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Abstract. This paper shows the possibility of the output improvement to a large wind turbine, so the
operator can earn more and thus reduce the overall cost of energy. For a modern wind turbine certificated by
IEC or DNV-GL guidelines, a 20 years design lifetime is a base line. However, the efficiency of the turbine
will degrade after 8 or 9 years' operating. Some components, especially the turning blade, the efficiency
may vary due to the surface condition change. Meanwhile, the controller technology may also have been

improved after years. So, the turbine can regain its original output or even have a better output performance
through some adjustments. In this paper, a 2 MW wind turbine with different design and operating
parameters like blade efficiency, wind direction alignment, high/low wind control strategy has been
evaluated, then with the software DNV-GL BLADED simulation, to calculate the output differences and
availability of the turbine. The result shown that a 3~5% yield annually can be obtained for each improved

parameter in a 9 m/s mean wind speed situation.

1 Introduction

Wind energy has rapid growth recent years. According
to GWEC's report [1], a world’s total cumulative wind
capacity is 486.8 GW in 2016. And with annual
installations in excess of 50 GW which means over ten
thousand of turbines have been installed all over the
world each year. The forecast statistics also indicates a
cumulative capacity growth more than 10% in the
coming 5 years [1].

The market growth also shown the highly
technology maturity compares to other renewable
energies. With so many turbines installed all around the
world in the recent 3 decades, the design standards for
wind turbines have also been proved and updated for
years. These design standards provide a basic and
important guideline for the turbine developers, and
manufacturers to choose, evaluate or design their
turbines.

For a modern wind turbine certificated by IEC or
DNV-GL guidelines, the design lifetime shall be at least
20 years [2, 3]. The guideline provides basic
requirements for the turbine to operate safely and
smoothly in its lifetime. And of course, after the
installation of a wind turbine, the manufacturer will go
through a fine tuning procedure to optimize the turbine's
operation performance based on the design requirement
and in-situ measurement. However, the efficiency of the
turbine will degrade after 8 or 9 years' operation. Some
components, especially the turning blade, the efficiency
may vary due to the surface condition change.
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Meanwhile, new controller methods may also been
found during this period. So, the turbine may need an
overall examine, retune, and controller re-design to
improve the turbine’s availability. As shown in Figure 1,
two wind turbines’ power curves have been plotted.
These 2 turbines come from a same wind farm with 2
MW output capacities for each wind turbine. In the plot,
the blue dotted line is the real output while the orange
dotted line represents the design power curve. It can be
clearly seen that the real curve of the turbine A has an
obvious difference in the power output. The turbine B
also showed a larger output offset in the below-rated
wind speed region. This output difference results in a
loss of the income from the electricity generation from
the turbine.

This paper evaluates a 2 MW wind turbine from a
real operating wind farm with different design and
operating parameters input like blade efficiency, wind
direction alignment, high/low wind control strategy, then
with the software DNV-GL BLADED’s simulation, to
calculate the output differences of the turbine to see how
much annual output can be improved through these
adjustments.

2 System Description: Wind Turbine
Model

In this article, a generic 2 MW turbine model was
adopted as a reference to have a general evaluation on
this topic. The basic specification of this turbine is listed
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in Table 1 with a nominal rotor speed 22.5 rpm, an
optimum tip speed ratio 8, and an optimal mode gain
98815 Nm/(rad/s)” as its base line operation parameters.
And the resulting design power curve is plotted in Figure
2. The turbine starts to generate the electricity at a cut-in
wind speed of 3 m/s, power output to its rated at 12m/s,
then when the average wind speed is over 25 m/s, the
turbine will stop automatically to prevent the dangerous
operation under extreme wind condition.

From the power curve in Figure 2, the annual yield
of the turbine can be calculated with the wind speed
distribution probability (Figure 3) given the Weibull
distribution shape factor 2 and a 98 % availability. Table
2 is the calculation output for different annual average
wind speed. For a 9 m/s wind speed, it means more than
7 million kWh electricity can be generated annually.
This number is an ideal calculation since the wind
conditions, system control response, turbine faults, and
maintenance all have influence to the final power output.

3 Output Degradation Analyses

As mentioned in Section 1, the power output may differ
from the original design after years’ operation. We can
quantify the effects through the following analyses and
calculations.
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Fig. 1. Two turbines’ actual power curve compare to the design
one.

Table 1. Specification of the generic 2 MW turbine.

