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Abstract: In this study, a power compensation control algorithm was designed and validated for com-
mercial 100 kW medium wind turbine models for power compensation due to additional generator
loss. Generally, torque control considering generator efficiency is applied to a controller of a medium
wind turbine; however, a control corresponding to a decrease in generator efficiency due to the
surrounding environment is not possible. There is a possibility that an additional generator loss may
occur due to the surrounding environment of the wind turbine already installed, and accordingly,
a power compensation control algorithm is required because power is expected to decrease. The
power compensation control algorithms may be divided into three methods according to a control
strategy, and three power compensation control algorithms were explained and designed. The
proposed power compensation control algorithms were validated using DNV’s Bladed program.
The simulation conditions were selected at an average wind speed of about 18 m/s and normal
turbulence model (NTM) Class A, and the additional generator loss was assumed to be 15%. The
simulation comparison showed that the original power control algorithm had a deviation of 15.00%
from the rated power due to a 15% generator loss, and the designed three power compensation
control algorithms had a deviation of up to 0.05%.

Keywords: wind turbine control; power control; power compensation; medium wind turbine

1. Introduction

The cumulative installation capacity of wind turbines is constantly increasing and
reached about 837 GW at the end of 2021 [1]. As the cumulative installation capacity of
the wind farm increases, the unit capacity of the installed wind turbine increases, and
research is continuously being conducted to improve the operating performance of the
wind turbine along with the increase in the capacity of the wind turbine. The wind turbine
control algorithm is one of the factors directly related to the operation performance of
the wind turbine and can be largely divided into a supervisory control algorithm and
a control algorithm in a normal operation state. The wind turbine control algorithm in
normal operation can be divided into a basic power control algorithm to maximize power
efficiency according to the wind speed change, maintaining the rated power, and the load
reduction control to reduce the load generated during the wind turbine operation.

The basic power control algorithm of the wind turbine includes generator torque
control and blade pitch control and is carried out with different strategies in variable wind
speed, including Regions 2, 2-1/2, and 3 [2,3]. Torque control is performed in Region 2 and
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is used as a strategy to maximize the power of the wind turbine based on the maximum
power point tracking (MPPT) algorithm. Pitch control is performed in Region 3 and is
used as a strategy to maintain the rated power by maintaining the generator speed using
a pitch [2–4]. The load reduction control is designed by applying an additional control
loop to the basic power control algorithm to reduce the magnitude of the load in the wind
turbine, and the load reduction control includes peak shaving, tower damper, drivetrain
damper, individual pitch control, feedforward, etc. [5–13].

The wind turbine control algorithm described above is generally applied to large
MW-class wind turbines but is also recently applied to medium wind turbines. Medium
wind turbines have similar shapes and functions to large MW-class wind turbines and
have been continuously developed for micro-grids or independent power plants [14–18].
Medium wind turbines are divided either into a model that can perform power control with
a stall control method using fixed blades or a model that can perform power control with
an active pitch control method using blade pitching. Medium wind turbines capable of
blade pitching have a similar mechanism to MW-class large wind turbines, and an applied
power control algorithm is also designed to have a similar structure. In an empirical case
of a commercially available medium wind turbine, controller upload and performance
validation were performed through the linkage between a commercial programmable logic
controller (PLC) and a medium wind turbine [5,19,20].

Medium wind turbines can be used to build a micro-grid for special facilities such as
mine and fish farm in areas with a weak power system [14]. In the case of medium wind
turbines, transportation is relatively convenient compared to MW-class large wind turbines,
so it has the advantage of being easy to build for areas where transportation facilities are
old. However, medium wind turbines have the disadvantage of a weak cooling system
due to the size of the small nacelle, and the loss of wind turbines may increase due to
various causes, such as climate, environment, or nacelle temperature increases [21–23].
In particular, when the installed area is a tropical area, the medium wind turbine may
experience a decrease in power due to a decrease in the generator efficiency and an increase
in temperature.

Since the wind turbine’s basic power control algorithm is designed based on the
performance and specifications of the manufactured wind turbine generator, it cannot
compensate for power due to the reduced generator efficiency according to environmental
changes. In this case, the torque schedule prepared for torque control is applied to the
generator efficiency of the wind turbine, and the experimental value obtained through the
generator test is used. As a result, since the basic power control algorithm of the wind
turbine is difficult to respond to the changed generator efficiency, the power decreases if
the generator efficiency decreases due to external factors. This is generally caused by two
reasons applied in the design phase of the basic power control algorithm. The first reason
is that the torque schedule for torque control described above is prepared in consideration
of the known generator efficiency. Second, the proportional integral (PI) control algorithm
for pitch control is designed to perform control using the error value of the generator
speed and the rated generator speed. This means that control is performed to maintain the
rated generator speed regardless of the power decrease caused by the generator efficiency
decrease. Research related to the wind turbine power control algorithm was introduced
with the results [24–26].

