244
4258
4284
4279
4288
4298
4286
4316
4324
4339
4348
4358
4364
4370
4388
4398
4440
44106
4424
4439
4448
4455
4468

*

SEC
SBC
LER
THX
£7A
INK
RSl
IhK
ROL
DEX
LSR
INX
IHR
CPY
BHE
RTS

LTEL "

LTELs%
LTELsx
LTEL 2%
LTEL,%

FUR1
MEAL
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LOCHL
AHMPLITUDE

HERN~INTEGER
HEAN-REMAINDER

# COMPUTE BLOBRL BIN ADDRESS

*
EBIN

GEI1

(1] ¥4
#
INIT

INIL

LOA
STAR
LIR
FHH
RSL
JER
PLA
CLC
RDC
STH
BLC
INC
RTS

LDA
STH
&TH
ETH
LDA
&TH
LOH
STH
LDH
sTH
STR
LDRE
5TH
LD
Lo
LA
STA
IHY
DA
TR
IHY
BNE
DEX
EEQ
INC
P

GTBL
BTEL+1
HIND

GBIl

BTBL
ETEL
5BI2
ETBL+1

BASE
BUFL+L
PBSE+]
OPNT+L
#TELE
$86
/TBLB
$87
#28
DPNT
BTBL
FTEL
BTBL+1
#3832
#06
#08
(BTEL2-Y

¥SFF
(ETBL .Y

INIL
INIZ

BTBL+1
INIL

BIM # X 4
BIN # ¥ &

(X 4> + (¥ B2

INITIALIZE

VARIABLE
REFEREMNCE
ADORESS

INITIARLIZE
=L0BAL DATR
TABLE



9Z3IF-
az41-
Y244~
9247~
3248~
9245
3248~
G24E-

924F-
9252-
9235~
9258~
3258-
925E-
251~
ga64-
g267-
92E8-
Jzek-
926E-
3278~
9272-
927 S
9276~
327R-
9270~
9288-
9283-
S233~
9268-
9288~
azsE-
9230~
9232-
F295~

9296~
9299~
929C-
929E-
FaH1-
92a4-
92A6-
92A8-
32AR-
92a0-
3280~
92B3-
3zB6-
287
3289~

Q2BA-
328L-
92BE-
ect1-

9

32

g2
92
2z
az
gz
9z
82

a2
oz
99
aa
a2

92
32

az

92

gz

a2
82

a3

447A
4450
4498
4366
4585
4587
451@
4528
4538
4540
4556
4568
4550
45108
4E20
4830
4€4a
45502
4864
45709
4656
459¢
4706
4718
4724
4738
4750
4768
4774
4780
4798
4388
4218
4228
4228
4544
4250
4860
4870
4382
4990
4968
4918
4926
4936
4948
49506
4966
487a
4986
4994
Sean
oBia
Saza
S8z
Ta46
Sa50
5668
Save
5956
Seso

INIZ2 LDR
£TH
LOA
AL
LLC
ADC
STH
RTS

#

CRI® LDR
STH
LDA
§TA
LOR
STH
JBR

CRIL LD

CRIZ JSR
CRI3 JSR

*
RITE LDR

CRI4 INC

CRIS JSR

RTS
*
*
oIsK LOY
LOA
JSE
GONE RTS
+*
*
%

#93
CHHD
FUAR

#bz
FURL

CRIL
MSET
ASET
BUFR
BUFR+1
EUFL+1
DISK
RITE
#B60
OPNT
BHSE
DPHT+1
#32
HSET
PHTB
$#00
FAST
ASET
RSET
CRIZ
RITE

. MSET

MSET
CRIL
#a2

CRIT

BRSE
BUFL+1

| #3831

SECT
SECT
#1373
CRIS
#50
SECT
TRAK
DISK
BUFL+1

CRI4

#TELG
-TBLe
RHTS

.

-275-

CRITICAL
PRUCESSING
ROUTINE

SAUE INP BUFR
SAVE PRE DATH

SET BRSE RODDR
GET Z2

DISK BUFFER
= RAH DATR TEL

SAVE DATA TRBL



senz-
gaCcs5-
92CE-
Azce-
920~
9208
S2CR-
32CC-
82CE-
92CF-
8202-
9203~
d205-

AzD7-
g2nDf-
Sz2DB-
I2DE-
920F-
92E2-
92E3~
J2EB-

F2ET~
92EE-
RS-
92ER-
S2EB-
92EC-
3zED-
92EE-
9ZEF-
92Fi-
92F2-
92F3-
g2F 4~
92F 5~
92F6-
S2F7-
92Fe-
S2F &
2FA-
S2FB-

£0

3F

88
@1

g1
@S

@D

3F

g1

B8
EF

Bz
EE
B
9E

TEL@
TRAK
SECT
DCTL
DCTH
BUFL
TBL1
CHND

TBLZ
DCTA
*

HE
oA
-0A
.DA
«OH
D
«HS
.DA

HS
LHS
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f169B180
#00

#H39
#ECTA
s0CTH
$3Fo8
BEBa
$#80

HAPBEADL
BB91EFDS

% CHANNEL ASSIGNMENT-SEGUENCE

*

UCHN

LHE
HS
+HS
«HS

-OR
.0R
.DA
.bBA
.0R
DA
-DA
DA
-DR
DR
.0R
.DA
.0R
.08
-bA
.OH
DR
-OA
-OR
-DA

¢ LOCAL
$9282

$62H2

$g2hd

$E2R6

$@2Q7
$62A8
$8283
* $E2AH
$02AB FUZ2 MEAN-INTESER

*
*
*
*
*
*
*
* $P2AS
*
*
*
*
*
*
*

e8B1228.3
B4a56667
BEA9PRGE
ACHDeESF

#32 LWARIABLES &
#05 COMNSTHENTS
#83

#28

#4585

#4248

#oa

#00 -

¥3F00

#06

#+3F

#3937

#90

#3FF

#0a #-0K $FF-SLOH
#a4

#2389

#60

#20

#29

DATR TABLE ADDRESSES

FUHl MEX

FU1l MIM

FUl AMPLITUDE

FU41 MEAN-REMAIHCER
FuU1l MEAN-INTESER

FU2 HMAX

Fuz2 MIM

FU2 AWMPLITUDE

FU2 HERM-REMAINDER
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S6ze #

SEIR * FP2AC FUIT MAY

5648 + $P2R0D FUI MIM

5559 % $BZRE FU3 AMPLITUDE
SEEG * $BPAF FUS MERN-REMAINDER
S570 * $B2B9 FU3 MERN-INTEGER
= =t=1L

S5E9% * F¥92B1 FuU4 MAX

5700 * $E2B2 FU4 MIN

S71@ « #9283 FU4 AMPLITUDE

5720 + $62B4 FU4 MERAM-REMAINCER
5736 ¥ $B2BS Fud MERM-INTEGER
Sram *

5756 & $B2ZBE FUS MAX

Svel * $GZE7 FUS HMIN

5778 # $92B3 FUS AMPLITUDE
S7E0 # 3029 FUS HMEARN-REMAINDER
5796 + $P2BR FUS MERN-INTESER
Seea «

5219 #

5228 * CHANMEL SEQUENCE ~ URRIABLE
a538 *

s2a@ ¥ 1 CYELIC PITCH

seS@ + 2 DYNARMIC UARIABLE
=a53 + 3 DYMAMIC UARIABLE
sg78 « 4 DYMEMIC YARIRELE
5588 # 5 DYNAMIC VARIABLE
cZoa #

Sge *+ 6 WIMD SPEED

918 + T FRFH

Sa23 ¥+ 8 ALTERNATOR TEMP
5938 *

5948 # % SLOW UARIABLE

5953 « 18 SLOW VARIAELE

5960 # 1t SLOW YUARIABLE

5976 % 12 SLOW VUARIABLE

=556 ¥+ 13 SLOW UARIABLE



SYMEOL THRELE

OFNT
BUFR
INTH
INTF
THEL
TME4
K¥BDO
YRHN
HUTA
HoDz
ENTE
ENT4
FAS1
SLOH
HEXT
LAS1
LAS4
UPHD
MrM1
MM
H¥H7
HEAN
HMEAZ
gBliz
IMIZ
CRIZ2
CRI4
DONE
SECT
BUFL
TBL2
HMSET
ASET
HIND
FURL
BLTH
CRIL
TCRI

ABFE  BTBL
gz2@@  CHHL
czeZ DRTH
cze8=  SPCK
CBc4  THMEZ
cacli  THES
ceas  STRB
FCR2  IORS
S086  MODE
9810 HOD3
9844 ENTR
9984  FRST
A3 FRS2
sac3  SLO1
3BEE  MNEX1
9122 LRS2
9141  END

91%SB  HNOCY
9160  MxXM2
a18n MHMS
1A MxXMB8
91BE  HMERL
910z  GBIM
gz2es  IMIT
923F CRIB
9275 CRIZ
829 CRIS
92C1 TeEL®
g2c7 DCTL
g2CA  TELL
92CF DCTA
S2E7 FUAR
32ER  DLYL
92EQ - BINN
92F1  BHSE
g2F4  ALTL
92F7  CRIU
g2FA DLz

GaFC
cz2e1
cz2ea
caCe
Ccec3
cece
celp
FF3F
2839
a823
So4F
Sasl
9385
9aCv
S18E
912A
9148
9184
2174
9194
g1p4
9188
91FL
s2e9
J24F
gz7r
g288
aztz
9208
9200
3203
92E8
S2EB
92EE
92F2
92FS
92F8
S2FE

LTBL
STOM
EOCF
STCE
THES
RHTS
SPKR
105y
MOD1
STRT
ENT3
FRSE
FASS
FNTE
LASH
LRS3
GET

MEMN
HXM3
MXME
MXHS
HMERZ
GBIl
INI1
CRIL
RITE
DISK
TRAK
BCTH
CHND
UCHN
SUAR
CRIT
FESE
5TBL
RERT
LRPH

az2a2
cz2ez
caez
Cacs
cecz
8209
FBOD
FF4R
ap12
a2
9835
seae
gacz2
9B0Y
g113
9138
9148
9165
S17B
9130
91B5
a1y
202
9228
g287
9296
92BR
g2C6
g2Cc3

92CE

g207
92E3
92EC
SZEF
32F32
gzFe
g2F9
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The "Wind 6" Program

Program Logic

1.

2.

6.

7.

10.

11.
12,

13-

List operating instructions and initialize data
Calculate correction to standard atmosphere based
on pressure and temperature

Enter desired yaw angle for test

Calculate furl set angle based on desired yaw angle
and 8 degree rotor tilt

Calculate offset for yaw post signal based on furl
set angle. This compensates for the changing boom
gravity loads at various furl angles.

Load "Collect 5" subroutine and initialize
Calculate base data addresses and name data
channel variables

Disable critical dump and abort feature of the
subroutine

Call "Collect 5" subroutine and sample data for 1
second

Calculate current values of the six performance
variables and furl angle based on the data stored
from the "Collect 5" subroutine

Update average RPM value

Test RPM. If below limit go to #21

Test cyclic pitch amplitude. If out of limits

then go to #16



14,
15.

16.

17.

18,

19.

20.

21.

22.

23.

24,

25.
26.

27.
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Test furl angle. 1If out of limits then go to #20
Skip to #17

Toggle speaker and print cyclic pitch warning on
screen

Read bin number, and check within limits

Update 6 bin arrays based on current bin number
and variable vwvalue. Update maximum, minimum,
mean, standard deviation, and number of samples
Skip to #22

Print furl angle out of limits warning, then go to
$22

Print RPM out of limits warning, pause, then go to
#22

Test for zero wind speed. If zero then go to #25
print wind speed, RPM, cyclic pitch amplitude, and
tip to wind speed ratio

skip to #26

Print "Wind is Calm"

Check for operator signal to stop data sampling.
If no stop signal then go to #9 and repeat samp-
ling

Print test time and rotor revolutions of test

based on average RPM and elapsed time
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28. Store bin data and test parameters on disk

29. Print out bin data and test parameters on printer

30. End
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JPRia
HIST

S REM THE WINDS PROGRAM

6 REM eREs

18 0% = CHRS (4

1t PRINT D$:MON C,I1.0¢

12 HIMEM: 165127

15 HOME : UTAR 1z PRINT » OYNAMIC SAHPLING PROGRAM=MINDS*

16 PRINT 3 PRINT : PRINT

17 PRINT @ PRINT “CHANNEL ASSIGMMENTS®

18 PRINT ,“B.CYCLIC PITCH“: PRINT ,*1.TORQUE"

19 PRINT ,“2.FLAP*: PRINT ,“3I,YRHPOST BEMDING®

26 PRINT .“4.0PTIONAL FAST UARIABLE"

21 PRINT ,“S.WIND SPEED“: PRINT ."6.RPH"

o2 PRINT ,97.0LT.TEMP.%: PRINT ,“8.ALT.UOLTS"

23 PRINT ,“9.B00M POTENT.®

24 PRINT s“18,11,12.0PT.*

25  PRINT : INPUT “PRESS RETURM TO CONT.":H$

27 READ U1,CH.CRSCLACTACF,CY,0U

28 DATA 54,5.705.68.,5.94.2-355,1428,108

ﬂ? HOME : UTAB S: PRINT “PRESENT CALIBRATION FACTORS ARE-": PRINT L“0ONE UOLT=";
21 PRINT L“HIND=";:CH: PRINT ,“RPH="3;(R

22 PRINT L“CYCLIC PITCH= *;CC: PRINT P TORQUE=" ;CT

T2 PRINT L"FLAP=*;CF: PRINT .“YAMPOST=";CY

34 PRINT L“ALT.VOLTS=" ;0

25 PRINT “60 TO LINE 28 FOR CHRWGES IF REQUIRED": INPUT * PRESS RETURM TO CONT
M IHE

s EHUHE s UTRE 2: PRINT *  TEST PARAMETERS": PRINT : PRINT “INPUT WERTHER VARI
ABLES"

37 PRINT @ INPUT “ENTER AMB.TEHMP.(C)> > “;D01% INPUT ™ fAMB, PRESSURE (ATH) >
2 INPUT ¢ HIND DIRECTION (DEG: = “;02

I8 FC = (D01 + 273) ~ 288) % (1 ~ D2

3% PRINT @ PRINT : PRINT * CORRECTION FACTOR= “:;FC: PRINT ¢ INPUT *  PRESS RET
R TO COMY. " GnE

a#  HOME @ UTAB 1@: INPLT “ENTER TOTAL GEN. LDAD (OHMSY > ":;04: INPUT * GER
R RATIO (IE 25 FOR 25:1) > “:00

41 PM = 245:PN = 41 HOME : UTHB 1@

az PRINT : PRINT @ PRINT “MAX AND MIN CYCLIC PITCH CONTROL NUMBERS RRE “;PHs"
BND “;PM: PRINT “CHANGE LINE 41 IF REGUIRED"