General

Rotor Diameter 70.65 m

Variable, nominal 22.5

Rotor Speed
rpm
Nominal Power 2.0 MW
Rated Wind Speed 12 m/s
Cut-in / Cut-out Wind Speed ~ 3~25 m/s

. . ) 8 (with Optimum C,
Optimum Tip Sppd Ratio

0.478)
Optimum Mode Gain 98815 Nm/(rad/s)*
Generator Torque ~866 kNm

Electrical power [KW]

Power Curve
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Fig. 2. Power of the generic 2 MW turbine.
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Fig. 3. Wind Distribution Probability.

Table 2. Annual Yield Calculation.

Annual Mean Hub Annual Energy Yield (kWh)

Wind Speed (m/s)
7 5.015e+06
8 6.461e+06

9 7.754e+06
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10 8.834e+06

3.1. Blade C, (Power Coefficient)

The turbine blades are rotating parts and have direct
contact to the outside environment. So, its surface profile
(aerofoil shape) may be changed by the dust’s friction
and salty water particle’s erosion effects. Since the
surface profile of the blade decides the energy
conversion efficiency, that is the C, of the blade, the
power output and control performance will be influenced,
too. However, it’s hard to measure exactly the change of
the C,. It can only be calculated and estimated from the
actual power curve. Here, C, can be viewed as a
parameter in the simulation, so the difference of the yield
can be analysed. From Table 1, the original design
optimum C, is 0.478. Then three different C, values
range from 0.365 to 0.478 were chosen to evaluate the
performance differences as shown in Figure 4.

For the wind turbine control in the low wind speed
region, C, and A (tip speed ratio) are two very important
parameters to reach the MPPT (Maximum Power Point
Tracking) strategy since the following formulas (1)~(3)
shown these two parameters should be kept to their
optimum to have a MPPT curve.

Power = ~pAV3C,(6,4) (1)
_ @R
A== ()

where p is the air density, 4 is the rotor swept area,
¥V is the wind speed, @ is the blade pitch angle, and A s
the tip speed ratio define by formula (2). Since the wind
speed measure is not reliable from the anemometer
behind the rotor, the formula (1) can be rewrite by
replacing wind speed V with the relation of formula (2).
Then the power output can be independent from the
wind speed as shown in formula (3). In this mode, the
blade angle # andA should be both stay at its optimum,
so the C,, opt and A o is denoted in formula (3). Then,
the formula can be simplified into a linear proportional
relation in formula (4), where K, is the product of all
known parameters except rotational speed W.

Power = §p1rR5W3 % 3
opt

Power = K, W?, Torque = K,,\W? (4)

The internal control algorithm will follow the
formula (4) by measuring the rotor speed and then
multiply with K, to give the power or torque command
to the system. With this optimum relation, the wind
speed can be evaluated to match the power curve. When
the real blade C, decreases, the power or torque
command form formula (4) to reach the MPPT will no
longer works. This means, for a same rotor speed, it
represents a higher wind speed than the ideal one. The
power output from formula (4) will thus be degraded. It

needs a higher wind speed to reach the same power. This
results in the power curve offset as shown in figure 5(a).
And figure 5(b) is a zoom in at wind speed from
6~11m/s to see more clear the differences. For the worst
case, the black curve with C, 0.365, the rated wind speed
will be moved to 13 m/s. And the annual yields were
calculated in table 3 according to different average wind
speed. It’s about 4% electricity loss due to a slightly C,
change. An obvious loss over 10% can be seen in the last
and the worst case, C, = 0.365. However, this is an
extreme case just to show the influence of C, and is
unlikely to happen with a normal operation.
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Fig. 4. Different C,, curves with optimum from 0.478 to 0.36
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3.2. Yaw Alignment Error

The second parameter that may influence the power
output performance is the yaw alignment error and the
flow inclination. The ideal power curve assumes the
wind comes from the upwind direction and directly
exerts on the rotor swept surface without any yaw error
and inclination. Although the turbine controller will turn
the nacelle to align with the wind direction, it is not
possible for such a big mass body (>100 tons) to do the
alignment exactly and immediately since the wind
direction is changing all the time. So the nacelle will not
yawing continuously if the alignment error lies in the
range about +/- 15 degrees for this turbine. As a whole,
this effect will be averaged for a loner time periods.
Besides, this yaw alignment error can also come from
the measurement of the cup anemometer. Since the yaw
error is the difference between the nacelle position and
the wind direction. This value can vary with time and
need to be adjusted periodically. If not, this error can
result in a large power curve offset as shown in figure 6.
Its impact is even more than the C, variation. With a 10
degrees alignment error, the annual yield reveals a 5%
more loss from the yaw error as listed in table 4.
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Fig. 6. Power curves comparison with Yaw misalignment and
inflow inclination