Vidal et al. analyzed and designed the original pitch PI control algorithm of wind
turbines. Simulations were performed in a variable wind speed environment. The pitch PI
control algorithm was used to maintain the rated generator speed in the wind speed that is
higher than the rated speed, and the error between the rated and the measured generator
speeds was used as a control input parameter. The simulation results showed that it is
possible to maintain the rated power in the wind speed that is higher than the rated speed,
but no quantitative result of the performance was presented [24]. Hawari et al. proposed
a robust tuning method for full-load pitch control by deriving a new design formula for
the PI pitch controller of wind turbines. This research uses the error between the rated and
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the measured generator speeds as a control input parameter similar to the original pitch
PI control, but this has a difference in the gain tuning method. The gain tuning method
using the collective flap mode and the low pass filter was applied. The proposed control
was found to reduce standard deviation of the power by 63% compared with the original
control due to the improved pitch response rate [25]. Ren et al. proposed a PI pitch control
algorithm that estimates uncertain nonlinearity and external disturbances based on the two
mass nonlinear wind turbine model. The proposed control algorithm reduces the standard
deviation of the rotor speed due to the improved response rate and decreases by up to
30% compared to the original PI pitch control algorithm. This had a significant effect on
reducing the standard deviation of power and rotor speed [26].

The PI pitch control algorithm in the literature was able to reduce the standard de-
viation of the power and rotor speed. However, research on the control algorithm for
power compensation could not be confirmed in relation to additional generator loss. There-
fore, in this paper, a power compensation control algorithm for the wind speed that is
higher than the rated wind speed was designed and applied to compensate for the loss
of power generation due to a decrease in generator efficiency after installing a medium
wind turbine. The power compensation control algorithm was designed by dividing it into
three strategies. The first strategy was a pitch PI control algorithm using power feedback,
and the second strategy involved applying both the pitch PI control algorithm and the
torque compensation control algorithm using power feedback. The final strategy aimed to
apply both the pitch PI control algorithm and the torque compensation control algorithm
using generator speed feedback. The performance validation of the control algorithm was
performed on the Wind Rose 100 kW model, and simulation was performed using Bladed.
The performances of the original power control algorithm and three power compensation
control algorithms of the target wind turbine were compared using simulation results, and
the power compensation control algorithm with the best performance was selected based
on the analysis results.

The rest of the article consists of the following. Section 2 presents the target wind tur-
bine model and the control algorithm proposed in this study. Section 3 presents simulation
results for performance validation. The simulation results due to variable generator loss
are shown in Section 4. Finally, the article concludes in Section 5.

2. Design of Power Compensation Control Algorithm
2.1. Target Wind Turbine (Wind Rose 100 kW)

The target wind turbine of this study was selected as a Wind Rose 100 kW model
designed for commercial use. The target wind turbine was modeled using a commercial
program to validate the simulation of the power compensation control algorithm. The
target wind turbine, medium horizontal-axis lift-type wind turbine with a rated power
of 100 kW, was designed and developed by Seoltech, a Korean company. In addition, the
target wind turbine completed on-site validation in Korea, and performance improvement
is currently underway in consideration of the environment of countries in low-wind and
tropical climates such as Thailand. The target wind turbine had three blades, and a pitch
system was applied to enable pitch control. The target wind turbine had a hub height of
36 m and a rotor diameter of 24.4 m. In addition, the rated speed was 50 rpm, and the
maximum power factor was about 0.45, in a tip speed ratio of 7.3. Figure 1 shows the shape
of the target wind turbine, and Table 1 shows the brief specifications.
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Figure 1. Target wind turbine (Wind Rose 100 kW). 

Table 1. Specifications of target wind turbine. 

Specifications Unit Value 
Wind Turbine Type - HAWT, VSVP, Upwind 

Rated Power W 100,000 
Rotor Diameter m 24.4 

Hub Height m 30, 36 
Rated Wind Speed m/s 10 
Rated Rotor Speed rpm 50 
Fine Pitch Angle deg −0.8 

Optimal Tip Speed Ratio - 7.3 
Max-Cp - 0.45 

Gear Ratio - 1:1 

2.2. Control Algorithm 
The three control algorithms proposed to compensate for the power of the wind 

turbine were designed for the Wind Rose 100 kW model. For power compensation, the 
power feedback PI control algorithm and the estimated generator speed PI control 
algorithm were applied to replace the original pitch control. In addition, the torque control 
for torque compensation was designed. Figure 2 shows a schematic diagram of the overall 
control algorithm used for performance validation in this study. The area marked with 
red shading is the control algorithm designed in this study and the area marked with gray 
shading is an original algorithm. The control algorithm converted to a dynamic linking 
library (DLL)-type external controller for DNV’s Bladed program simulation validation is 
shown in green. The description related to the design of the control algorithm is described 
in the later chapter. 