43 PRINT : PRINT : INPUT “ PRESS RETURN TO CONT.":HE

45 HOME = UTAE 18: PRINT “ENTER FURL AMELE INCLUDING ROTOR TILT.“: PRINT 1t FPRIN

T

46 INPUT * ENTER FURL (DEB)> > “:08

47 %7 = ¢ COS (DB * 6.283 ~ 368>> ~ ¢ COS €.14))eF5 = — ATM (XZ # SOR ( = X2
* X2 4+ 1)+ 1.5788

ag PRINT : PRINT “ FURL SET ANGLE IS “;FS ¥ 186 ~ 3.14159;* DEGREES":UF = FS #
6+ .95 % 54 ~ 3.14159 :

49 05 = U1 # (2,85 - (FS # 4.9 ~ 3,14153))

53 [INPUT “PRESS RETURN TO CONT. “;H$: HOME : UTAE S: PRINT *  CONTROL FUNCTIOH
SI

51 PRINT @ PRINT “fNYy KEY PUTS PROGROM IN TEWP. HOLD. . . ANY KEY RECOVERS®
52 PRINT : PRINT “CNTRL Z STOPS PROGRAM AND SENDS DATA TO PRINTER AND DISK"
53 PRINT : PRINT : INPUT “  PRESS RETURN TO CONT.*;

99 ¥R = CRPM ~ ULk = B:AR = 9

145 HOME : HTRB 4: UTAB 12: PRINT “PROGRAM LOADING IMTO HEHORY™

198 PRE = 36864

152 PRINT D$:;“BLORD COLLECTS OBJECT-A$Sa69"

154 CALL PRS

155 PRINMT @ PRINT = PRINY * PROGRAM INITIALIZED®

156 DIM SC18).HEANC 35,6 ). 35,6 ),5E( 3526 ) »SBARE 35,6 )5 HARC 355 ) 4 MNC 35.82
157 FORK =1 T06: FORJ=1T0 3

158 MNCJ.K) = 235 ~ 2

159 MEXT J: MEXT K

168 TRBLE = (256 # PEEK (7)) + PEEK (B)

165 FU = 673:5LK = 16768: REH FIRST SLOW UBL

166 BBL = 37632: REM FIRST SLOBARL DRTH

178 IX = QMR = B:AR = @

172 ACRIT = TRBLE + 42:ARBRT = TABLE + 52

172 BIN = THELE + 44

175 Ki$ = “CH.1=RPH“:K28 = “CH.2=GEN.UOLTS™
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176 K3¢ = “CH.3=C¥CLIC PITCH AMFL. K48 = “CH.4=ROTOR PiHER"
177 K5¢ = “CH.9=EFF.“:KB¥ = vCH. =THRUST(N*

178 HOWE : UTAB 123 IWPUT * PRESS RETURN TO START OATA SAMPL ING" sHS
178 PRINT @ PRINT @ INPUT © ENTER START TIHE AND ORTE > “iHs

189 POKE ACRIT.8: POKE FRBRT .8

185 CRLL PR

187 = IX * 548

190 S(@)> = PEEK (SLW + J®): REM WIND

191 S(1> = PEEK (SLH + 1 + S0 REM  RPM

192 §(2) = PEEK (SLH + 3 + J%)28(2) = S(2) ~ & REM GEM. POMER
192 §(3) = PEEK (FU + 3In REM CY.P.AMPL.

194 (4> = §(1)» * PEEK ¢Fy + 183 REM FROTOR POWER
o@ma IF S(a)» = @ THEN 218

285 S0S) = S(2) -+ Sa REM EFFICTENCY

ope  GQTO 215

Z1a 5¢5> = @

215 REM CONTINUE

217 S(BY = PEEK (FY + 20>

218 66y = By = 05

219 §(7» = PEEK (SLW + 4 + JX> REM FURL ANGLE
Zom IX = IX + 1

235 IF  INT (1% ~ 32) » @ THEM =8

230 MR = NR + 1
24@na=3(1>*><R/NR+(NR—1)*nR/NR
245 IF SC1) < 14 THEN 664

7@ IF B3> > (PH — PND THEN 396

IPs IF S(7r > (W + 70 THEM B56

378 IF S(7) < (UF - 4) THEN B56

3\ SOT0O 458

= PRINT *CYCLIC PITCH OUT OF LIMITS!®

499 FOR B = 1 TO 148

419 82 = PEEK ¢ - 183367

42 MNEXT B

45p BY% = PEEK (BIND

451 PRINT “BIN= “;B%

452 IF B% > 35 THEM Bx = 8

48 FOR I =1 TOE

4o IF S(I> > wAXC B .1 > THEN MAX(BZ,ID = S
Sea  IF SCIY € MNCEX.1) THEN MHCEZL.I D = SCID

518 MBx%.I) = MBI + 1

52 MERM(BX,I)> = (I + CIN(BYLI) — 1) % MEAM(BX.I2DD ~ MCBY,1D
536 SBAR(B%,1) = (SBARKBXN.12 * (N(BZ,1) = 12+ SLI) ~ 20 7 HCBX 10
S49 SECBY,I) = SOR (SBARCBX.ID — MEAMCBE,I) ~ 20

555 MEXT 1

655 GOTO 673

5§56 PRINT @ PRINT LERL ANGLE OUY OF LIMITS ~ RESET"
657 PRINT = PRINT “BIN oATR NOT WPDATED"

§58 BOTD 675

668 PRINT = PRINT : PRINT »“RPH TOO LOW

665 PRINT : PRINT ,“BIN DATA NOT UPDATED"

566 PRINT : PRINT

676 FOR MO = 1 TO 1886: HEXT Wa

675 1IF S(B> = @ THEN &0TO 769

&0 WIND = CHIND * S(@2) 7 Ui:RPH = CRPM * §(1) 7 V1:PTH = CC * S(3» 2 U1
€9a TSR = .4 * RFM ~/ HIND

788 TSR = .1 # INT (TSR * 18 + .57

718 RPM = INT C(RPH + 5oefPTH = .1 ® INT il % PTH + .52
728 PRINT "TIF SPEED R ,“RPH® . "CYC PTCH"

730 PRINT TSR.RPM.PTH

740 HIND = .1 * INT (WIND * 18 + .53z PRINT 2 PRINT “WIND.H-S": PRINT WIND: PRI

NT z PRINT : PRINT : PRINT
75¢ BOTO god



758
[g=_

sia
g11
814
g81&

PRINT “WIND IS

CRLMY
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REM TO STOP SAMPLING PRESS CNTRL 2
886 XX = PEEK ( -

16384 1

IF #% « > (154) THEN 184
START TIME WAS YiHsS
PRINT : PRINT : INPUT “ENTER ELAPSED TIME IM HRS. > “;TIME

HOME : UTAB S:
HOME ¢ UTHE 2

PRINT

@rp ST = @: FOR K = 1 T0 Bz FOR 4 =1 T0O 33
IF M(J.K) = @ THEN B5#
84@ ST = ST + 1

859
8ra

880 REV =

885
888
887

914
g28

925

NEXT J: HEXT K

PRINT “TIME OF TEST START WAS:": PRINT : FRINT H$
PRINT * ELAPSED TIME OF TEST WRS": PRINT LTIME:®

INT CAR * 6B * TIME + .5

PRINT 1 PRINT “TOTAL ROTOR REV.= “3REV;" REUS."

PRINT

PRINT “ INSERT DRTR DISK IF OESIRED"

PRINT : INPUT “PRESS RETURN TO CONT.“iH$
889 D¥ = CHRY (4)
PRINT O$:“0PEN DAT.BINS®
PRINT D$:“DELETE DAT.BINS®
PRINT D$:“OPEN DAT.BINS®
PRINT O%;“HRITE DRT.BINS"
REM 1 UOLT,CHIND,CRPH.CCYCP
PRINT Utz PRINT CH:z PRINT CR: PRINT CC

REM CTORGUECNH ), CFLAP ,CYRAHPOST ,CBEN. VOLTS
PRINT CT: PRINT CF: PRINT C¥: PRINT CU

REM QHB. TEMP,PRESS,HIND DIR..6EN LOHD
PRINT D1z PRINT D2: PRINT D3: PRINT D4

REM BEAR RATIO, FURL ANELE, CORREC. FACTOR
PRINT DS: PRINT DS: PRINT FC
REM CHANMEL TITLES FOR BIN DATA

PRINT K1$: PRINT K2%: PRINT K3%: PRINT Ka$:

REH SETS. START TIME, ET. REU
PRINT ST: PRINT H$: PRINT TIHE: PRINT REV
FOR K = 1 T0 Bz FOR J = 1 TO 35
IF M(JsK> = @ THEN 10968

PRINT K

PRINT J

PRINT NCJKD
PRINT MARXCJ.K

b

PRINT HERN(J.KD

PRINT MW(.J-K)
PRINT SECJ.K?

PRINT SBAR(JLKD

HEXT .J
MEXT K

PRINT 0O$;“CLOSE DAT.BINSY
HOME = UTRE 12: INPUT * ENTER HAME OF TEST > “;M1$

PRINT D%:“PR#
PRINT ; PRINT “TEST HAME IS “:H1$

1.

PRIMT “START TIME= “;:H$
PRINT “ELAPSED TIHE= “;TIME;* HOURS"
PRINT “ROTOR REV.(CRLC. )= “:REV
PRINT *CALIBRATIONS AND TEST PARRHETERS®
PRINT “FURL ANGLE CINCL. TILT>= ";06

PRINT “ONE UOLT=";V1;"

PRINT “CTORQUE=";CT;"

PRINT *TEMP(DES C)=";:01s"

CHI Y3

% CRPH=“;CR;:"

CFLAP="3CF3* CYRHPOST="3

PRINT “SEN LORDC OMHS >="3043"

PRINT K1%:"
PRINT Kas$:“

L s iy
»KSE"

45K3%
“;KE$

BEAR RATIOD = “;

HOURS™

CCYPTCH="3LC

PRINT K5$: PRINT K&%

3* CBEN,Y=":Cl

PRESSCATH =*;D02;" CORR.FRC.="3

s T01°

FCiY

HWIND DIR="
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1145 PRINT

1158 PRINT “CH#/BINE/NS/HEAN/S, DEV/HAXHIN®
1178 FOR K =1 TO B: FOR 4 = 1 TO 35

1188 1IF MNJ.K> = B THEN 1220

1198 FRINT K3  #5d:®  “iNCJ-K3:"  “MEAMCJ.KD5Y  “3SE(J-KD3" BEMEXC LKA M
MNC 2K 2 '

1228 NEXT J

1238 NEXT K

1248 PRINT O$;“PRwa"

125@ HOME : UTAB S5: PRINT “DONT FORGET TO REMAME DAT.BINS. OATA IS DELETED HHEM
PROGRAM IS RN RGAIN, 11

1268 END
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4, "Wind-2, Fast"

4.1 Program Logic

1l to9.

10.

11.
12,
13.
14,

15.

16‘

17,18,19.

20.

The first 9 steps are identical to the "wWind 6"

program logic 10.

Read data for two "fast" variables at appropriate
addresses

Update average RPM value

Read bin number at appropriate address

Print current variable values to screen

Test bin number in limits

Update bin arrays for the two variables as in the

"Wind 6" program

Test for stop sampling signal. If none, then go
to #9 and repeat sampling
Same as steps 27, 28, 29 for "Wind 6" program

End
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i)

5 REM THE WINDZ2.FAST PROGRAM

B REM e

7 REM APPRDOXIMATELY 1.4 SECOMDS PER SAMPLE

18 0% = CHR* (4

11 PRINT O%:"MON C,I.0%

12 HIMEM: 16127

15 HOME = UTEAB 1: PRINT * ODYNAMIC SAMPLING PROGRAM —WIND2.FAST"

16 PRINT 2 PRINT @ PRINT

17 PRINT = PRINT “CHANMEL ASSI1GNMENTS*

18 PRIMT ,“1.TORGUE“: PRINT ,“Z2.RPH"

19 PRIMT ,"5.WIND SPEED™

24 PRINT ,“10,11,12.0P7.,"

25 PRINT z INPUT "PRESS RETURN TO COMT."“;Ms$

27 READ U1,CHW.CR,CT

28 OATR 5¢4.,6.783,60,94.2

79 2R =CR » U1:2T = 185 * CR % CT ~ (U1 ~ 2)

33 MOME : UTOE S¢ PRINT “PRESENT CRLIBRGTION FRCTORS ARE-“: PRINT L“ONE VOLT=*;
11

31 PRINT a“WIND=*;Chiz PRINT ,"RPM=";CR

32 PRINT ,“TORQUE=";C7T

35 PRINT GO TO LINE 28 FOR CHRMBES IF REGUIRED“' INPUT = PRESS RETURM TO CONT
. EHE

26 EHDHE : UTAR 2@ PRINT *  TEST PARAMETERS*: PRINT = PRINT “INPUT WERTHER UHRI
ABLES™

27 PRINT : INPUT "ENTER AHB.TEMP.(C)> > “;D1: INPUT * AMB. PRESSURE (ATH) >
“302s INPUT * WIND DIRECTION (DEG) > “303

3B FC = (N1 + 273> 7~ 28BY ® (1 ~ D20

3% PRINT @ PRINT = PRINT * CORRECTION FACTOR= “;FC: PRINT : INPUT *  PRESS RET
URN TO CONT, " jHE

43 HIME @ UTAB 1#: INPUT “ENTER TOTAL GEM. LORD ¢OHMS> > “;D4: INPUT * GER
R RATIO CIE 25 FOR 25210 > ;05

43 PRINT = PRINT @ INPUT * PRESS RETURN TO CONT.“;W$

;S HOME : UTAR 1P: PRINT “ENTER FURL AMGLE INCLUDING ROTOR TILT.": PRINT 1 PRIN
46 INPUT ¥ ENTER FURL (DEG)> > “;06

47 XZ = ( C0S (DB # 6,283 ~ 368)3 » ( COS C.14):FS = = ATH (KZ » SOR ¢ - ®2
¥ BZ + 123 + 1.5788

43 PRINT @ PRINT * FURL SET ANGLE IS “;FS # 188 ~ 3.14153;“ DEGREES":UF = FS %
B % .95 % 54 - 3.14158

S#  INPUT “PRESS RETURM TO CONT. “sW$: HOME : UTAB 5@ PRINT *  CONTROL FUNCTION
SN

1 PRINT @ PRINT “GNY KEY PUTS PROGRAR IN TEMP. HOLD...AMY KEY RECOUERS®
52 PRINT : PRINT “CNTRL Z STOPS PROBRAM AND SENDS DﬂTR TO PRINTER AND DISK"
53 PRINT : PRINT : INPUT * PRESS RETURN TO CONT.®

