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Research from WindSTAR is showing model-free control algorithms
could help lower aging wind farms’ levelized cost of energy, thereby

raising annual energy production.
By KENNETH CARTER ” Wind Systems editor

swind turbines age, their ability to efficiently create
power starts to decline.
To help fix this problem, wind-farm owners and
operators can replace parts to reduce that lost energy
production, but that can turn into a costly proposition.
However, another method of increasing power production
is being developed at WindSTAR, the National Science Foun-
dation Industry-University Research Center for Wind Energy
Science, Research and Technology. It’s now in its fifth year of
operation and funded by the National Science Foundation.
By using high performance computing and model-free con-
trol algorithms, researchers at WindSTAR are demonstrating
that subtle changes in a wind farm’s control software can in-
crease the annual energy production (AEP), thereby lowering
the levelized cost of energy (LCOE).

“Let’s say on a wind farm you have 50, 60 turbines, and
today they are operated in a way where each turbine tries to
extract the maximum amount of power from the wind with-
out consideration of what the impact of doing so is on other
turbines,” said Mario A. Rotea, site director at WindSTAR. “The
goal of our research is to demonstrate that coordination be-
tween properly selected individual turbines allows the wind
farm to extract more power than lack of coordination.”

HIGH PERFORMANCE COMPUTING

Control algorithms coordinate the action of turbines and
simulate them using high performance computing code cre-
ated by Rotea’s colleague, Stefano Leonardi of the University
of Texas at Dallas.

“We needed to run many different cases just to learn how
to apply effectively these algorithms,” Leonardi said. “A co-
ordinated approach treats the wind farm as a system. If we
change a control variable on an upstream turbine, then the
wind impinging the downstream turbines changes.”

“In a wind farm, there are two main mechanisms to in-
crease the AEP relative to the way turbines are controlled,”
Rotea said.

Imagine you have two rows of turbines. Row one is in front
of the incoming wind. And row two is behind row one. If row
one gets all the energy it can possibly extract from the wind,
then there may be little left for row two, according to Rotea.

“The question is: How do you set the operating point of
the first row so that the sum of the first row and the second
row maximizes the total power? That’s what you control,”
he said. “This is called derating. You lower the power extract-
ed from row one so there is more wind for row two. Finding
that sweet spot is what the control system does.”

The other scenario used to increase AEP is by yawing
the turbines, known as wake management, according to
Rotea. Wake management uses yawing to redirect the wake.

“If a turbine is in isolation, you're going to put the rotor

plane perpendicular to the wind for extracting energy from
the wind, but that also creates a wake that propagates down-
stream,” he said. “There could be overlap with some of the
downstream turbines, and that would reduce the amount
of wind the downstream turbines get. Just visualize, as you
startyawing the front machine, the wake will be redirected,
and if you can put the wake of that machine in a place where
there are no turbines, then there will be more wind for the
turbines in the middle of the farm.”

MODEL-FREE ALGORITHMS

Rotea and Leonardi’s research is accomplishing this by using
model-free control algorithms — algorithms that do not re-
quire a tremendous amount of knowledge of what a particu-
lar piece of hardware is doing relative to the wind. These are
algorithms that learn as they operate.

Traditionally, control algorithms are created using tur-
bine models that require assumptions on the aerodynamic
properties of key components such as the rotor. While this
might be advantageous for newer turbine models, it’s often
not as effective with older turbines due to inevitable changes
as turbines age.

Model-based algorithms don’t always work well at wind
farms because of uncertainties in the parameters that in-
fluence the way turbines function such as turbulence, sheer,
atmospheric stability, temperature, and aging of the blade,
according to Leonardi.

“To calculate these quantities with a high degree of accura-
cy, one needs to actually simulate a very big region, not just
the region of the farm,” he said. “Resolving such big domains
with a high degree of accuracy is not possible at the moment.
Model-free algorithms allow you to mitigate these uncertain-
ties, because the algorithms just look at the effect of a change
in a parameter on the output of the optimization functions.”

“The algorithm is model free, so it works whether the atmo-
sphere is stable or unstable or where there’s a lot of turbulence
or a little turbulence,” Leonardi said. “Of course, we already
know from our physical understanding that there are condi-
tions where it works better than others. But it does not rely on
a model, which may have a degree of uncertainty.”

Developing the algorithm required a number of trial and
errors. Leonardi’s code was used as a digital wind farm to
test and develop the control algorithm. The accuracy of
these simulations is encouraging; in fact, in a recent paper,
Leonardi and Rotea showed that simulation results agree
well with SCADA data of a real wind farm in North Texas.

POWER MEASUREMENT
The way the control system increases AEP is through power
measurement, according to Rotea.

“This is what is significant,” he said. “We do not need to
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measure the wind; we just need to measure the power pro-
duced, and then climb up the power curve (hill) until we get
to its peak. Imagine that you want to go and do some hiking
and you want to climb a mountain. It’s probably going to
not be the case thatyou try to learn the exact topography of
that mountain before you climb it. You're going to go there
and look at the peak and start going

toward the top without a map. That’s

basically what our algorithm is doing.

It goes toward the peak without a map.”

Rotea also likens model-free algo-
rithms to tuning in a radio station in
the old analog days.