Figure 1. Target wind turbine (Wind Rose 100 kW).

Table 1. Specifications of target wind turbine.

Specifications Unit Value

Wind Turbine Type - HAWT, VSVP, Upwind
Rated Power W 100,000

Rotor Diameter m 24.4
Hub Height m 30, 36

Rated Wind Speed m/s 10
Rated Rotor Speed rpm 50
Fine Pitch Angle deg −0.8

Optimal Tip Speed Ratio - 7.3
Max-Cp - 0.45

Gear Ratio - 1:1

2.2. Control Algorithm

The three control algorithms proposed to compensate for the power of the wind turbine
were designed for the Wind Rose 100 kW model. For power compensation, the power
feedback PI control algorithm and the estimated generator speed PI control algorithm were
applied to replace the original pitch control. In addition, the torque control for torque
compensation was designed. Figure 2 shows a schematic diagram of the overall control
algorithm used for performance validation in this study. The area marked with red shading
is the control algorithm designed in this study and the area marked with gray shading
is an original algorithm. The control algorithm converted to a dynamic linking library
(DLL)-type external controller for DNV’s Bladed program simulation validation is shown
in green. The description related to the design of the control algorithm is described in the
later chapter.



Energies 2023, 16, 619 5 of 15Energies 2023, 16, 619 5 of 15 
 

 

 
Figure 2. Schematic diagram of the proposed control algorithms. 

2.3. Strategy 1—Power Feedback PI Control Algorithm (Pitch Control) 
Generally, the pitch PI control of the wind turbine is used to maintain the rated power 

even if the wind speed exceeds the rated wind speed. The pitch control calculates a pitch 
angle command according to the generator speed, thereby maintaining the generator 
speed and performing power control. Equation (1) shows the transfer function of the PI 
control, and the PI control algorithm may be described as Equation (2) according to the 
control output. 𝑘ሺ𝑠ሻ ൌ 𝑘௣,௚௔௜௡ ൅ 𝑘௜,௚௔௜௡𝑠  (1) 

𝑢ሺ𝑡ሻ ൌ 𝑘௣,௚௔௜௡𝑒ሺ𝑡ሻ ൅ 𝑘௜,௚௔௜௡ න 𝑒ሺ𝑡ሻ𝑑𝑡  (2) 

As shown in Equation (3), the Ω௚,௘௥௥௢௥ calculated using the rated generator speed 
and the measured generator speed is used as a control input parameter. However, the 
pitch control based on the generator speed maintains the rated speed regardless of any 
decrease in the generator efficiency and is disadvantageous in the sense that it cannot 
compensate for loss due to the decrease in the generator efficiency. This study was 
conducted to compensate for the disadvantages of pitch control based on the generator 
speed. The pitch control based on the power feedback performs the PI control using an 
error in the measured power and rated power and performs the power control to maintain 
the rated power. As shown in Equation (4), the power error calculated using the rated 
power and the measured power is used as a control parameter. Since the pitch control 
based on the power feedback is performed based on the measured power, the control is 
performed to maintain the rated power; even if the generator efficiency decreases for other 
reasons, it controls the rated power. 

Figure 2. Schematic diagram of the proposed control algorithms.

2.3. Strategy 1—Power Feedback PI Control Algorithm (Pitch Control)

Generally, the pitch PI control of the wind turbine is used to maintain the rated power
even if the wind speed exceeds the rated wind speed. The pitch control calculates a pitch
angle command according to the generator speed, thereby maintaining the generator
speed and performing power control. Equation (1) shows the transfer function of the PI
control, and the PI control algorithm may be described as Equation (2) according to the
control output.

k(s) = kp, gain +
ki, gain

s
(1)

u(t) = kp, gaine(t) + ki, gain

∫
e(t)dt (2)

As shown in Equation (3), the Ωg, error calculated using the rated generator speed and
the measured generator speed is used as a control input parameter. However, the pitch
control based on the generator speed maintains the rated speed regardless of any decrease
in the generator efficiency and is disadvantageous in the sense that it cannot compensate
for loss due to the decrease in the generator efficiency. This study was conducted to
compensate for the disadvantages of pitch control based on the generator speed. The
pitch control based on the power feedback performs the PI control using an error in the
measured power and rated power and performs the power control to maintain the rated
power. As shown in Equation (4), the power error calculated using the rated power and the
measured power is used as a control parameter. Since the pitch control based on the power
feedback is performed based on the measured power, the control is performed to maintain
the rated power; even if the generator efficiency decreases for other reasons, it controls the
rated power.