9 ¥R = CRPHM ~ U1:NR = B:FR = &

145 HOME : HTAB 4: UTAB 12: PRINT “PROGRAH LOPDING INTO WEHORY®
156 PRS = 36364

152 PRINT DO%;“BLORD COLLECTS OBJECT,RsO000"

154 CHLL PRG

155 PRINT ¢ PRINT @ PRINT * PROGRAM INITIALIZEQ"

156 DIH 9(18)-"5%35-2)-#!(35-2).85{35:2).SERH(ZS.2).HQX(35:2) MiNE 35,20
157 FORK =1 70 2: FOR J =1 TD 33

158 MMCI,KY = 255 ~ 2

159 NEXT Jr NERT K

16t TRBLE = (256 * PEEK (7)) + PEEK (8D

165 FU = 673:5LW = 16765: REM FIRST SLOW UBL

166 6Bl. = 37632z REM FIRST 5L0BAL DATR

178 IX = Bk = B:AR =

172 ACRIT = TABLE + 42: HRBRT = TRBLE + 52

173 BIN = TABLE + 44

175 Kis = “CH. 1=RPM":K2$ = “CH.2=ROTOR POHER"

178 HOME : UTAB 12: INPUT “ PRESS RETURN TO START DATA SAHPLING® iW$
179 PRINT @ PRINT : INPUT “ ENTER START TIWE AND DRTE > “:H$
188 POKE ACRIT,0: POKE ARBRT.H

185 CALL PRE

181 5(1> = PEEK (FY + 150

192 9(2)> = S(1) * PEEK (FU + 18D

238 NR = NR + 1
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AR = S(1) % ¥F ~ MR + (MR - 1) ¥ AR # MR

449 BY = PEEK (KINXRY = S(1) % ZRruy = &(2) + 2T

445
452
480
498

518
S2u

PRINT "BIN="3;BZ%;" RPM=";R¥;" R.PHR=";

IF 8% > 35 THEN B = @

FOR I =1 T0O 2

IE 5CI> > MANCEY,I) THEN MAR(BX,1) = S(1)

IF S(1> < MNCBZ.1Y THEN HNCBX.I) = SCID
NCBZ,I> = N(BZ,I) + 1
MEANCEZ21D = (S(I) + ((N(BXLIY = 1) % MEANCBY%, 1200 » MB%,1 )

539 SBAR(EX,] 3 = (SBARCEX,IY ® (NCBX,I2 = 1) + S(I3 ~ 2 7 NCBX.DT)

D43
5518
289
214
811
814
816

NEXT I

¥X = PEEK ( - 163840

IF X% < > (154) THEN 189

HOME = UTAB S: PRINT “ START TIME WAS “;H$

PRINT : PRINT = INPUT “ENTER ELRPSED TIME IN HRS. > “;TIME
HOME = UTHB 3

SEC8%,1) = SOR (SBAR(BX.I> — HERM(BZ.I> ~ 27

B26 5T =B FORK =1 TO 2: FOR J =1 TD 35

IF MCJAKY = 8 THEN B34

848 5T = ST + 1

858
=)
87a
aea
885
886
esv

NEXT J: NEXT K

PRINT “TIME.OF TEST STRRT WAS:*: PRINT : PRINT H$

PRINT “ ELAPSED TIME OF TEST WAS“: PRIMNT LTIME:" HOURS"
REU = INT (AR = 68 * TIME + .5>

PRINT : PRINT “TOTAL ROTOR REU.= “;REU;" REUS.”

PRINT + PRINT * INSERT DATR DISK IF DESIRED™

PRINT ; INPUT “PRESS RETURM TO CONT.";H$

880 D3 = CHRS (4)

918
9z2e

327

PRINT D$;“OPEN DRT.BINS"

PRINT D$;“DELETE DAT.BINS®

PRINT D$;“OPEN DAT.BINS'

PRINT D$:“WRITE DAT.BINS"

REH 1 VOLT,CHIND,CRPH.CCYCP

PRINT Ul: PRINT Chiz PRINT CR: PRINT CC

REH CTOROUEC N4 ) .CFLRP ,CYAHPOST ,C5EN. VOLTS
PRINT CT: PRINT CF: PRINT C¥:z PRINT CU

REM  AME. TEMP.PRESS,MIND DIR..6EN LORD
PRINT D1: PRINT D2: PRINT D3: PRINT D4

REH GEAR RATIO. FURL AMGLE. CORREC. FRCTOR
PRINT D5z PRINT DB: PRINT FC

REM CHANMEL TITLES FOR BIN DATH

PRINT K1$: PRINT K2¢: PRINT K3%: PRINT K4%: PRINT K5$: PRINT K6$
REM SETS. START TIME., ET, REU

PRINT ST: PRINT H$: PRINT TIME: PRINT REV
FOR K =170 2: FOR J =1 TO 35

IF M(J.K> = & THEN 1069

PRINT K

PRINT J

PRINT H(J.K)

PRINT MAXCJ.K)

PRINT HEANC J.K2

PRINT MNC JaKD

PRINT SECJ.KD

PRINT SBARC J.K)

NEXT J

NERXT K

PRINT D#;“CLOSE DAT.BINS®

HOME : UTAB 18: INPUT “ ENTER NAHE OF TEST > “;nis
PRINT D¥:“PR#1"

PRINT 1 PRINT “TEST NAME IS “iN1s
PRINT “START TIME= “;H$



111@
1136
1132
1133
1134
1135
11368
;03

1137
1144
1141
11435
1158
1178
11808
1158

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

PRINT
PRINT
PRINT
PRINT
PRINT
FOR K
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“ELAPSED TIME= “;TIME:" HOLRS!

*ROTOR REV.CCALC. >= “;REV

SCALIBRATIONS AND TEST PRRAMETERS"

“FURL AMNGLE ¢ INCL. TILT > “:DB

“ONE UOLT="3U1;* CHIND=";CH;* CRPH=Y;CR;* CCYPTCH=";CC
“CTORGUE=*3CT:* CFLRAP=";CF;* CYRWPDST=";C¥;" CBEN.U=";CU
“TEMP(DEG C)=";D1;" PRESSCATH)=“;D2;* CORR.FAC.=“3FC;" HIND BIR="
“GEM L 0R0C 0HMS =":;D4;* GEAR RATIO = “;DSs" TO 1*

Kig:" “;K2%:* “;K3%

Kés:* “:K5%3% “;KGS

BCHI/B I M N HEAN/S. DEU/HARX -HIN®

=170 2: FOR J =1 T0O 35

IF M(J.K> = B8 THEN 1229

PRINT

FINC LK D
1228 NEXRT J

1238 NEXT K

K M5 UINCJLKDIFY UGMEANCILKIZY  USSECLKDEY VaMARCULK Y s

1249 PRINT D$;“PR¥2"
1258 HOME : UTAR S5: PRINT “DONT FORGET TO REMAME DRT.BINS. DATA IS DELETED WHEN

1z6e

END
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59 “RPM_GH

5.1 Program Logic

The program logic for the "RPM-6" program is identical
to that of the "Wind 6" program. Channel assignments and
conversion constants are changed so that desired variables
are related to RPM bins rather than wind speed bins, but the

logic remains the same.
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i

3 REM THE RPMS PROGRAM

€ REM ®exex

15 08 = CHRF (4>

11 PRINT O$;“H0N C,I,0"

12 HIMEM: 168127

15 HOME : UTAB 1: PRINT * DOYNAMIC SAMPLING PROGRAM—RPHE™

18 PRINT = PRINT ¢ PRINT

17 PRINT @ PRINT “CHANMEL RSSIGNHMEMTS"

18 PRINT .*@.CYCLIC PITCH“: PRINT ,“1.TORQUE"

19 PRINT L*2.FLAP": PRINT ,"3.YRWPOST BEMODIMNG"

20 PRINT ,Y4,VERTICAL BOOM“

21 PRINT .“5.RPH

22 PRINT ,%6,7,8.0PEN"

22 PRINT ,"9.800M POTENT."

24 PRINT ,“18.,11.12.0PT.“

25 PRINT : INPUT "PRESS RETURN TO CONT.“:H$

27 RERD W1,CB.CR,CC,CT.CFLOY.LCUY

28 DATR  54.,290,80,5.,94,2.355.1428,108

38 HWOME : UTEB 5: PRINT “PRESENT CALIBRATION FRCTORS ARE-“: PRINT L*OME VYOLT=:

¥}

31 PRINT L“BOOM=*;CB: PRINT ,“RPH=";CR

32 PRINT L*“CYCLIC PITCH= “;CC: PRINT L“TORGQUE=";LT

33 PRINT L“FLAP=*;CF: PRINT ,*YAMPOST=";

24 PRINT H“ALT.UDLTS=":CU

35 PRINT “GD TO LINE 28 FOR CHAMGES IF REGUIRED“: INPUT “ PRESS RETURN TO CONT

. NS

gg EHGME r UTRB 2: PRINT “  TEST PARAMETERS": PRINT : PRINT *INPUT WEATHER VARI
L Su

37 PRINT @ INPUT “ENTER AMB.TEMP.{(C) > “;D1is INPUT *“ HAMB. PRESSURE (ATHY >

“;02: INPUT * HING DIRECTION (DEG) > “;02

IR FC = (01 + 273) ~ 288 (1 ~ D2)

3% PRINT @ PRINT : PRINT » CORRECTION FACTOR= *:FC: PRINT : INPUT " PRESS RET

URN TO CONT, % W

43 HOME @ UTRB 1#: INPUT “ENTER TOTAL GEM. LORD (OHMS> > “;04: INPUT * GER

R RATIO <IE 25 FOR 251, > ";0%

a1 PM = 245:PH = 4: HOME : UTRE 18

&7 PRINT @ PRINT @ PRINT “MAX GND MIN CYCLIC PITCH CONTROL NUHBERS ARE “iPM:®

AND  “;PN: PRINT “CHANGE LINE 41 IF REGUIRED*

43 PRINT @ PRINT : INPUT * PRESS RETURN TOD CONT.Y;

45 HOME : UTAB 18: PRINT “ENTER FURL ANBLE INMCLUDING ROTOR TILT.*: PRINT @ PRIN

T

45 INPUT * ENTER FURL (DE6> > “;DB

a7 ¥7 = ¢ COS COB * 5.283 ~ 368)) 7 ¢ CDS (.14)MFS = — ATM (KZ » SBR ¢ - X<
* ®Z + 172+ 1.5788

48 PRINT : PRINT “ FURL SET ANBLE IS *;FS ® 188 ~ 3.14159;* DEGREES":UF = FS #
6% .95 % 54 s 3.14138

48 05 = U1 # (2.95 - (FS # 4,5 ~ 3.14159))>: PRINT : PRINT “YAWPOST OFFSET= “:05
7oLt UOLTS"

58 [NPUT "PRESS RETURN TO COMT. “;H$: HOME @ UTRB 3t PRINT “  CONTROL FUNCTIOM
S“

51 PRINT ¢ PRINT “ANY KEY PUTS PROGRAM IM TEMP. HOLD...AMy KEY RECDUERS®
52 PRINT : PRINT “CNTRL Z STOPS PROGRAH AND SENDS DATA TO PRINTER fMD DISK”
52 PRINT : PRINT : INPUT * PRESS RETURN TO COMT.";uW$

98 XR = CRPM ~ Ul:NR = B:8AR = &

145 HOME = HTOB 4: UTRB 12: PRINT “PROGRAM LORDING INTD MEMORY®

158 PRE = 3685ka

152 PRINT D$;"BLOAD COLLECTS OBJECT -A$D088"

154 CALL PRG

155 PRINT = PRINT : PRINT “ PROGRAM INITIRLIZED"

156 OIM ¢ 10 ) HEANC 35,56 3.1K 35,6 ¥,5E¢ 35,6 ), SBAR( 35,8 ) »HAR( 35,6 ),HNC 35,60
157 FORK=1T06B: FOR Q=1 T0 35

158 HNCJLKDY = 285 A 2

158 NEXT J: NEXT K

18& TRBLE = (256 = PEEK (7)) + PEEK (B>

165 FU = 673:5LW = 16768: REM FIRST SLOH UBL

166 GBL = 37632: REM FIRST GLOBAL DRTA

178 IX = 9:NR = @:AR = @

172 ACRIT = TABLE + 42:PABRT = TABLE + 52

173 BIN = TRBLE + a4

175 K1% = “CH.1=HEAN FLAP“:K2& = “CH.2=FLAP RMPL."



176
177
178
179
180
185
187
19a
191
192
193
185
196
197
219
229
229
&34
2aa
245
ive
375
376
ea
398
480
416
424

80
898
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K3$ = OCH.3=VAWPOST AMPL.( THRUST Y*1Kas = “CH.4=TORGUE HMPL."
KS$ = “CH.5=U.BO0M AMPL.“:K6% = “CH.B=CYCLIC PITCH AWPL.“

HOME @ UTEB 12: INPUT * PRESS RETURM TO START DATG SAMPLING"5HS
PRINT : PRINT : INPUT “ ENTER STRART TIME AND DATE > “:H$

POKE ACRIT.B: PUOKE RRERT.H .

CALL PRE
JX = IX % 848

S(@> = PEEK (SLH + Jx)>: REM RPH
S(1> = PEEK (FU + 15)r REM HEAN FLAP
S(2> = PEEK (FU + 132> REM FLAP AMPL.
S(3) = PEEX (FUY + 18): REM YOWPOST AMPL.
S¢4> = PEEK (FU + B8): REM TORBUE AMPL.
8(S5) = PEEK (FU + 23): REM U, BOOM AMPL.
S(6) = PEEK (FU + 3): REM CYCLIC PITCH AMPL.
SC?) = PEEK (SLW + & + ¥ REM FURL ANGLE
Ik =1k + 1

IF INT {IX ~ 32 > @ THEN IX = @
HR = MR + 1

AR = S(1) * ¥R ~ NR + (NR — 1) # AR / NR

IF SCa)y < 14 THEN GE&

IF S(6) > (PH — PN)> THEN 358

IF SC?7) > CUF + 73 THEN B56

IF S(7» € (UF — 4) THEN 656

G070 45@

PRINT *CYCLIC PITCH DUT OF LIMITS!*

FOR B =1 TG 148

BZ = PEEK ( - 16336

HNEXT B

B% = .5 % PEEK (BIN?

