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Abstract

Using the NREL 20-kilowatt, direct-drive, variable-
speed wind turbine test bed, we used to collected data to
examine differences between constant-speed and
variable-speed wind turbine operation. The assigned goal
of the variable-speed control algorithm we used was to
adjust continuously the turbine rotor speed so that its tip-
speed ratio (TSR) stays as close as possible to a
precalculated optimum value. To examine the success of
the variable-speed control, histograms of tip-speed ratio
root-mean-square (rms) error for each data set were
calculated and plotted. The resulting histograms of both
constant and variable-speed control algorithms were
compared. The results validated the expected conclusion
that lower rms TSR errors are associated with higher
measured wind turbine power coefficients. A second
comparison was made between variable-speed histograms
and synthesized constant-speed histograms for the same
wind. The decrease in rms TSR error of the variable-
speed case was used to quantify the observed
improvement in TSR tracking brought by the variable-
speed control.

Introduction

The motivation for using a mixture of variable-speed and
constant-speed control algorithms at the National
Renewable Energy Laboratory (NREL) variable-speed
test bed was to accumulate data on which to base
quantitative comparisons of the two modes of wind
machine operation. The 20 kilowatt size was large
enough to give confidence in scaling selected algorithms
to utility-sized machines, but small enough that untried
algorithms did not cause concern about possible structural
damage.

“This paper is a declared work of the U.S.
Government and is not subject to copyright protection in
the United States.
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To illustrate one difference between constant- and
variable-speed operation of wind machines, consider the
following “armchair” experiment. Suppose a variable-
speed and a similar constant-speed wind machine were
installed at a test site where the wind probability density
spectrumconsisted of a single line (with perhaps a second
line at zero speed). That is to say, when the wind does
blow, it blows at only one speed. Assuming that the
constant-speed machine was optimized for the site, then
on the basis of energy collection alone, one could not
distinguish between those machines---except for the
additional losses in the variable-machine’s power
electronics.

This statement implies that the alleged energy collection
advantage of variable-speed operation will become
apparent only as the wind spectrum becomes broader. If
a variable-speed control algorithm is to be effective, one
should be able to observe improved variable-speed
performance as variation of the wind speed becomes
wider.

The purpose of this paper is to present data supporting
two assertions concerning mechanical energy captured at
the variable-speed test bed rotor hub (not electrical output
energy):
1. The variable-speed algorithms tested on ten-
minute data sets produce, on average, higher
power coefficients than those from constant-
speed algorithms that are not optimized for these
ten-minute wind samples.

2. The variable-speed algorithms tested have, in
spite of high rotor inertia, succeeded in holding
the average tip-speed ratio nearer the optimal
target value than a constant-speed algorithm
would even if the latter were optimized for the
same wind sample.

Data for the second assertion show that although the
enhancement is present, there is much room for
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improvement in variable-speed algorithms regarding the
handling of the rotor inertia and its stored kinetic energy.

Wind Probability Densities

Many wind machine installation sites, including the
National Wind Technology Center (NWTC), can make
use of at least two wind speed probability density
functions. Wind energy literature' commonly uses the
Weibull density function, which has proved to be quite
useful for estimations of annual energy production.
However, at the same locations, the probability density
for records of less than an hour is much better
approximated by a Gaussian function centered around an
average wind speed. This implies that the sum of all the
short records at a location will converge to a Weibull
density at the end of a year. Thus since the constant-
speed wind machine designer for a real installation must
use the long-term function, his machine is likely to be far
from optimum for some short-term wind tests.

Let us repeat the hypothetical contest described in the
first paragraph in a more normal wind regime that has
many ten-minute wind samples with various average
values. We would expect a power collection advantage to
lie with the variable-speed machine. That is, the variable-
speed machine can change its rotational speed so that its
optimal performance is at the center of the Gaussian
wind sample. On the other hand, if the constant-speed
machine happens not to be optimized for this average
wind speed, it will spend most of its time operating either
above or below its optimal tip-speed ratio, thus at a lower
average power coefficient, and will collect less energy.

The Test Bed

The machine? used in these tests is a moditied Grumman
Windstream 33 equipped with constant chord, untwisted
SERI S809 blades which form a 10-meter rotor disc.
Optimal tip-speed ratio is near 7 when the blades are
pitched to 3°. This rotor is loaded with a 20-kilowatt,
direct-drive, permanent magnet generator. The generator,
inturn, is loaded with a computer-controlled resistor bank
with 256 equal steps in power. This desk top computer
allows the implementation of both variable-and constant-
speed algorithms by selecting appropriate load resistor
combinations for the generator. Each selected load maps
into a known torque at the rotor hub.
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Algorithms

The constant-speed algorithm was a straightforward
proportional integral control loop that continuously
adjusted the generator load resistor combination to
maintain the set point speed. The variable-speed
algorithmused a previously calculated look-up table built
around the commonly used omega-squared algorithm.?
This algorithm causes the computer to enter the table with
the present rotor speed and extract for this speed the
expected power output from the rotor at maximum power
coefficient. It then connects an appropriate combination
of load resistors to load the generator to this power and
repeats the cycle. If this load is not balanced by the wind,
the power excess or deficiency will continuously drive the
rotor speed toward the optimal tip-speed ratio and the
system is stable. This process occurs for wind speeds
from cut-in up to rated machine power. Of course,
stronger winds are prevented from overloading the
generator by a control transition to constant-speed at rated
power value. The control system both holds constant
generator torque and uses varying blade pitch to hold
constant rotor speed.