Ωg, error = Ωg, measured − Ωg, rated (3)

P error = Pmeasured − Prated (4)
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For example, generator efficiency may be reduced due to an increase in generator
temperature. Although it is not possible to quantitatively identify the decrease in generator
efficiency according to the operating temperature of the generator, it was confirmed through
the generator performance test that the operating temperature gradually increased. After
being installed in the area to be demonstrated in the future, it is expected that it will be
possible to accurately grasp the trend of decreasing generator efficiency according to the
operating temperature of the generator. In this study, a study on the design of a power
compensation control algorithm capable of responding to changes in generator efficiency
was conducted in advance. Figure 3 shows a schematic diagram of the structure of the
power feedback PI control algorithm.
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The power feedback PI control increases the operating range of the rotor speed to
compensate for the generator loss. This is because the driving performance changes as
the pitch command sends out a command value relatively smaller than that of the general
pitch control. The rated torque value is applied to the generator torque command and has a
constant value. The power of the wind turbine has a relationship as shown in Equation (5).
PElc is the amount of power generated in consideration of the wind turbine loss, Tg is the
generator torque, Ωg is the generator speed, and ηg is the generator loss. Losses may vary
due to climate or environmental factors in the area where the wind turbines are installed.
In Equation (5), if the generator loss is reduced and the generator torque is maintained
at a rated generator torque, PElc is required to increase Ωg due to the generator loss to be
maintained at a rated power. Therefore, the power feedback PI control is required to be
designed in consideration of the allowable generator speed.

PElc = Tg Ωg ηg (5)

Without considering the allowable generator speed, the proposed algorithm can
excessively increase the generator speed for power compensation due to reduced generator
efficiency. The maximum generator speed of the Wind Rose 100 kW model is 56 rpm, which
means that the operating range that can be increased for power compensation ranges from
50 to 56 rpm.

2.4. Strategy 2—Power Feedback Torque Compensation Algorithm (Torque Control)

By applying the power feedback PI control algorithm, operating in an area where the
generator speed is higher than the rated speed may cause a decrease in stability in terms
of the wind turbine operation situation. Therefore, there is a need for a control algorithm
to prevent an excessive increase in the generator speed. The torque compensation control
algorithm predicts the generator efficiency of the wind turbine and implements power
compensation by calculating additional torque commands based on the predicted generator
efficiency. The torque command calculated for power compensation is added to the original



Energies 2023, 16, 619 7 of 15

torque command as shown in Equation 6, and then sent to the final torque command.
Figure 4 shows the structure of the power feedback torque compensation control algorithm.

TCMD = TCMD, original + TCMD, additional (6)
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The generator efficiency is estimated using Equation (7), which is modified based on
Equation (5). The current generator efficiency of the wind turbine may be estimated by
dividing the value of the generator torque command and the generator speed product by
the measured power. The estimated generator efficiency is used as one of the input values
of the two-dimensional look-up table for the calculation of additional torque commands
and can be designed in consideration of the maximum generator torque and generator
specifications of the target wind turbine. In addition, the other input values used the rated
power. A two-dimensional look-up table is required to consider the available power for the
additional torque command calculation according to the changed wind speed.

ηg, est = Pmeasured/Tg, measured Ωg, measured , (7)

The maximum generator torque of the Wind Rose 100 kW model is 25.59 kNm, and
the generator torque compensation value considering the maximum generator torque is
built in a table. The power compensation control using torque compensation is designed
to preferentially perform torque control until the measured generator torque reaches the
maximum generator torque value, and then perform power compensation control using
pitch control.