PRINT *BiN= “;Bx

IFer >35 THEN B = &

FOR1=1T06

IF SCIy > MARCEXZ.I) THEN MEX(BY.1) = S(1>

IF S(I) < HNCEX,1) THEN WMNCEX,I) = SCI)

M(B%, ) = N(B%.I + 1

MEANCERSI Y = (SCI) + ((NCEZLIY = 1) # HERNCBXZ.12)) 7 MBI
SBARCE%,1> = (SBARCEX.1Y & (MBX,1> - 1) + S(I} ~ 25 ~ N(B/.IJ
SEC(B%.1> = SOR (SBAR(BX,I> — HEANCBX.I) ~ 2D
MNEXT I

GOTO 673

PRINT : PRINT “FURL RNGLE CQUT OF LIMITS — RESET"
PRINT = PRINT “BIN DATA NOT UPDATED"

6a0TD B75

PRINT : PRINT : PRINT ,“RPH TOO LOW®

PRINT = PRINT ,"BIN DATR NOT UPDATED®

PRINT : PRINT

FOR HQ = 1 TO 1868@: NEXT HR

PRINT : PRINT ,"RPH = *;88 # S(8) ~ Ul: PRINT
REM TO STOP SAMPLING PRESS CNTRL 2

e = PEEK ¢ - 16384)

IF %% € > (154> THEN 188

HOME < UTAB S5z PRINT “ START TIME HWAS “;H¥

PRINT = PRINT : INPUT "ENTER ELAPSED TIME IM HRS. > “:TIME
HOHE : UTAR 3
ST=08: FORK=1TD B: FOR J =1 Ta 35

IF NCJLK) = 8 THEN 854

ST =5T+ 1

MEXT J: NEXT K

PRINT “TIME OF TEST STRRT WAS:“: PRINT = PRINT H$'

PRINT * ELAPSED YIME OF TEST HWAS*: PRINT ,TIME;* HOURS"
REU = INT (AR £ 68 = TIME + .5



885
886
87
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PRINT : PRINT *TOTAL ROTOR REU.= “;REV:" REUS."
PRINT : PRINT “ INSERT 0ATA DISK IF DESIRED"
PRINT : INPUT “PRESS RETURN TO CONT.":

889 0% = CHRS (4D

978

988

999

1869
i@
18z8
1030
1848
1959
18682
1878
1880
1885
1899
1895
1198
1118
1130
1132
1133
1134
1135
1136
D3

1137
1148
1141
1145
1158
1178
1189
1198

MNC 4 s

1224
1230
1240
1254

1269

PRINT Ds;“0OPEN DAT.BINSY

PRINT D$;“DELETE DAT.BINS®
PRINT D$;“0PER DAT.BINS"

PRINT D$;:“HRITE DAT.BINS®
REM 1 UOLT,CBOOM.CRPH.COYCP

PRINT U1: PRINT CB: PRINT CRr PRINT CC
REM CTORQUE( NH),CFLAP,CYRHPOST, CBEN. VOLTS

PRINT CT: PRINT CF: PRINT C¥: PRINT CV
REM AHB. TEMP ,PRESS.HIND DIR. ,6EH LOAD

PRINT Di: PRINT D2: PRINT 03: PRINT D4
REM GEAR RATIO, FURL ANGLE, CORREC. FRCTOR

PRINT 05: PRINT DB: PRINT FC
REM CHAMNEL TITLES FOR BIN DATA

PRINT Ki1$: PRINT K2$: PRINT K3$: PRINT Ka$: PRINT KS$: PRINT KG&%
REM SETS, START TIME. ET., REY

PRINT ST: PRINT H$: PRINT TIHE: PRINT REV
FOR K =1 T0 6: FOR J =1 T0 35

IF N(J.K) = B THEN 1068
PRINT K

PRINT J

PRINT MN(JaK)

PRINT HAN( JKD

PRINT HEGN(JSK)

PRINT HNCJAK?

PRINT SE(J,KY

FRINT SBRARC.JLKD

NEXT J

NEXT K

PRINT D$;“CLOSE DAT.BINS®

HOME : UTPAB 18: INPUT  ENTER NAME OF TEST > “sN1%

PRINT O$:“PR¥1"

PRINT : PRINT “TEST MAME IS “iN1S

PRINT “START TIME= “;H$

PRINT “ELAPSED TIME= “;TIME;" HOURSY

PRINT “ROTOR REV.C(CALC. = ";REY

PRINT “CRLIBRATIONS AND TEST PARAHETERS"

PRINT *FURL RNBLE (INCL. TILT)= s

PRINT “ONE VOLT="3;U1;® CBOOM=*;CB;“ CRPM=";CR;" CCyPTCH=";CC
PRINT * =4 ;0T;* CFLAP=%;CF;% CYAWPOST=*;CY¥;" CGEN.U=";CU
PRINT “TEHP(DES C)>=“;D1;* PRESSCATH»=";D2;" CORR.FAC.=*:FC;* HWIND DiR="

PRINT “GEN LORD( OHHS =";D4;" GEAR RATID = “;0S:* TO 1

PRINT K1 “;K2%;" “;K3$

PRINT Kd%:* “;KS5%;" “;KG6¥%

PRINT

PRINT “CHE/BINE/NEHEAN/S. DEU/HRX-HIN®

FORK =1T06: FOR J =1 T0 35

IF NCJ-K>» = 8 THEN 1228
K5_:’FiINT K% “3d:® UNCJILKDIEY  VGMEANC LKD" woSEC JLK IR YEMARCJLKIEY M5
¥

MNEXT J

NEXT K

PRINT O%:*PREB"

HOME @ UTAB S: PRINT “DONT FORGET TD REWAME DAT.BINS. DATA IS DELETED WHEMW

A LS RUN BBRIN. 1L
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"Yaw Rate" Program

Program Logic

1.

2.

12.
13.
14.
15,

16.

17.

Provide operator instructions and initialize data
Define directional code (i.e. clockwise or counter
clockwise yaw rates)

Read clock for test start time

Sample yaw position

sample clock

Sample dynamic¢ variable, usually cyclic pitch, for
0.5 seconds (24 samples)

Sample yaw position

Sample clock

Calculate elapsed time

Calculate yaw rate

Check vaw rate within limits. If not then go to
$#13

Skip to #14

Print yaw rate out of limits. Go to #17
Calculate amplitude of dynamic signal

Calculate yaw rate bin

Update bin array with current value to include
maximum, minimum, mean, standard deviation and
number of samples

Sample and test RPM in limits. If not, pause and

test again until within limits
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18. Check for operator stop signal. If none, then go
to #4 and repeat sampling
19, Output bin array data to disk and printer

20. End
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IPR#G
JLIST

S REM THE YRAWRATE CORRELATION PROGRAM

6 REM Fxxxs

18 REM THIS PROGRAM 1S USED TO CALCULATE A YAW RATE AND CORRELATE IT TO B DYNA

#IC UARIRBLE

12 REM %% CLOCK IN SLOT 4

14 REM *%% PRINTER IN SLOT 1

18 REM %% LERP YEBR (L=1)

é; HOME : UTAB 2; PRINT * 00 MOT TEST HITH NORTHERLY HINDS “: PRINT : PRINT :
INT

18 REM FOLLODWING TESTS LIMITS OF TEST

189 PRINT * THIS PROGRAM CORRELATES YAW*: PRINT * RATES TCO 8 DYNAMIC UORIABLE®:

PRINT “ vaH RATE BIN # IS 1 DEG PER SEC*: PRINT * HAX VALUE IS 35 DES PER SEC."

28 PRINT = INPUT “ INPUT LOW BND HIGH RPM URLUES FOR TEST 7 “:LS.HS
21 PRINT : PRINT : INPUT “ INPUT 1 UOLT=7 AND CRPM=7 “;U1,CRPM
22 INPUT * INPUT TEST FURL ANGLE 7 “;FURL

23 HOME : UTAE Z2: PRINT "RPM IS CHANNEL 1%: PRINT : PRINT

38 PRINT : PRINT “DIRECTION OF ROTATION FOR TEST™
35 PRINT “ ENTER @ ‘17 FOR CLOCKMWISE"

38 PRINT * ENTER R “8“ FOR COUNTERCLOCKWISE®
37 PRINT @ INPUT “ ENTER = “;0P

S8 INPUT * INPUT YAKM POSITION CHAONNEL 7°;CYRH

91 INPUT “ IWPUT DYNAMIC POSITION CHANNEL 7 “;COYM

58 REM 24 POINTS RRE SAWPLED AND SPWPLE TIME IS APPROXIMATELY 8.5 SEC.
88 0% = CHR$ (4): REM SETS CNTRL O

21 PRINT O$:*NOMON C.I1,0%

82 INPUT “INPUT NRME OF DYN UARIRBLE 7 “;U$

83 PRINT U$:“PR¥1"

24 PRINT * CORRELATION OF YA RRTE US “;uUs: PRINT : PRINT D$:“PR#g*
85 60SUB 2009: B0SUB 3emw:BEGIN = STO

99 DIM DYC47),HAXC IS D -MNC 35 2N 35 5,5 SBARC 35 ), MEANK 35 ),5E( 35 )

95 FOR I =8 TO 35:MM(I)> = 2055 NEXKT I

188 PDKE - 15871.CYAH

118 ¥iP = PEEK ( - 15872) .

1z8 G0SUB 20809: REM GET TINE RS TS

128 FOR T =1 TO 24 POKE - 15871.COWM:DW(I)> = PEEK ¢ ~ 158720 NEXT 1
148 POKE - 15871,CYAK

158 Y2P = PEEK ( - 15872)>

168 Ti% = T$: 60SUE 2966

178 REM GET ELAPSED TIME

188 GOSUB 3@89a:S2 = STD

198 T$ = T1%: G0SUB 3988:S51 = STD

28a ET = 52 — S1

228 REM CONUERT YAWRATE TD DEG PER SEC.

221 YO = ¥2f - Y1p

=1 AND Y0 < B THEN 106

238 PRINT “ YAM RATE OUT OF RAMGE™: PRINT * YAW RATE = “;¥x
239 G6OTO 188

248 REM CALC DYN UARIABLE

245 DH = @:0L = 255

238 FOR I =1 70 24

268 IF DY(I) > DH THEN DH
a7 IF DW(I> < DL THEM DL
285 NEXT I

298 AMPL = (OH - DL> » 2
291 PRINT : PRINT "YAH RATE= ;Y. “RHPL= “:AMPL
0@ REM UPDRTE BINS

DY(12
OY¥I>

nn
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31 IF AMPL > MARXCYZ) THEN MERX(YXZ) = GMPL

32A  IF AMPL < HNCYR) THEN MNCYZ) = adPL

338 NCYx) = NM(YZY + 1 '

348 MEANCYX) = (AHPL + COMNKY2D) — 10 # MEANCYXZDD Y » NOYZD

358 SBARCYX) = (SBARCYXY * (NKYZ) — 1) + BHPL ~ 20~ NOYH)

358 D0 = ABS (SBAR(YX) — MEAN(YZ) ~ 2O

368 SE(YZ)> = SOR (GQ)

379 REM RPH TEST

375 POKE - 15871.1

377 RPHM = (CRPH ~ Y1) * PEEK ( - 15872)

360 IF RPM < LS OR RPM > HS THEN 382

381 GOTO 39¢ '

282 PRINT : PRINT “RPM OUT OF LIHITS": PRINT : PRINT * BIM DATR NOT UPDRTED®
383 FOR WZ = 1 TO 288@: NEXT W2

384 BOTO 375

39@ REM STOP:=**PRESS CNTRL 2

392 XX = PEEK ( - 18384>

393 IF XX < > (128 + 26) THEN 1880

486 REM PRINT OUTS

432 HOME = UTAB 12: INPUT “INPUT COMUERSION FRCTOR FOR DYNAHIC UARIABLE. I.E. C
ONUERTS DIGITAL DATA TO DESIRED UALUE 7 (USE 1 IF DIGITAL DATA OESIRED> 7 “iCE
425 REW GET DRTE AMD TIME OF TEST

466 BOSUB 5808: PRINT

487 GOSUB 4068

468 PRINT D$;“PR4L"

4BS  PRINT “RPH FOR TEST HAS BETHEEM “:LS;“ AWD “:HS: PRINT “FURL RMBLE FDR TEST
HWAS “;FURL:* DEG"

419 IF QP = 1 THEN PRINT “ROTATION WAS CLOCKWISE®

411 IF OP = @ THEN PRINT “ROTATION MAS COUNTERCLOCKHISE"

412 PRINT

415 FOR I =8 70 35

428 IF M(I) = B THEN 45@

438 PRINT “ YAWRATE (DEG/S)>= ";i

435 PRINT *M= “:NCI);% MAX=":;(5 # MAXCI % HIN=";C6 * MNCI)3" HEAN=";CB ¥ MEANC
I)s* STO DEU=";CG * SECI)

448 PRINT

458 NEXT I

435 PRINT D#:“PR¥@*

468 END

Zboe  REM

2885 REM ### SUBR — GET THE TIHE

2918 REM +++ THESE MEED TO BE CHANGED IF DISK IS NOT USED

2824 SLOT = 4

2925 REM FOR SLOT 4 ONLY*e*
2030 PRINT D%;*In";SLOT
2648 PRINT D$:“PR¥":SLOT
2058 INPUT “ “5T%

20688 PRINT O%:*INs0"

2079 PRINT D$;“PRea"

2888 RETURN

3808 REH

3081 REM FOR LERP YERRE#EzL=1
3085 REM SUBR - STO

3918 REM CRALCULATE SECOMDS TO DRTE FOR ERCH TIME (STD>
3026 REH THIS IS THE NUMBER OF SECDNOS SINCE JANURRY 1
3830 REM DD THIS FOR STRING TIME 7%

mm REM RETURN @ MUMBER - STD

2960 REM FIND #7S5 FOR DATE AND TIME
3670 HT = UAL { HIDS (T$.1,2)0

D= URL ( MIDS (T$.4,2))
3096 H = UAL ¢ HIDS (T$,7.2))

M= WAL ( MIDS {T$,18.2))
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3119 S = VAL ¢ MIDS (T$.13.6))