Power Coefficient Determination

Experienced wind test engineers are well aware of the
data scatter problems in the determination of power
curves and the necessity for techniques such as binning.
For example, one can calculate instantancous variable-
speed power coefficients greater than 2.5, especially
when using variable-speed algorithms. Although this
exceeds the Betz limit by several times, it is nevertheless
correct during wind lulls in that the hub power at that
instant is the sum of aerodynamic power from wind
inflow and the flywheel-effect power from the
deceleration of the turbine rotor.  Similarly, low
coefficients are measured during times of rotor
accejeration when the rotor is accumulating Kinetic
energy.

For the purposes of this report a single number was
calculated for power coefficient for the whole ten-minute
data set as follows. The total instantaneous power
impinging on the system was assumed to be the usual
YipAv,* or air density times rotor disc area times wind
speed cubed.! The wind being taken from a single
anemometer at hub height forces the implicit assumption
that the total inflow across the entire disc is parallel to the
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rotor axis, is uniform across the rotor disc, and is
instantaneously equal to the hub anemometer reading.
The instantaneous power at each of the 6,000 data points
in a data set was calculated, multiplied by 0.1 second to
getaverage energy collected during that sampling period,
and summed over the data set. The resulting sum was
taken to be the total number of joules of energy input to
the wind machine system over the ten-minute test period.
Output energy was similarly calculated at each data point
by finding the product of instantaneous rotor torque,
angular rotor speed, and the time increment and then
summing. Finally, the rotor speeds at the first and last
data points were used to calculate the initial and final
kinetic energies of the mechanical system. A net gain in
kinetic energy represents wind energy which was
captured during the ten-minute test but was not exported
through the hub. Measured output energy was augmented
by this small amount. Similarly, net loss was deducted
from the hub output. The final number was taken to be
the mechanical energy that had been extracted from the
rotor hub during the ten-minute data set. The quotient of
these two numbers was taken as the average power
coefficient for that data set.

The Data Set

Minor variations of the above mentioned variable-speed
algorithm and constant-speed algorithms ranging from 60
rpm up to 100 rpm in multiples of 10 rpm were tested in
various sequences. A standard data set length of ten
minutes was used. Twenty-one channels of data were
collected at ten samples per second, and seven channels
of blade loads and pitch were collected at 40 samples per
second.

Because this paper is centered on testing variable-speed
algorithms, it was essential to select only data samples
consisting of pure region two operation. That is, we only
analyzed ten-minute records in which the blade pitch
remained constant at 3° showing power limiting had not
been reached. Further, the minimum speed must exceed
49 rpm, since this speed implies that the control system
was still supplying torque to the rotor.

Analysis
Although in these tests we designed the variable-speed

control algorithms around the concept of trying to hold a
target tip-speed ratio, the resulting data yielded insight
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into the intrinsic weakness of constant-speed algorithms.
As mentioned above, annual wind probability densities
such as the Weibull show winds over quite a wide range
of speeds. However, real ten-minute records seldom show
winds outside of a fairly narrow Gaussian range. This
means it is a gamble whether the combination of the
fixed-rotor speed and the local wind will yield a tip-speed
ratio anywhere near to optimum during a particular ten-
minute period.

Although viewing a plot of the routine time history of a
ten-minute data set, such as Figure 1, is important as a
“sanity check” to see any obvious flaws in the data,
certain features are best presented using other graphical
representations. In this paper histograms of tip-speed
ratio have been employed. Two useful numbers can be
visualized from such plots. One quantity is the departure
of the center of a histogram from the target or optimal
TSR for the machine. This can be quantified by
calculating the RMS value of the departure from the
target TSR of each data point in the ten-minute data set.

Secondly, the breadth of the histogram can be observed
and is quantified by its standard deviation which is
calculated in each case. For variable-speed machines this
number measures the degree of success of the control
system in maintaining a constant tip-speed ratio. A
mathematically perfect control system would have a
single line on the TSR histogram. That is, rotor speed
would always be exactly proportional to wind speed.