4. Retrofit Strategy in Controller

From the analysis of two parameters that relates to the
annual yield, it’s possible for wind farm owner to check
the operating power curve to see if the tuning is needed
to bring back the power output. Besides these, what we
can do to gain extra power is to increase rated power and
extend the cutout wind speed [4]. If these strategies can
be done carefully, the turbine’s lifetime can also be
extended as there also exist international standard
especially for the lifetime extension of the wind turbines.
[5~7].

4.1. Rated Power Upgrade

Assume that the generator’s capacity can be overloaded
within some small range, the power output will thus be
increased if the operating parameters like rotor/stator
temperatures can still lies within the safe values. The
simulation bellows increased the generator output for 5%
more, that is, 2100 kW. Obviously, the power curve in
Figure 7 has an offset after the rated wind speed. And the
annual yield improvement is calculated and listed in
Table 5. The difference is relative small especially when
the mean wind speed is small than 8 m/s, only 2%
increase in annual yield. For a 9 and 10 m/s mean wind
speed, 3% and 4% increase separately, these result is
more effective and economical.

Table 3. Annual Yield Calculation of different C,,.

Annual Mean Wind Annual Yield (kWh) Annual Yield (kWh) Annual Yield (kWh) Annual Yield (kWh)
Speed (m/s) C,=0.478 C,=0.456 C,=0.450 C,=0.365
7 5.02E+06 4.85E+06 4.80E+06 4.14E+06
8 6.46E+06 6.29E+06 6.23E+06 5.50E+06
9 7.75E+06 7.58E+06 7.53E+06 6.77E+06
10 8.83E+06 8.67E+06 8.61E+06 7.87E+06
Table 4. Annual Yield Calculation of different C, and yaw error.
Annual Mean Annual Yield (kWh) Annual Yield (kWh) Annual Yield (kWh) Annual Yield (kWh)
Wind Speed (m/s) Cp=0.478 Cp=0.456 Cp=0.450 with Yaw Error
7 5.02E+06 4.85E+06 4.80E+06 4.57E+06
8 6.46E+06 6.29E+06 6.23E+06 5.99E+06
9 7.75E+06 7.58E+06 7.53E+06 7.28E+06
10 8.83E+06 8.67E+06 8.61E+06 8.36E+06
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4.2. Cut-out wind speed Extended

If we extend the normal cut-out wind speed from 25m/s
to 28m/s. The difference will not be so obvious since the
probability of these wind speed range is relative small as
we mentioned in Figure 3. In column 4 of Table 5, the
extra energy obtain by this parameter is only 0.4%
(about 34000 kWh per year). This parameter need a site
with higher Weibull shape factor to show its
effectiveness.
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Fig. 7. Power curves comparison with Extended Generator
Output and Cut-out Wind Speed

5. Discussion

In this article, investigations on various parameters that
may influence the wind turbine output performance have
been given. The blade’s C,, yawing misalignment,
generator rated output upgrade, and cut-out wind speed
extension are all possible and effective ways to bring
back or increase the annual electricity yield, that is,
much more income for the wind farm owners. From the
simulation outcome, in general, a 3~5% yield annually
can be obtained for each improved parameter in a 9 m/s
mean wind speed situation. For the worst case that the
turbine was downgraded due to long time operation and
then upgraded by control strategy modification, a 12%
increase may be achieved. This paper only addresses the
steady state calculation. Much more dynamic
simulations will be carried out in the future.
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Table 5. Annual Yield Calculation.

Annual Yield (kWh)

Annual Mean Annual Yield (kWh) Annual Yield (kWh) Higher Cut-out Wind Percentage increased
Wind Speed (m/s) Cp=0.478 Rated Power Upgrade ghe S]l)le::iu (%)
7 5.02E+06 5.09E+06 5.09E+06 1.4%
8 6.46E+06 6.59E+06 6.60E+06 2.2%
9 7.76E+06 7.95E+06 7.98E+06 3.0%
10 8.83E+06 9.09E+06 9.188+06 4.0%
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