313@ REM CALCULATE DAYS TO DATE - DTD

3135 RESTORE

3146 OTD = 8

2158 FOR I =1 TO HWT

3150 READ J

3178 DTD = OTD + J

3188 NEXT I

3268 DATH 8.31,28,31,360,31,30,31.31,38.31,30,31

3285 REM RDD IN DAYS AND LEPP YEAR DAY

3218 DTD = DD + O :

3230 IFHT >2 AND L = 1 THEN DTD = DTD + 1

3248 REM FIND SECONDS TO DATE - STO

3256 STD = DTD * S5458 + H + 3608 + M % 528 + §

3306 RETURN

4006  REM

4B1@ REM SUBR — PUT SECONDS INTO DRYS, HOURS. MINUTES, SECONDS

4828 REM GIUEN ET IN SECONGS

4925 PRINT D$:*PR#1

4830 ET = STD + €T - BEGIN

4048 D = INT (ET ~ 85490)

4858 ET = ET - [ * 86480

4058 H = INT (ET - 3688)

4079 ET = ET — H + 3600

4086 H = INT (ET / 68>

4898 § = ET ~ M * 62

491 PRINT : PRINT : PRINT "ELAPSED TIME OF TEST MAS: “: PRINT

4892 PRINT ,D;" DAYS"

4¢33 PRINT ,H3* HOURS*

4@94 PRINT ,H;* HINUTES™

4995 PRINT ,S;% SECONOS™

4836 PRINT : PRINT : PRINT

4697 PRINT D$;"PR#G*

4188 RETURN

5600 REM SUBROUTIME FOR DATE AND TIME

Sea1 REM WILL PRINT TO SCREEN OR PRINTER

S@1@ REM %+ APPLESOFT DATE AND TIHE #3+

5626 REM

5039 REM #e%%EE BY SHERT HUHONEM S53ssss

5840 REM

5858 REM

5068 D$ = CHRS (4)

SB79 PRINT D$;"NOMOM 1,0,C*: REH PREUVENT DISK COHMANDS FROM PRINTING ON SCREEM
5@69 SLOT = 4: REM FOR CLOCK IN SLOT dx+x

5698 YEARS = “1998°

5128 REH READ THE TINE

5138 REM

5148 PRINT D$;“IN#*;SLOT: REM SET INPUT TO CLOCK

5158 PRINT DS;“PREY;SLOT: REM SET OQUPUT TO CLOCK

5178 INPUT * *3T$: REM OBTAIN TIME

5189 PRINT D$:*IN#9“: REM RESTORE INPUT TO KEYBORRD

5198 PRINT D$;"PRAG*: REM RESTORE OUTPUT TO CRT

5260 REM :

5218 REM OBTRIM MONTH, DAY, HOUR....ECT

5229 REM
5230 MTHS = LEFTS (T$.,2)
5042 DAYS = HIDS (T$,4,2)
5258 HOURS = MIDS$ (T$,7.2)
5268 MINUTES = HIDS$ (7%,18.2)
5279 SEC$ = HIDS (7%,13.2)
5280 FRACS = RIGHTS (T$.3)
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SIes
5318
5328

5340

5368
5378

5468
a1
S42@
5430
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REM .

REM  OBTAIN MONTH ¢ JAMUARY. FEBRUARY...)

REM

HTH = UAL (MTH$): REM FIND DECIMAL # FOR HONTH
RESTORE = FOR I = 8 TO 12: READ DD: MEXT I

FOR I =1 TO WTH

READ MTHS$: REM FIND NAME OF MONTH

HEXT 1

DATA  *JANUARY" , “FEBRUARY™ , “HORCH® » “APRILY , "HAY" , “ JUNE®
DETA  “JULY“ . “AUBUSTY , “SEPTEMBER" . “OCTOBER* » “NOUEMBER" , “DECEHBER"
REM

REMH OUTPUT DATE AND TIME

REH

PRINT D$;“PR#1"

PRINT “DATE:z “;MTHS$;* *;0AY$;“, “;YCARS

PRINT “TIME: “;HOURS:*:“;HINUTES;":*sSECS;" . " ;FRACS
PRINT O%:“PR#8" '

RETURN
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"Bin Plot"™ Programs

Program Logic

1.
2.
3.
4.
5.

9.

10.

Provide operator instructions
Name data test file to be plotted
Display menu

Select plot

Read data

Note: Steps 4 and 5 may be reversed depending on

the plotting program

Calculate "X" position based on bin number
Calculate "Y" position based on scaling factor and
bin data, to include maximum, minimum, mean,
standard deviation and number of samples as
desired

Plot data on axis scale which was previously
loaded in graphics memory

Go to #4 and repeat

End
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1FEee

REM THE BINPLOT.HWINDZ PROGRAM

REM £

OIM MN(35,2)-MANC 35,2 ) AMERANC 35,2 1,0 35,2 ),5E( 35,2

HOME : UTAE ©

PRINT t PRINT " TYPE —CONT— AFTER PLOT IS ORAMWN“: PRINT : INPUT * PRESS RET
URN TO CONT.";WE

9 HOME = UTAB S

16 0¥ = CHRS (4)

28 INPUT “MAME TERT FILE FOR PLOTTING? *;:2¢

21 PRINT = INPUT * INPUT OATA DISKY:Hs

22 PRINT Ds;'HEIN C,I.0%

24 PRINT D&:;"0OPEN “;Z2%: PRINT D$:*REQD “;Z2%

48  INPUT U1 ,CHIND,CRPH.CCYCP

58 IWPUT SETS.H$,TIME.BP.REU

82 FOR S =1 TO SETS

9 INPUT KadaNC oK D MAKCJK 2o MEANC LK 2180 J 2K 3 - SEC J-K 2 -SBAR
1A NEXT &

145 PRINT D$;“CLOSE “;:2¢

187 PRINT @ INPUT *® INPUT BINPLOT DISK" iWs$

118 HOWME @ UTAE S: PRINT * SELECT PLOT": PRINT

111 PRINT ,"RPM=1%:r PRINT »“CYCLIC PITCH=2“: PRINT ,“SEMPLE FREGUENCY=3"
112 PRINT -"PRINT GRAPH=*

114 PRINT = INPUT * ENTER SELECTION > “;0P

115 O QP G0OTD 122.308.1008.7000

126 K = 1

HER

POKE - 16382.,8

HCOLOR= 2

PRINT D$:“BLORD RAXIS—RPH"

CR = CRPH ~ Ul

FOR =1 TO 35

IF NCJLKD) < 18 THEN 258

X=42+ %7

R = HERMNCJLK)> ¥ CR

605U Sae

R = HEFIN(J.-K) # CR + SE(J,K> ¥ CR: GOSUB 588
g1

R = HERN(J.K) # CR - SEC(J,K> ® CR: GOSUB 5ee
Rz

oo = o P

125

126

127

128

13@

149

145

174

180

218

215

2z

225 F

228 Y1 INT { - .4677 * R1 + 155.5)
227 42 INT ¢ ~ .4677 * R2 + 156.5)
2368
232
258
276
289
368
310
315
3268
336
349
359

it II H

IF ¥2 > 156 THEN ¥2 = 1356
HPLOT X,¥Y1 TO X.¥2

NEXT J

STOP

TEXT

60TC 118

K=2

HGR 1 HCOLOR= 3

POKE - 16382.,8

PRINT D¥:“BLOAD AXIS-TAU“
CC = CCYCP ~ Y1

FOR 0 =1TO 35

IF NCJ,K) = @ THEN 478

3?8C=W(J;K)*CC:&)SUBBGB

388 [ = HEANCJ,K)> * CCr GOSUB 608

398 C = MM(J,K) * (C; 60SUB 699

498 C = HEAMN(J.K) * CC + SE(J.K>» *# CC: GOSUB Gée



Short Title: Yawed Flow On Wind Turbine Rotors gwift, D.Sc. 1981
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413 C1 = C

420 C = MEAMCJ.K) # CC — SECJ.KD> *# CC: 60SUB 600
438 L2 = L

443 ¥1 = INT ( ~ 12.8808 * C1 + 156.3)
450 ¥2 = INT ( - 12.8989 * (2 + 156.35)
455 IF ¥2 > 156 THEM ¥2 = 156

468 HPLOT Xl.¥Y1 TO X,¥2

478 NEWT J

480 STOP

485 TEXT

498 60TO 118 :

588 ¥ = INT ¢ ~ 4877 * R + 156.5)
S@s IF ¥ > 156 THEM ¥ = 106

568 IF Y <4 THEN Y =@

518 HPLOT X — 2.¥ TO X + 2.Y

528 RETURN

GE@ ¥ = INT ¢ - 12.888 * C + 156.5>

6835
6&6
618
529
708
7S
787
7la
715
716
7ze
38
739
744
58
55
78a
1062
181e
1828
1839
1848
1850
1855
1968
1104a
1118
1128
1138
1144
1145
1158
1178
1184@
1198
1266
12605
121@
1228
1238
1249
1254
1266
1278

IF ¥ > 156 THEN ¥ = 156
IFY <4 THEM Y = B
HPLOT X — 2,% TO ¥ + 2.9
RETURN
PRINT D$;“PR#L"
PRIMT = PRINT
PRINT “NAME OF TEST FILE 1S “:i2%
PRINT “START TIMHE= “iH$
?giﬁT u  (WMTH/DY HR;MIN;SEC.FRAC!
T
PRINT “ELAPSED TIME= “;TIME;" HOURS™: PRINT
PRINT “YAW ANGLE= “5BP;* DEGREES": PRINT
PRINT “ RUTCROTATION DATA™
PRINT .“ ROTOR REV.(CALC>= “:REV;" REU.
PRINT : PRINT : PRINT
PRINT O$;"PR#a"
HETURN
REM SUBR FOR SAMPLES PLOT
GOSUE 781
H6R : HCOLOR= 3: POKE - 16382,8
PRINT O%;*BLORD AXIS—SAHPLES"
K=1
FOR J =1 T0 35
IF NCJ,K)Y = & THEN 1248
X=42 + )7
REM CALC LOG N

I1 =1
El1=1@ ~ 11

IF (NCJ-K2 — E1Y € @ THEN 1179
I1=1I1+1

IF 11 > &8 THEM STOP

60TQ 112w
I2=1

E2 =19 ~ ((I1 - 12 + (12 7 24))
IF (N(J.K? = E2) < 8 THEN 1229
I2Z=12+1

IF 12 > 24 THEN STOP

60TO 1189
¥ =156 - (24 ¥ (11 - 1)+ (12 =10
HPLOT X,Y

NEXT J

sSTOP

TEXT

B50T0 118



7e8s
7aia
7B29
7848
PBID

761

TB66

7588
18
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REM PRINT SUBROUTINE
HOME = UTAR 1&

PRINT “LARGE OR SHALL PLAT (L-S)*
INPUT * ENTER > “;aNSS
IF RANS$ = “S* THEN 7500
REH PRINTS LGRSE PICTURE
REM PRINTER IN SLOT 1
POKE 1272.,8

POKE 1144,32

POKE 14849.,]

POKE 1528,128
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b

REM THE BINPLOT.WINDS PROGRAM

DIM NC3T)-MAKC 3T 2. HEANS 35 2, MNC 35 3,5E( 357,5BARC3S )
HOME : UTEBE S
PRINT “  RESET HWIMEM IF REQUIRED®: PRINT : PRINT

PRINT : PRINT " TYPE —CONT— AFTER PLOT IS DRAMN“: PRINT : INPUT *  PRESS RET
URN TO CONT.";uk$

9 HOHE : UTAB S

12 0% = CHRS (4D

15 PRINT O$5;%HON C,1.0"

17 R2x = @

Z@  INPUT “NAWE TEXT FILE FOR PLOTTING? “;2%

25 HOME : UTRB S: PRINT “SELECT PLOT": PRINT * MALMWAYS SELECT TITLE FIRST": PRI
NT

26 PRINT ,"@.PRINT GRAPHM (SMALL)": PRINT ,"1,TITLE PREE": PRINT ,“2.SAMPLE FRER
UENCY*: PRINT “3.RPM“: PRINT ,“4.CYCLIC PITCH BHPLE."

27 PRINT .*5.GEM. POMER“: PRINT .*6.ROTOR POMER™: PRINT ,“7.EFFICIENCY": PRINT
S8 THRUST*: PRINT : IMPUT *  EMTER SELECTION > "GP

28 IF GP =1 THEN 35

[ ENTO N ]

29 IFGP =8 THEN K =6

38 IFGP =2 THEN K =1

31 IFQP =3 THEN K =1

32 IFGP =4 THEN K =3

3P IFR =5 THEN K =2

34 IF GP = 6 THEN K = 4

35 IFF =7 THEN K =35

36 IF BP = @ THEN 7288

39 PRINT “SETS= “;87

4 RZ% =25 + (K- 1) % (ST~ 6)*8

41 PRINT “R2= “;RZ%

S5 PRINT : INPUT * IMPUT DATR DISK*:sW$: PRINT D$:"OPEN *;Z8
S6 PRINT D$:“POSITION “;2%3".R "3RZ%
57 PRINT D$:“READ “:Z#

58 IF RZ¥% > 6 THEN 8@

88 INPUT Ul,UM-UR.UC,UT-UFUY.U0

65 INPUT 01,02,03.04.05,06.FC

78 INPUT K1$.K2%.K3%.K4$,.K35,.K6%

75 INPUT ST.H$.TIME.REY

76 IF RZ% = B THEMW 185

88 FOR S =1 TO ST

81 ONERR 607D 185

g2 INPUT KT

85 IF KT > K THEN 185

88 IF KT = > K THEN STOP

9B IMPUT J.NCJD.HAXCD D -HEANE 3 -HNCJ 3 SEC 4 Y -SBRRCJ D
188 NERT &

185 PRINT D$:;“CLOSE “;Z%

186 INPUT * INPUT BINPLOT DISK“:;H$
187 ON QP GOTO 709.1900,120.360,2000 30900 .4008 , 3098
12e¢ REM AP

124 HER

125 POKE - 15362.8

126 HCOLOR= 3

127 PRINT D$:*BLOAD AXIS-RPH"

126 CR = UR ~ U1

138 FOR J =1 TD 32

144 IF (1) = B8 THEN 256

145 ¥ =42 + 1 * 7

178 R = HEAN(J) * CR

189 GOSUB 588

218 R = MEANJ) * CR + SE(J> # CR: GOSUB Se9
215 R1 = R
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2@ R = MEAMC.JY ¥ CR — SE(J) * CRr GOSUB 588
225 R2 = R

226 ¥1 = INT ¢ - 4877 # R1 + 196.5)

227 ¥2 = INT { — .4877 * R2 + 136.5)