For convenience, a variable-speed algorithm can be
thought of as being similar to a self optimizing, constant-
speed wind machine. Two ten-minute data sets help to
illustrate this statement. Consider the two time histories
shown in Figures 1 and 2. Their general appearances are
similar, and their primary difference is in average wind
speed. Note, however, the differences in the TSR
histograms. Figure 3 shows that the lower wind of Figure
1 caused the TSR histogram to fall nearly exactly astride
the optimal TSR, so that the resulting power coefficient
is an acceptable 0.391. On the other hand, in Figure 4,
we see the wind is much too strong for the fixed 70 rpm
so the resulting small TSR values in the histogram show
that the rotor is either stalled or nearly stalled most of the
time. The ten-minute power coefficient in this case is a
meager 0.159, and the rms value of departure from
optimal TSR is almost 3 TSR units, compared to 0.9 units
for the previous case.
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We carried out the same calculations for most of the
constant-speed data sets including speeds of 60, 70, 80,
and 90 rpm. The results are shown in Figure 5. Note the
uniform drop of power coefficient as the rms TSR error
grows even though the ten-minute data points represent a
mixture of different winds, different constant rotor
speeds, and winds either too high or too low for the
optimum TSR. These data validate the common
assumption that fixed-speed wind machines should be
supplied with gear boxes that place their best power
coefficient on the most productive wind speed at that site.

A similar plot of the variable-speed algorithm data sets is
shown in Figure 6. Although the major peak of the TSR
histograms in each of these cases is close to the optimum
TSR of 7, the fact that there are standard deviations of
order one shows that these peaks could still be made
narrower with an improved control system. The cases of
larger TSR error are typically caused by appreciable
periods of low wind where the rotor is slowing. These
samples create a large tail on the histogram out to the
right such as shown in Figure 7.

For comparison of variable-and constant-speed control,
Figures S and 6 are merged into Figure 8.

Evaluating a Variable-Speed Controller

The other major information that was extracted from the
TSR histograms follows from the definition of TSR,
which is ®R/V,, where omega is angular rotor speed, R is
the radius of the rotor swept area, and V, is the wind
speed. Thus all wind machines operating at the same
constant-speed, having the same size rotor disk, and
subjected to the same wind sample will have identical
TSR histograms.

Taking advantage of this fact allows one to learn more
from a variable-speed data set. Recalculating the TSR
with a constant number for the rotor speed will yield the
histogram which would have resulted had the machine
been operating at that constant-speed. The position of the
histogram along the TSR axis will be set by the value
chosen for the assumed rotor speed. By inserting the
average rotor speed of the variable-speed data set, the
resulting constant-speed histogram will fall nearly on top
of the experimental variable-speed histogram. It is now
possible to supply evidence on the other possible property
of a variable-speed controller, namely that such a
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controller can extract more energy than a constant-speed
controller, even though the latter may be optimized for
that site. Although this approach does not answer this
question directly, it can provide evidence about whether
the variable-speed controller holds the TSR more closely
to the target optimum than the optimized constant-speed
controller.

An example of two TSR histograms is shown in Figure 9.
The higher and narrower peak of the variable-speed
histogram shows that that controller had, on average,
influenced rotor speed sufficiently to follow the wind’s
major changes and thus hold the TSR closer to the target
value.

This tendency was quantified by calculating the standard
deviation of both histograms with the expectation that the
variable-speed record would be narrower than that of the
constant-speed controller. About sixteen other variable-
speed data sets were processed and the results are plotted
in Figure 10. The two standard deviations were plotted
along the two axes. Data sets whose points lie near the
line y = x (labeled “No Diff”) show that the variable-
speed controller did not improve the machine TSR
tracking very much. Note that these points tend to have
low values of standard deviation, implying that the
histograms are already somewhat narrow. On the other
hand, many of the points show that the variable-controller
reduces the histogram scatter to between 60% and 80% of
the constant-speed value, thereby implying an operating
locus in the TSR-variable-speed plane that remains nearer
the target TSR.

Summary

The original and continuing purpose of the NREL direct-
drive, variable-speed experiment is to gather experimental
data to help understand the mechanical transformation of
wind kinetic energy to mechanical energy at a wind
machine rotor hub. Efficiency of other power handling
components such as gear boxes or power electronics were
not considered. Most of the data we collected was
analyzed in this paper from the standpoint of wind
machine tip-speed ratio. Although power coefficient is of
greater final importance, we have assumed that smaller
excursions of TSR away from a machine’s optimum TSR
are a prerequisite for higher power coefficients.
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We draw two conclusions from the tests. The first is that
evidence supports the conclusion that, for a constant-
speed machine, the farther its TSR is from its optimal
value, the worse its average power coefficient will be.
This implies that a constant-speed machine should be
optimized for the wind regime into which it will be
installed. Variable-speed machines for a broad range of
speeds can be thought of as being able, on average, to
optimize themselves to the existing wind.

The second conclusion is that one measure of
performance of a variable-speed wind controller can be
quantified by comparing the breadth of its tip-speed ratio
histogram with its implied constant-speed histogram. It
will be interesting to see how narrow such a histogram
can be made. However for the practical wind machine
designer such histograms imply much higher rotor
accelerations which could mean much higher blade root
loads and much higher fatigue.
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