“You buy a radio, day one, and you
say you want to listen to your favorite ]
channel, and let’s say the frequency of =10
that is 90.1. You put the dial at 90.1, and .
the sound is perfect. That’s the day you
bought the radio,” he said. “A year later,
you put the dial at 90.1, and the sound
quality is not the same. So, what you 02
start doing is you start the dial until the i
sound quality is as good as you want it g !
for 90.1. You're close, but not there. This
is exactly what we do. When you buy a
turbine that is new, you operate it with
the controls that come with it. But then,
as time evolves, we use some perturba-
tions in order to wiggle different con-
trol variables of the turbine to find that
sweet spot for that particular condition.
That’s a model-free approach.”

But that “wiggling” needs to be done
with careful consideration, according to
Rotea, because nothing is 100 percent
perfect.

“Even though it’s model free, in rela- 0
tion to turbulence, we have to wiggle
things at a frequency that does not 04
coincide with the frequencies of the
turbulent wind; otherwise we get inter-
ference,” he said. “It’s like having two
different radio stations with very close !
frequencies. You cannot separate the two,
and you don’t know which one you’re
hearing. When the turbulence variations
are within the range of the wiggling, we
could have problems. And that information we need to have
in order to set up the algorithm.”

downstream turbine.

MODEL-BASED VS. MODEL-FREE
Model-free control algorithms aren’t meant to replace the
model strategy, Rotea said.

“I think the two are complementary, and I see a role for
both, depending on the age of the farm,” he said. “For a
brand-new turbine that is going to be built five years from
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now, a model-based scheme is probably the best way to go.
But for an existing machine that has been on the field, retro-
fitting a model-free algorithm to re-tune key control system
parameters is probably a better approach than re-designing
a complete model-based solution.”

Retrofitting older turbines is increasing as many assets
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Figure 1: Upstream turbine does not have a yaw misalignment and the wake is impinging the

: !

Figure 2: The upstream turbine yaw (y=25°) and the wake starts moving away from the
direction of the downstream turhine.

enter their second decade of operation. As turbines get older,
their aerodynamic characteristics begin to change, accord-
ing to Rotea.
“There are bugs on blades, ice buildup, erosion,” he said.
“And our point in the industry is: Before you change the
hardware, change the software. The way we present that
to people is as we get older, we don’t do the same things
at 50 that we did at 20. We adjust our brain in order to not
break a limb. So, we say, ‘why don’t we adjust the brains of
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The SWIFT facility owned and operated by Sandia National Laboratories. (Courtesy: WindSTAR)

the turbine in order to extract maximum efficiency?’ And
that’s the space we are trying to occupy with model-free
retrofit control.”

THE IMPORTANCE OF COORDINATION
The goal of Rotea and Leonardi’s research has been to demon-
strate that coordination is important, but not in all cases.

“We have seen cases where there is a tradeoff between
turbines and how much power you gain,” Rotea said. “But
we have a mechanism for understanding that by computer
simulation. The second thing, in addition to coordination
of turbines, is to try to do that without relying on a deep
characterization of the dynamics of the turbine, which is
difficult to obtain.”

Leonardi agreed.

“From the beginning, we have been trying to do this, and
we needed to run many different cases just to learn how to
apply effectively these algorithms,” he said.

FIELD TESTS
The next step for the research team is to test it on a real
wind farm. Once funding is obtained, a field test will be
performed at the SWiFT facility in Lubbock, Texas, operated
by Sandia National Laboratories.

“We did a field test on this model-free algorithm on
a single turbine, but never on multiple turbines,” Rotea
said. “This is important, because the owners and opera-
tors who will eventually implement these, they want to
understand what is the impact of increasing the annual
energy production through these model-free controls
and how it affects the structural integrity of the turbine.
We have studied it with computer simulations, but there
really is no substitute for a field test in order to measure
these effects.”
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Leonardi said he is confident the simulations will hold up
during field tests, and he said he thinks the algorithms will
increase in accuracy as the size of the turbines increases.

“One individual turbine has already been done,” he said.
“We would like to prove it on a larger scale turbine. SWiFT
will give us a good approximation to what is going to be the
ideal scenario. As we increase the size of turbines, things
should actually be better than what we measure with SWiFT.
The gain that we will see at SWiFT is three to four times
smaller than what we'd see on full-scale turbines. At least
this is what we understood from our studies in the last cou-
ple of years.”

MOVING FORWARD

Rotea said the wind industry has an opportunity to really
move forward not just with his research, but with other
areas of research that could revolutionize wind energy, but,
for now, it remains underfunded.

“Wind does not have enough participation of academics
like us in the development of next generation wind-energy
systems,” he said. “There’s a group of people that feels that
wind energy is a mature subject, but that’s far from true.
There is a tremendous opportunity. This industry needs nov-
el control strategies leading to cost-effective wind plants
capable of achieving the penetration targets anticipated in
the U.S. (35 percent electricity from wind energy by 2050).
It’s ready for transformative research by bringing great tools
from control systems, high performance computing, fluid
mechanics, structures and materials, and even nanotech-
nology. The key is to be able to persuade the decision makers
to move in that direction.”

The SC18 (the international conference for high perfor-
mance computing, networking, storage, and analysis) will
be in Dallas, Texas, November 11-16, 2018.