238 . IF y2 » 156 THEN ¥2 = 156
232 HPLOT XK.¥1 TO X,42

258 NEXT J

268 STOP

278 TEXT

2898 60TD 23

30@ REM PLOT ROUTINE

318 HER : HCOLOR= 3

315 POKE - 16382.,8

320 PRINT 0$:“BLOAD AXIS-TRU™
3@ CC=UC -1

348 FOR J =1 TO 32

358 IF N(J) = B THEN 479

42 + S % 7

MAM(J» * CC: GOSUB G660
HEANCJ)Y + CC: GOSUB 688
HMCJ) ¥ CC: GOSUB 668
HEFN(J) % CC + SECJ) *= CC: SOSUB 689

ngnnnnx
Ihwtyn

=C
HEFIN(J) ® CC - SE¢J> # LC: GOSUB 628

&
-y
Q

=L

ag@ Y1 = INT ¢ - 12,888 = C1 + 136.352
495 IF ¥1 < 4 THEN Y1 = 4
458 ¥2 = INT ¢ - 12,298 % C2 + 196.57
455 IF ¥2 > 156 THEM ¥2 = 138
468 HPLOT X.¥1 TO H.Y¥2
47@ MNEXT J
488 STOP
485  TEXT
498 GOTO 25
Sem ¥ = INT ¢ — 4677 * R
5@5 IF ¥ > 196 THEN ¥ = 56
566 IF Y <4 THEN Y =0
518 HPLOT X — 2,¥ TO X + 2,¥
Sz@ RETURN
GO ¥ = INT ( - 12.288 = C + 196,57
GBS IF ¥ > 156 THEN ¢ = 156
BB IFY <4 THEN Y =2
§18 HPLOT ¥ — 2.Y TO % + 2.¥
528 RETURMN
788 PRINT O%;“PR#1"
785 PRINT
767 PRINT “FILE NANE IS “;:2¢
718 PRINT “START TIHE= "-HS
V20 PRINT “ELAPSED T1 “cTIME;" HOURS®
739 PRINT “FURL PRNGLEC INCL. TILT OF ROTOR) =";D6;* DEE"
748 PRINT “ ROTOR REV.C(CALC»>= ":REU;* REV.
75@ PRINT “OME YOLT=;Ul:;* CWIND=" UMWY CRPH=®;UR:" CC‘:’PTCH=";U€
768 PRINT “CTORQUE=*;UT;* CFLAP=";UF:" CH'RHPDST=";U‘|' CGEN. UBLTS"“ UV
778 PRINT “TEMP (DEG E: »301;" PRESSCATH)=";D25" CORR. FAC.=":FC:"* HWIMD DIR="
;03
798 PRINT “SEN. LORD COHMS>=":04;* GEAR RATIO=";09;* TO 1*
798 PRINT K1s:" “:K2s:" VK38
awd PRINT K4$;%  “;KS%;" “iKE¥
818 FRINT
82@ PRINT D$:“PR#@"

&0TC 25

m REM SuBR FOR SAMPLES PLOT
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1926 HGR : HCOLDR= 3: POKE - 153682.8
1828 PRINT D$;“BLORD AXIS-SAMPLES®
1958 FOR 4 =1 TO 32

1855 IF N(J> = @ THEN 1249

1660 X = 42 + J % 7

11ge REM CRLC LOG N

1118 I1 =1

1128 €1 = 18 ~ 11

1138 IF (MCJY — E1)> < @ THEN 1178
1149 11 = 11 + 1

1145 IF I1 > & THEN STOP

1158 6070 1128

1 la =1

1182 £2 = 18 ~ (11 = 1) + (12 7 243D
1198 IF (N(J) — E2) < B THEN 1229
iz2ep 12 = 12 + 1

12@5 IF Iz > 24 THEN STOP

1214 BOTC 1188

1228 ¥ = 156 — (24 #= (11 — 1) + (12 - 12
1238 HPLOT X.Y

1248 NEXT J

1258 STOF

ize68 TEXT

1278 6070 25

2e@M REM GEM POMER PLOT

2018 HER : HCOLOR= 3: POKE - 16382.8
2828 PRINT [$;:*BLORD AXIS-6.PHR"
2e22 FOR J =1 7O 32

2024 MAR(J) = BrMNCJ) = 8

2625 NERT J

op3@ CC = ((C(UU # 1.83) ~ Ul) ~ 2> 7 D4
2635 CC = CC ~/ 1688

2e49 BOTO 348

300 REM ROTOR POHER '
3918 HGR : HCOLOR= 3: POKE - 163082,0
2020 PRINT D$;"BLOAD AXIS—R.PHRY
3022 FOR J =1 T0 32

2024 WAX(J)Y = BN I) = 0@

3025 NERT J

3636 CC = (UT * UR & .185) ~ (U1l ~ 20
3035 CC = CC - 1984

3848 GOTO 348

4@ REM EFFICIEMCY

4919 HER : HCOLOR= 3: POKE - 16382.9
497@ PRINT D$:*BLOAD AXIS—EFF."

4922 FOR J =1 TO 32

4924 HRA(J) = BNCJ)Y = 0

4825 NEXT J
4B3GCC=((UU*1.B3)AE)/(UT*UR*.195'1-04)
4935 CC = CC + 18

448 S0TO 348

SAe® REM THRUST

5@18 MGR : HCOLOR= 3: POKE - 16382,8
5828 PRINT D$:“BLORD AXIS-THRUST"
5038 CC = LY ~ U1

5835 CC = CC ~ 158

5649 6070 348

7000 REM PLOT SUBROUTIHE

7918 HOWE : UTAB 18

7828 PRINT “LPARGE OR SMALL (L-S5)"
V938 INPUT » ENTER > “:RNS¥
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IF ANSS$ = “S*" THEN 7568
REH  PRINT LARGE PICTURE
REM PRINTER IN SLOT 1
POKE 1272,0

POKE 1144,32

POKE 1486.1
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IPR#9
ALIST

REM THE BINPLOT.WIND2.FAST PROGRAM
REM %exx

QI+ NC3S 2aHAXC 3T YAHERM 353 ,-MN 35 ),SE( 39 ),5BARC3S Y
HOME = UTRE S
-PRINT ©  RESET HIMEM IF REQUIRED": PRINT : PRINT

PRINT = PRINT * TYPE —CONT— RFTER PLOT IS DREWN": PRINT @ INPUT *  PRESS RET
URM TO CONT.*:H$

89 HOME : UTAB 5

18 0% = CHRS (4

15 PRINT D$;:“MON C.1.0¢

17RZz =8

Z@ INPUT “NAME TERXT FILE FOR PLOTTING? “:2$

2?_ HOME : UTEE S: PRINT “SELECT PLOTY: PRINT " RBLMAYS SELECT TITLE FIRST": PRI
N

26 PRINT ,*8,PRIMT GRAPH (SHALL >“: PRINT ,"1.TITLE PAGE": PRINT .“2.SAMPLE FREG
UENCY": PRINT ,“3.RPM": PRINT ,“4.ROTOR POWER"

27 PRINT @ INPUT * ENTER SELECTION > “:GP

Wymubw

28 IF GP = 1 THEN 35

380 IFOP=2THENK=1
31 IFQP =3 THEN K=1
32 IFGP =4 THEM K = 2
36 IF OGP = & THEN 7oue

39 PRINT “SETS= ;8T

B RZAL =25 + (K - 1) % (5T » 2) % 8
41  PRINT “RZ= "“;RZ%

55 PRINT : INPUT “ INPUT DATR DISK":H$: PRINT O$:“0OPEN ":Z¢
96 PRINT D$:*POSITION “:2%:",FR “:R2%
37 PRINT D$:"READ “:Z2%

58 IF RZx > 9 THEN 88

g8 INPUT U1.UHLURLUCUT AUF UV .U

65 INPUT 01.02.03.D4.05,06,FC

78 INPUT K15.K2%-K3%.K4%,K55,KE8

79 INPUT ST.H$,TIME.REV

76 IF RZ% = 8 THEM 185

88 FORS=1T0D ST

81 OHERR 607D 185

82 INPUT KT

85 IF KT > Kk THEM 185

88 IF KT « > K THEN STOP

26 INPUT JaNCJ D - HAKCLD A MERNC J 3 MW .4, SECI.SBARCI D
18m NEXT S .

135 PRINT (O%;“CLOSE ;2%

186 IMPUT * INPUT BINPLOT DISK":H$
187 (N QP GOTO 799.1000.128.3008
126 REM RPH

124 HG6R

125 POKE - 16382.0

126 HCOLOR= 3

127 PRINT D$;“BLORD RXIS—RPH*

128 CR=UR - 11

138 FOR J =1 TO 32

1498 IF NLJ> =8 THEN 258
1a5 X =42 + J ®# 7

178 R = HEANCJ) * CR

218 R = HEQN(J) * CR + SE(J)> # CR: GOSUB 500
21S Rl =R

228 R = HEFIN(J) # CR — SE(JY # CR: &0SUB Soa
225 R2 =R

226 ¥1 = INT  — .4677 *® R1 + 156.5)

227 v2 = INT ( — .4677 % RZ + 156.35)



449 Y1

445
456

456
479

5hA

o]
518
Sze
= ]

518
528

785
787
718

818

1838
1858
1855

R

Y2 =

¥ =

¥ =

IF ¥2 > 156 THEN Y2 = 1356
HPLOT X,¥1 TO X.¥2

T NEXT J

80T0 25

REM PLOT ROUTIHE

H6R = HCOLOR= 3

POKE — 15382,8

PRINT D$;“BLORD RXIS-TAU"

=

= INT ¢ ~ 12,008
IF ¥1 < 4 THER ¥1 =
INT ¢ — 12.09@
IF ¥2 > 156 THEN ¥2
HPLOT X,¥1 TO R.¥2
MNEXT J

STOP

TEXT

BOTD 25

INT ( = .4B77
IF ¥ > 156 THEN ¥ = 136
IFY <4 THEN Y =

HPLOT % — 2.9 TO ¥ + 2.Y
RETURN

N bF

156

@

IF ¥ > 156 THEN ¥ = 156
IFY<a THEMY = B
HPLOT X — 2.¥ TO X + 24Y
RETURN

PRINT D%;“PR#L"

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRIMT

sE£TLE NAME IS
uSTART TIHE=

;2%
¥ HE

“OME UOLT=";Ui:"
»CTORGUE= ;UT 3"
“TEMP (DEG C)>=*;D1:"

PRINT “GEN. LORD (OHHS)=": "
K3
u;KES

PRINT K1$:"
PRINT Ka$:“
PRINT

PRINT D$:“PR¥8"
60TO 25

- =1
» ’

wiKO¥*

REM SUBR FOR SRMPLES PLOT
- 13332!8

HER @ HCOLOR= 3: POKE
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= HEAMCJ) * CC - SE(J)> # CC: 60SUB 08
£1 + 198.5)
c2 + 156.5)

R + 156.5%

INT ¢ - 12.898 * C + 156.57

“ELAPSED TIME= *;TIHME:" HOURS"
“EURL PNSLEC INCL. TILT OF ROTOR >
« ROTOR REV.CCALCI= “:REV:" REU.
CHIND="sUM:"
CFLAP="UF;"

PRESS(ATH ="3

PRINT 0$:“BLOAD AXIS-SAMPLES®

FOR J =
1IF M)

TO 32
8 THEM 1248

nr

-
»

=*;085" DEG"

CHPM="UR;"
CYRAWPOST=";UY s

CORR

COYPTEH=" sUC

»  COEN.VUOLTS=":UY
.FAC.=";FCi“ #IND DIR="

SEAR RATIO=";D5:* TO 1*
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R=4z2+ Jx7

REH CALC LOG N

I1=1

El =18 ~ I3

IF (MCJ» - E1) < B THEM 1178
It =J1 + 1

IF I1 > 8 THEN STOP

6070 1126

I2=1

E2 = 18 ~ ((I1 = 1) + (12 » 24))
IF (KJ) — E2> < B THEN 1220
I2=12+1

IF 12 > 24 THEN STOP

GOTO 1188

¥ =156 -~ (24 ® ([1 - 1) + (12 - 1)
HPLOT X.%

NEXT J

STOP

TEXT

B60TQ 25

REM GEN PDOHER PLOT

HER 1 HCOLOR= 3: POKE -~ 16382.8
PRINT D%;“BLDAD AXIS—6.PHR™

FOR J=1 TG 32

MAX()) = BsHNC U ) =

NEXT J

CC = (Y = 1,83 » Ul> ~ 2> » 04
CC = CC 7 199@

GOTO 348

REM ROTOR POMER

HBR = HCOLOR= 3: POKE - 15362.4
PRINT D#$;“BLORAD AXIS—R.PHRY

FOR 0 =1 TO 32
HANCID) = BeMNC 4> = B

NEXT J

CC = (UT * UR * 185> ~» (U1 ~ 2>
CC = CC ~ 188@

GOTO 348

REM EFFICIENCY

HBR : HCOLOR= 3: PDKE - 15382.4
PRINT D%:“BLOAD AXIS-EFF.“

FOR J=1T0 32

M) = Bzt UY = 8

MNEXT J

CC = ((W) = 1,832 ~ 2) » (UT # UR # 185 = D4
CC = CC % 14

HGR : HCDLOR- 3: POKE - 15382.8
PRINT O$:“BLOAD AXIS-THRUST"
uy ’ U1

3
2
8
'32?

REH PLDT PICTURE

HOME : UTAB 10

PRINT “LARGE OR SHALL (L-S)*
INPUT * ENTER > ";ANS$

IF ANSS = “S“ THEN 7560

REM PRINT LARGE PICTURE
REN PRINTER IN SLOT 1

POKE 1272.8
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POKE 1144,32
POKE 1488,1
POKE 1528.128
POKE 1556»1
CRLL - 16066
60TD 25

CALL - 16845
60TO 20
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e

REM THE BIMPLOT.RPHE PROGRAM
REM *%%3%

OIM MK 35 FaHAKC 350, HEANK 35 2.HM 35 ) ,SE( 25 ),5BRR( 352
HOME : UTHEB 5
PRINT “ RESET HWIMEM IF REQUIRED™: PRINT : PRINT

PRINT = PRINT “ TYPE —CONT— AFTER PLOT IS DRAHN“: PRINT : INPUT *  PRESS RET
URN TO COMT."; :

9 HOME : UTAE 5

12 D$ = CHR® (4)

15 PRINT D%:"HOM C,I.0"

17 RZx = @

2@ INPUT “NAME TEXT FILE FOR PLOTTING? “s:Z¥%

fﬁ_ HOME = UTAB S; PRINT “SELECT PLOTY: PRINT " HALWAYS SELECT TITLE FIRST": PRI
25 PRINT .“9.PRINT GRAPH (SMALL)*: PRINT ,“1,TITLE PAGE“: PRINT ,*2.SAMPLE FREG
UENCY“: PRINT .“3.MEAN FLAP“: PRINT ,“4.FLAP AHPL."

27 PRINT .“S.FRONT ACCEL. *: PRINT ,“6.IM PLANE AMPL.“: PRINT ,*7.\. BOOH ANPL.

[ ENE-Fd RN

“s PRINT ,“8.CYCLIC PITCH AMPL,*: PRINT : INPUT * ENTER SELECTION = “;:QF
28 IF BP = 1 THEN 55

29 IFOP =8 THEN K =6

3 IFEP =2 THEWN K = 1

31 IFBP =3 THEN K =1

32 IFGP =4 THENK = 2

32T IF9P =5 THEN K = 3

34 IFGP =6 THEM K = 4

3/ OIFOP =7 THEN K =5

35 IF QP = @ THEM 7008

39 PRINT “SETS= “;ST

A RZEL =25 + (K~ 1) # (ST /B> * 8

41 PRINT "RZ= “;Rz%

55 PRINT : INPUT “ INPUT DATA DISK“:;W$: PRINT D$:OPEN “:Z%
56 PRINT D$;“POSITION “;2%:",R "2

57 PRINT Os$;"READ “:2¢

58 IF RZx > @ THEN 88

60 INPUT U1, UB.UR,UC.UT,UF,UY,LR)

65 INPUT D1.D2,03,04.05,08,FC

7R INPUT K1$.K2%.K2%,K48-K55,KE$

75 INPUT ST.HS,TIHE.REV

76 IF RZxz = @ THEM 185

88 FOR S =1 TO ST

81 DMNERR GOTD 185

82 IMPUT KT

85 IF KT > ¥ THEM 185

86 IF KT < > K THEN STOP

OE TNPUT J.0CJ D MR D HERNC .S 32 HN ) ) 8EC J2.5BARC))
188 NEKT S

165 PRINT D$;“CLOSE “;Z%

196 PRINT = INPUT * INPUT BINPLOT DISK" ;WS

197 ON BF GOTO 708.1000,2008 ,3000 4000 5000 6008 ~388
369 REM PLOT ROUTINE '
318 HER @ HCOLOR= 3

315 POKE - 16362.8

326 PRINT D%;“PRE1"

322 PRIMT * PLOT OF CYCLIC PITCH AMPLITUDE US RPM FOLLDHS®
324 PRINT * OME UOLT = “:UC;“ DEGREES"

325 PRINT D#:"PR#g"

327 PRINT D$:*BLOAD AXIS-UVOLTS/RPHY
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II%%

RNCJD) * CC: GOSUB 588
J> %= CC: BOSUB 628
HEF!N(.J) # CC + SECJ> * CC: B0OSUB EBR

=

=
HEFIH(J) % CC - SECJ> % CC: BOSUB 680
C

= INT ¢ - 12.808 * C1 + 155.57
= INT ¢ - 12.868 * C2 + 156.5)
IF ¥2 > 156 THEN ¥2 = 156

HPLOT X.¥1 TO X.¥2

NEAT J

¥ = INT ¢ — .4677 # R + 156.5)

IF ¥ > 156 THEHW ¥ = 136
IFY<4 THENY =8
HPLOT X — 2, TO X + 2.¥
RETURM

Ba@ ¥ = INT ¢ - 12.688 * C + 156.3)

814

IF ¥ > 156 THEN ¥ = 156

IEY <4 THEN ¥ = B

HPLOT % ~— 2. TO X + 2,

RETURN

PRINT D%:“PR¥1"

PRINT ‘

PRINT "FILE MAME IS “:Z%

PRINT “STRART TIHE= “;

PRINT "ELAPSED TIME= “;TIME:;"® HOURS®

PRINT “FURL ANGLECINCL. TILT OF ROTOR) =*;D6;" DEG®
PRINT * ROTOR REV.C(CRLCX *; 3* REU.

PRINT “OME UOLT=%;Ui;* CBOOM=";UB;" CCYLCPTCH=";UC
PRINT “CINPLMNE=";UT:® CFLAP=";UF;* CF.RCCEL=":¥
PRINT “TEMP (DEEG C)>x=*;D1;" PRESS(QTHF" ;:02;% CORR.FAC.=";FC;"

PRINT “GEM. LOFID ¢ OHMS =";D4;* GERR RATIO=";:D5;* 70O 1"
PRIMT X1 “;Ka%;*  ";KIs

PRINT Ka%s" “;KS%:“ ";KbE%

PRINT

PRINT D$:“PR#O"

BATG 25

REM SUBR FOR SAMPLES PLOT

HER = HCDLM= 3: POKE - 16382.,8

E

IF (MCJ> — E1> < 8 THEN 1178

It + 1

IF 11 > & THEN STOP

8070 1128

2=1
E2 = 18 ~ ((I1 = 13 + (12 7 24))
IF ¢MCJ)> — E2) < @ THEN 1228
2=12 +1

IF 12 > 24 THEN STOP

5070 1188

BY =156 — (24 2 (I1 - 1>+ (12 ~1»

HPLOT X.Y

HIND DIR="



Seie
Sez2
o828
935

G608
€918

6@22
6025

o]
7818
7ece
7848
7859

7861

7964
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NEXT J

STOP

TEXT

8070 25

REM MERM FLAP

HER = HCOLOR= 3: POKE - 16382.8

PRINT D$;:"PR#t"

PRINT ™ PLOT OF MERN FLRP US RPM FOLLOWS®
PRINT * ONE UOLT = “;UF:" NM FLOP BENGING"
C=2-0U1

PRINT [O%;:“PR#GY

PRINT D$:"BLORD AXIS—-VOLTS-/RPH"

60T0 348

REM FLAP PAMPL,

HER 7 HCOLOR= 3: POKE - 168362.8

PRINT DS*“PR#1“

PRINT * PL.OT OF FLAP AMPLITUDE US RPH FOLLOWS“
PRINT * GHE UOLT = “:UF:“ NH FLAP BENDING"
PRINT D$:"PRIO"
CC=2 - -ul

PRINT D%:=BLORD AXIS-VOLTS/RPH™

60TOD 344

REM YRAWPOST OHPL.

HER = HCOLOR= 3: POKE -— 163862.8

PRINT D$“PREL"

PRIMNT * PLOT OF FRONT ACCEL ERDMETER AMPLITUDE US RPM FOLLOWS®
PRINT * ONE UOLT = “;iv;:" .z 6"

PRINT D$:“PRIG*
cC=2-

PRINT D#:;“BLOAD AXIS—VOLTS/RPH™

BOTD 3ad

REM TORQUE AHPL.

HER : HCOLOR= 3: POKE - 16392.86

PRINT D$:"PR#1"

PRIMT * PLOT OF IN PLANE AHPLITUDE VS RPH FOLLOWS®
PRINT ™ ONE UOLY = ";UT;"™ Nt IN PLAME BENDING
PRINT D$;:“PR#G"
CC=27 Ut

PRINT 0%;*BLOAD AXIS-UOLTS/RPM*

BOTO 348

REM U, BOOW AMWPL.

HER 1 HCOLOR= 3: POKE - 16382.8

PRINT D$:;“PR#"

PRINT * PLOT OF UERTICAL BOOW BENDING RAHPLITUDE VS RPH FOLLOWS“
PRINT * ONE UOLT = “;UB;:" N BOOM BENMDING"
PRINT D%:=PRIE"~
=210

PRINT D%:“BLOAD AXIS-UOLTS/RPH"

G0T0 349

REM PLOT SUBROUTINE

HOME : UTAB 1@

PRINT “LARGE OR SHWRLL <L-/S)

INPUT * ENTER > “;ANSS

IF ANSS = “S* THEW 7588

REH PRINT LARGE PICTURE

REM PRINTER IN SLOT 1

POKE 1272.0



FEED
888
roBe
7518

CALL - 15Pee
60T0 25
CALL -~ 15848

60TO 25
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[

N o

HOHE :
PRINT :

#2
IsT

REM THE BINPLOT.YAKRATE PROGRAM
REM  *%%esx

DIk NC35.2 3, MEKC 35,2 2.MEANC 35,2 ) MNC 35,2 3,5E( 35,2 )
UTRE &

PRINT * TYPE —COMT— AFTER PLOT IS DRAWM®: PRINT

URN TO CﬂHT."iHS

3 HOME

UTAR 5

18 OF = CHRS (4
INPUT “NMOME TEXT FILE FOR PLOTTINGT “;7%
INPUT © INPUT DATR DISK™:Hs$

PRINT D#s“MOM C,.I,0
PRINT D%:“0PEN “;Z2¢: PRINT DS$;“REAL “;2%
INPUT SETS,FURL,CE,U1.NAS,FLE.LSHE
INPUT HTHS ,DAYS . YEQRS .HOURS , MINUTES
INPUT SEC$.H-M.S
65350 =35
88 FOR S =1 TO SETS
98 INPUT KaJsMOJaKDoHARE 2K 2 HEANC J 2K 2.2HNC UK )5 SEC K ) - SBAR

28
21
22
24
48
Se
£a

182
185
187
118
111

«CW
112
114
115
308
361

3168
315
329
334
348
356
368
35e
408
418
429
438
448
458
4355
456
488
476
480
485
498
=15
685
&e5
€18
528
788
785
av
78g
7B

PRINT =

NERT §

PRINT O%:"CLOSE “;2%
INPUT " INPUT BINPLOT DISK":HW$
UTRB S: PRINT ™ SELECT PLOT“: PRINT
PRINT ,“8.PRINT GRAPH": PRINT ,“1.TITLE“: PRINT ,"2.CCH SAMPLES*: PRINT L"3

SAMPLES": PRINT ,"4.CCH*: PRINT ,“S.CH*
INPUT * ENTER SELECTION > “:QP
iF P = @ THEN 1568
OM OGP BOTO 706,1908,10800,386, 308
IF 8P =4 THEN K = )
IF OGP =5 THEN K = 2
HBR : HCOLOR= 3
POKE - 163e2.8

PRINT &

HOME =

PRINT s

PRINT 0%;“BLORD AXIS—YAHRATE"

CC =06 ~ N

FOR J =

1 70 32

IF NCJ-KY < 5 THEN 478
X=42 + %7

C = WEANCJ,K) * CC: 60SUB G@8

uuu

4510020

IF ¥1 < 4 THEN ¥1 = 4
HPLOT X.¥1 TO X.v2

NEXT J
STOP
TEXT

BGOTO 118

¥ = INT ( - 12.608 * C + 156.5)

IF ¥ >
IF ¥ «

156 THEN ¥ = 156
4 THEN ¥ = B

HPLOT X — 2.9 T2 ¥ + 2.9

RETURM

PRINT D¢;"PR#¥1"

PRINT =

PRINT

-316~

= HEHN(J:K) * CC + SECJ.K) # CC: GOSUB 609
=L
HEHN(J:KJ * (C - SE(J.K) # CC: S0SUB 608
C

NT ¢ - 12.898 # C1 + 156.5)

I
INT ¢ ~ 12.960 * C2 + 156.5)
F ¥2 > 156 THEN ¥2 = 156

FRINT “NAME OF TEST FILE IS “;FLs
PRINT “NAME OF TEST IS “;NRs

PRINT 3

PRINT “START TIME WAS

“3HTHS: =;0AvSs*,

* FYERRS

z INPUT ®

PRESS RET
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PRINT LHOURS;":"sMINUTES;" HOURS"
PRINT “ELAPSED TIHE=*

PRINT .H;* HOURS®

PRINT ,M3* MHINUTES®

PRINT ,S0:" SECONDS®

, PRINT “FURL ANMBLE= “;FURL;* DEGREES®
PRINT “CRLIBRATION CONSTANTS = “;C6;"  ONE VOLT=";11

PRINT : PRINT : PRIMT
PRINT DS:“PR#2"

6070 118

REM SUBR FOR SRHPLES PLOT

IF QP = 2 THEN K = 1

IF QP = 3 THEN K = 2

HBR = HCOLOR= 3: POKE - 18362.9
FRINT D$;“BLORD AXIS-SAMPLES/YRHRATE
FOR J =1 TD 32

IF N(AK2 = B THEN 1248
X=42+J%7

REM CALC LOB N

I1=1

El =10~ 11

IF (N(J,KD — E1) < B THEM 1178
I1=11+1

IF I1 » 6 THEN STOP

BOTD 1120

12 =1

E2 = 1@ ~ €CI1 — 12 + (I2 » 240
IF (N(JLKY = E2) < B8 THEN 1220
I2=12+1

IF 12 > 24 THEN STOP

GOTO 1186

Y= 156 - €24 ¥ (I1 - 12 + {12 = 15
HPLOT Xa¥

NEXT J

sTOP

TEXT

8070 118

REM PRINTER

CALL - 168486

60TO 118
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Coefficient of Performance Analysis; "CP" Program

Program Logic

l.
2.

3.

10.

11.
12,
13.
14.

15.

Provide user instructions

Determine data source

Read data (i.e. rotor power and number of samples
vs. bin number)

Enter bin limits for analysis

Calculate total data points in all bins

Calculate mean wind speed

Calculate mean wind power and speed at which it
ocours based on air density corrected for pressure
and temperature

Calculate average CP using mean rotor power Over
all bins and corrected air density

Print results

Calculate CP by bin number with mean rotor power
and corrected air density

Print results

Load CP axis vs. bin number

Plot CP vs. bin number, if desired

Plot rotor power vs. bin number if desired

End



Il
12
13
JL
Ju
MP
MR

M3

PC
QP
RZ%
SB
SUM
SW
Z$
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Documentation for

CP Program

Rotor Power Per Bin.

Wind Power Per Bin.

Rotor Performance Coefficient Per Bin.
Lower Bin Used for Analysis.

Upper Bin Used for Analysis.

Mean Wind Power Over All Bins.

Mean Rotor Power Over All Bins,

Average Cube of Wind Speed or Wind Speed
Mean Wind Power.

Rotor Coefficient of Performance, CP.
File Selector.

Position Selector on Disk.

Array of CP Values Per Bin.

Number of Sample Points, Total.
Average Wind Speed for Test.

Bin Plot Data File Name.

at
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i

REM THE CP PROGRAM
REM %

DIM NC3S),HA%C3S ) -HEBNK 35 3. MNC 352, 5E( 35),SBRRC3S >
HOME : UTHE S
PRINT *  RESET HIMEM IF REGUIRED®: PRINT : PRINT

PRINT ¢ PRINT * TYPE —CONT— AFTER PLOT IS DRAWN“: PRINT : INPUT % PRESS RET
URM TO CONT.";H$

9 HOME : UTRE S

18 0% = CHR% (4D

15 PRINT D$;*MON C.I.0"

17 RZx = @

2 INPUT “NAME TEXT FILE FOR PLOTTING? “;Z2%
25 HOME : UTAB S: PRINT “IS THIS A WINDE OR WIND2.FRST PROGRRM 7°: PRIMT ¢ PRIN
T “WINDE = 1*: PRINT “MIND2.FAST = 2%

27 PRINT = INPUT © ENTER SELECTION > “;0OF
28 IFGP =1 THEN K = 4

29 IFQP=1THEN OP = 6

3@ IFAP =2 THEN K =2

31 IF QP =2 THEN OF = 2

35 6070 55

38 PRINT D$;“CLOSE “:Z2%

39 PRINT “SETS= “;ST

48 RZL = 25 + (K - 1) # (ST ~» OP) % 8

41 PRINT "RZ= ":RZA

S5 PRINT : INPUT “ INPUT DATA DISK“;W$: PRINT D$:“OPEN “:2¢
56 PRINT D$;YPOSITION “;2%:".R “iFZX .
S¢ PRINT D$;“READ “:Z§%

58 IF RZ% > @ THEM 8@

BB INPUT Ul,UH.UR.UC-UTUF UYL

€5 INPUT D1.02,03,04.00,08,FC

78 INPUT K1$.K2$5,K3%,K4%5.K58K6S

75 INPUT ST.H$,TIME.REY

76 GOTD 38

88 FOR S =1 TO ST

81 OMERR GOTO 185

82 INPUT KT

85 IF KT > K THEN 185

86 IF KT <« > K THEM STOP

98 INPUT JaNCJ2HARC S Y SHEANK J 2 ,HNC .0 D 2SECJ 2 -SBRARCJD
188 HERT §

185 PRIMT O$;“CLOSE “:Z¥

1868 INPUT * TWNPUT BINPLOT DISK"sHS

187 GOSUB 788

140 INPUT "ENTER LOHER AND UPPER BIM LIMITS FOR CALCULATIONS > "sdL.JU
1S58 REM SUM POINTS

i FOR J = J. TO JU

170 SUM = SUH + NCJD

175 NEAT J

188 REM FIND HMEAN WIND SPEED

185 FOR 4 = JL TO JU

108 SH = SH + J ® N(J> ¥ .5

185 NEXT J

288 SH = SH - SURH

216 REHM HERM WIND~3

215 FOR J = JL TO U

220 M3 = #3 + N(JY = CJ s 20~ 3

W~y PchP i

230 NEXT J

235 M3 = H3 ~ SUM

236 MP = M2 ¥ .5 % 1.23 * 3.14159 # (3.81 ~ 2> # FC
209 M2 = M3 ~ (33233



248 FOR 4 =JL TO WM
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246 HR = MR + MERRNCJY * NCJD

247 NEXT J

248 HR 7 SUM
249 MR

258 PC s WP

251 PRINT O$:“PR¥1"

= fR
=HH2*(LIT*UR*.135/(U132))

252 PRINT * DATR ANALYSIS FOR FILE “;Z¥

2953 PRINT

255 PRINT “HEAN WIND SPEEIX M/ =" s5H
2956 PRINT “HEAN HIND PHR (HATTS ="5
257 PRINT *SPEED AT MEAN WIND POHER=" ;M3

258 PRINT “HEAN ROTOR

259 PRINT "AVERRGE CP=*;PC

WATTS = ;1R

268 PRINT *TOTAL SAHPLES=" FSUN

262 FORJ=J TO U

o54 11 = MEAMCJ) ® (UT * UR ¥ .1@53 7 (U1 ~ 2

266 I2 = 1.23 # 3.14159 * (3.81

268 I3 = It -~ 12

76 PRINT “WIND SPEED (HrSE"sd 7 23% EP=";

272 SBJ) = I3
273 NEXT J
275 PRINT D%;*PRea"

2

AE)*((le)AS)/(Z*FC)

I3

278 INPUT DO YOU WISH TD PLOT CP US WIND SPEED (& 20 Do

276 IF W§ = “N THEN STOP

279 HER sHCOLR = 33 POKE
282 PRINT D$;“BLORD AXIS-CP®

284 FOR J=JL TD JU

- 16362.8

ZRE X =42+ %7
288 C = SBXJY * 19
298 ¥ = INT{—12*6+155.5)

sgz IF ¥ > 156 THEN ¥
292 IFY <4 THEN ¥ =
294 HPLOT X.¥

@

156

- 165848

295  HEXT J

296 STOP

298 TEXT

36 INPUT “DO YOU HANT TO PRINT GRAPH?®:
262 IF H$ = “y* THEN CHLL

304 INPUT“DO?OUHWTTDH.DTWPOHERB
286 IF Ws = "¥* THEN B0TO JaaRA

38 STOP

3@ REM PLOT ROUTINE

348 FOR J=1 70 32

35@ IF N(JY = B THEN 470

/R =42+ JFT

= M) # CC:
= HE
19 €1 =

=C
Y1 = INT ( — 12.090
445 IF ¥1 < 4 THEN ¥1 =
458 ¥2 = INT ¢ - 12.008
455 IF ¥2 > 156 THEN ¥2
460 HPLOT X,¥1 TO R.Y¥2
476 NEXT J
4g@  STOP
485 TEXT

GOSUB
aNCJ > % CC + SEC

*®

4
*

= MAR(J) * CC: GOSUB 680
HEANC J > ® CC: 60SUB 6049

[ ]

J) * CC: 60SUB 688
=C _

= MERM(J> ® CC — 8E¢J) ® CC; SOSUB 568

1 + 158.52

£2 + 196.50
156

INPLOT? (AN 3
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455 INPUT * DO YOU HISH TD PRINT BRAPH?®:H$
487 IF H$ = "y THEN CALL - 16848

END
Ge@ ¥ = INT ( — 12,088 # C + 156.57
G#S IF Y » 156 THEN ¥ = 156
@6 IF Y <4 THEN ¥ =@
618 HPLOT ¥ - 2.¥ TO X + 2,¥
629 RETURN
790 PRINT D¥:“PR#L"
765 PRINT
787 PRINT “FILE NAME 1S “:Z%
718 PRINT “START TIHME= “sHS
728 PRINT "ELAPSED TIME= ";TIME;" HOURS®
738 PRINT “FURL ANGLECINCL. TILT OF ROTOR) =*;06;" DEG"
748 PRINT “ ROTOR REV.(CALC)= “;REV:* REV.
750 PRINT “ONE UOLT=“;U1:" CHIND="3;UH;" CRPM="sUR;" CCYPTCH="3;UC
760 PRINT “CTORGUE=":UT;* CFLAP=";UF:" CYRKPOST=":U¥;* CBEN.UDLTS="3;
778 PRINT “TEHMP (DEE C)=*;D1;* PRESS(ATH “;p2;% CORR.FAC.=";FC:* HWIND DIR="

768 PRINT “GEN. LORD (OHMS)=";D4;" GERR RATIO=*;0S5;" TO 1"
798 PRINT Ki$;" “;K28:" "iK3%

898 PRINT Kd$s* “;K5$;* “;K6%

g1@ PRINT

828 PRINT D$;“PRa¥"

g3@ RETURNM

Zee® REM ROTOR POHER

3318 HER : HCOLOR= 3: POKE - 16362,
3020 PRINT D$;“BLORD AXIS-R.PHR®
W22 FOR J=1T0O 32

3924 HAM(J) = B:MKJY = D

3025 MNEXT J

3938 CC = (UT *# UR # .185> ~ (Ul ~ 22
3935 CC = CC ~ 1088

3od4a GOTO 348
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9. Axis Plotting Routines
All axis plots are based on these programs with minor
changes in axis labelling or scaling.

9.1 Program Logic

1. Load graphics character generator

2, Print vertical scale

3. Print horizontal scale

4. Draw axis lines

5. Print vertical label

6. Print horizontal label

7. Print grid scale lines

8. Plot constant tip speed ratio lines (RPM only}
9. Save Axis as a binary file

10. End
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5 REM THE RPM AXIS PLOT PROGRRM

& REM Ex¥Ex

18 0% = CHRS (4

15 HBR : HCOLOR= 3

28  PRINT DS$;“"BRUN HI-RES CHARACTER GENERATOR"

26 PRINT D$;“BLOAD GREEK LETTERS"
48FDRI=1TO?=:HTQB3=UTFIB3*I-1=PRINT350-5B*I:'NEHTI
GBFGRI'-'ITGB:UTF!B?.MHTHB8+IE*I=PRINTS*I=NEXTI

28 HPLOT 42,4 TO 265.4 TO 266,156 TD 42,156 TO 42,4

80 FOR I = 1 TO 3: HTAE 1: VTAB 6 + I

81 IF I =1 THEN PRINT “R*

g2 IF I =2 THEN PRINT “P*

82 IF I = 3 THEN PRINT “H*

g4 NEXT .
o  UTHE 24: MTAB B: PRINT "RPH US HIND SPEED (H-3)*

168 FOR ¥ = 4 TO 153 STEP 149: FOR ¥ = 77 TO 266 STEP 35
118 HPLOT X.¥ + 1 TO %.%¥ + 3

129 NEXAT X: HEXT ¥

128 FOR X = 42 TD 263 STEP 221: FOR ¥ = 12 TO 132 STEP 24
148 HPLOT X + 1.Y TO X + 3,Y

158 NEXT Y3 MEXT ®

168 FDRLHH=5TGZESTEP5:FORX=46TDZGBSTEP4
170 ¥ = 156 ~ 886 ¥ (X — 423 + LAM

175 IFY <4 THEN Y = 4

188 HPLOT X%

198 NEXT X: NEXT LAH

283 UTAE 18 HTAB 35: PRINT “x=3"

218 UTRB 2: HTAB 3@: PRINT "10*

228 UTAR 2: HTAB 22: PRINT “i3Y

238 UTAB 2: HTAB 18z PRINT “28*

9@ PRINT D$:"BSAUE AXIS—RPH.A$2008,L$2600"

258 END

=g n

JLORD TARU:
1PR#e
ILIST

5 REM THE TAU ARIS PLOT PROGRAM

6 REM #&%%k®

18 D% = CHRS <47

15 HER @ HCOLOR= 3

17 POKE - 16382,.%

2@ PRINT D$;“BRUN HI-RES CHARACTER GENERATOR™

26 PRINT D$:;“BLORD SREEK LETTERS"
43FORI=1TD?::HTFIBE:UTF|BE-I-I-1:PRIHT14-2-I-I:NEXTI
68FDRI=1TI33_=UTR921=HTFIBS+1@*I:PRINT5-I-I:NEXTI
76 HPLOT 42,4 TO 256,4 TO 266.156 TO 42,156 TO 42,4

&4 FOR I =1 TD S: HTAB 12 UTAB 6 + |

81 IF I =1 THEN PRINT *#"
g2 IF I =2 THEN PRINT “
83 IF 1 = 3 THEN PRINT "D*
84 IF I = 4 THEN PRINT "E"
85 IF I =5 THEN PRINT “6"
86 NEXT I

98 UTAG 24: HTAB Sz PRINT “CYCLIC PITCH US WIND SPEED (Hs5*
188 FOR ¥ = 4 T 153 STEP 149: FOR X = 77 T0 266 STEP 35

118 HPLOT X.¥ + 1 TO R.¥ + 3

128 NEXT Xt NEXT ¥

138 FOR X = 42 TO 263 STEP 221: FOR ¥ = 12 T0 132 STEP 24
148 HPLOT X + 1,Y TO X + 3.Y

158 NEXT Y= MEXT X

248 ENO
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5 REM THE UOLTS AXIS PLOT PROGRAH
6 REM wexes
18 0% = CHRS (4)
15 HER : HCOLDR= 3
17 POKE - 16302.8
PRINT D$;"BRUN HI-RES CHARACTER GENERATOR®
PRINT D$;"BLOAD GREEK LETTERS" :
FOR I =1 70 Ptz HTAB 3: UTAB 3 & I — iz PRINT 7 ~ I: NEXT I
FOR I =1 T0 41 UTAB 21: HTAB 6 + 8 % Iz PRINT 75 # I: NEXT I
HPLOT 42,4 TD 266,4 TO 266,156 TO 42,156 TO 42.4
FOR 1 =1 T0 St HTAB 1: UTAB 6 + I
IF I =1 THEN PRINT “U*
IF I =2 THEN PRINT “g
IF 1 =3 THEN PRINT *L*
IF 1 =4 THEN PRINT “T
IF 1 =5 THEN PRINT "5
NEXT 1
UTRB 24: HTAB 123 PRINT * UOLTS US RPH®
FOR ¥ = 4 TO 153 STEP 148: FOR X = 98 70 266 STEP 56
HPLOT X,¥ + 1 T0 %% + 3
NEXT X: NEXT ¥
FOR X = 42 TO 263 STEP 221 FOR ¥ = 12 TO 132 STEP 24
HPLOT X + 1,¥ TO ¥ + 3,¥
NEXT ¥z NEXT X

168 PRINT O$;“BSAVE ARXIS~UDLTS/RPH.AS2000.L$2008"
248 END

wHannu

T LEL LB PEE

JLOAD SAMPLPR#S
JLIST

S REM THE SAMPLES ARXIS PLOT PROGRAM

€ REM ®erxs

18 0% = CHR¥ (4O

12 PRINT D%;*HOMON C.1,0"

13 HBR @ HCOLOR= 3

16 POKE - 16382.9

28 PRINT D$:"BRUM HI-RES CHARACTER GEMNERATOR™

26 PRINT D$;“BLORD GREEK LETTERS"

48 FOR I = 1 TO 7:: HTAB 4: UTRB 3 ¥ I — 1s PRINT ? = Iz NEXT I
680 FOR I =1 TO 3z UTRAE 21: WTAB 6 + 18 ¥ I: PRINT 5 % Ir HEXT I
78 HPLOT 42,4 TO 266.4 TO 266-156 TO 42,156 TD 42,4

8¢ FOR I =1 TO S5z HTAB 1: UTRB 6 + I

81 IF I =1 THEN PRINT "L"

82 IF I =2 THEM PRINT “O¢

83 IF I = 3 THEM PRINT "5"

84 IF I =4 THEN PRINT ¢

85 IF 1 =35 THEN PRINT “N*

8E NEXT I

98 UTRE 24: HTAB 3: PRINT “LO6 SAMPLES (N> US HIND SPEED (M/5)"
188 FOR ¥ = 4 TO 153 STEP 149: FOR ¥ = 77 T0 266 STEP 35

118 HPLOT Xo% + 1 TO Xu% + 3

128 HEXT X: MEXT ¢

138 FOR X = 42 TD 263 STEP 221r FOR ¥
148 HPLOT X + 1,%¥ TQ ¥ + 3,

158 MEXT ¥r NEXT X

158 FOR ¥ = 42 TO 263 STEP 221: FOR ¥
178 HPLOT X + 1,Y TO X + 2,Y

188 NEXT %¥: NEXT o

208 PRINT D¥;:“BSAUE AXIS-SAMPLES .A$2000.L$2008"
248 END

12 10 132 STEP 24

19 TO 139 STEP 24
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