2.5. Strategy 3—Estimated Generator Speed PI Control Algorithm (Pitch Control)

The PI control using the estimated generator speed has a similar structure to the origi-
nal pitch control algorithm but has a difference in the error value calculation parameters
used as a control input. As explained above, the original pitch control algorithm performs
the PI control using the error between the measured generator speed and the rated gen-
erator speed. The rated generator speed is the generator speed at which the target wind
turbine generates the rated power; the value is 50 rpm. However, the estimated generator
speed PI control is performed using the error between the measured generator speed and
the estimated generator speed. The estimated generator speed means the generator speed
required for power compensation and can be estimated using the estimated generator
efficiency. The value is calculated differently depending on the generator loss that has
occurred, and if the generator loss is 15%, the predicted generator speed value is 51 rpm. A
one-dimensional look-up table is built to estimate the generator speed, and the estimated
generator efficiency is used as an input value. Figure 5 shows the structure of the estimated
generator speed PI control algorithm.
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3. Validation of Control Algorithm
3.1. Simulation Results for Normal Condition (without Additional Generator Loss)

The simulation program used in this study is DNV’s Bladed program. The target wind
turbine was modeled using the Bladed program. Moreover, the original power control
algorithm of the target wind turbine and the three proposed power compensation control
algorithms were designed using Matlab/Simulink (R2015b) and were finally completed
in DLL format. The DLL-type external controller was applied to the dynamic simulation
in conjunction with the aeroelastic analysis program DNV’s Bladed program to validate
control performance. Dynamic simulations were performed using the Wind Rose 100 kW
model selected as the target wind turbine. The simulation conditions were applied with an
average wind speed of 18 m/s and a turbulence intensity NTM Class A and were performed
for 600 s in a dynamic simulation environment where each condition was applied.

It was assumed that there was no additional generator loss, and 0% of the additional
generator loss was applied. Figure 6 shows the rotor speed, pitch angle, generator torque,
and power values according to the simulation results to which the basic power control al-
gorithm and three power compensation control algorithms were applied. It was confirmed
that the four control algorithms have similar power performance.
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The power performance was similar, but Strategies 1 and 2 confirmed the effect of
decreasing the standard deviation of the power and the standard deviation of the generator
speed compared to the basic power control algorithm. In the case of Strategy 1, the
power standard deviation and the generator speed standard deviation increased by 0.52%,
respectively, and in the case of Strategy 2, the power standard deviation increased by 0.65%.
For Strategy 3, no difference in the basic power control algorithm was found, and Tables 2
and 3 show the comparison of the quantitative values of the simulation results.

Table 2. Comparison of rotor speed according to simulation results (additional generator loss 0%).

Conditions
(Additional Generator Loss)

Rotor Speed (rpm, %)

Mean Error Std. Error

Baseline (0%) 50.00 - 0.386 -
Strategy 1 (0%) 50.02 0.04 0.388 0.52
Strategy 2 (0%) 50.02 0.04 0.389 0.78
Strategy 3 (0%) 50.04 0.08 0.386 0.00

Table 3. Comparison of power according to simulation results (additional generator loss 0%).

Conditions
(Generator Efficiency)

Electrical Power (kW, %)

Mean Error Std. Error

Baseline (0%) 100.00 - 0.772 -
Strategy 1 (0%) 100.04 0.04 0.776 0.52
Strategy 2 (0%) 100.04 0.04 0.777 0.65
Strategy 3 (0%) 100.07 0.07 0.772 0.00

3.2. Simulation Results for Unusual Condition (with Additional Generator Loss)

In order to confirm the performance of the power compensation control algorithm,
a simulation assuming additional generator loss was performed. It was assumed that
the additional generator loss was 15%, and the other conditions, except for the generator
efficiency, were applied in the same method as the simulation conditions performed above.
Figure 7 shows the simulation results applied to four control algorithms. The solid black
line is the result of the application of the basic power control algorithm, showing that the
power decreases as the generator efficiency decreases. On the other hand, by applying
the proposed control algorithm, the power compensation according to the reduction in
generator efficiency was confirmed. The blue line is the simulation result to which Strategy
1 was applied, showing that the rotor speed was excessively increased to compensate.

The red and green lines show the results of Strategy 2 and Strategy 3. The difference
with Strategy 1 is the presence or absence of an additional torque command according to
the torque compensation control, and the torque compensation control algorithm sends out
additional torque commands, confirming that the rotor speed operating range is relatively
low. In addition, it was possible to confirm a change in operating performance through
a change in the times of use of the pitch angle according to the application of the control
algorithm. The difference between Strategy 1 and Strategy 3 is the error value used in the
PI control algorithm. Strategy 1 used an error between the measured generator speed and
the rated generator speed, and Strategy 3 used an error between the measured generator
speed and the estimated generator speed. The quantitative values of the simulation results
according to the application of the control algorithm are confirmed in Tables 4 and 5.
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Table 4. Comparison of rotor speeds according to simulation results (additional generator loss 15%).

Conditions
(Generator Efficiency)

Rotor Speed (rpm, %)

Mean Error Std. Error

Baseline (0%) 50.00 - 0.386 -
Baseline (15%) 50.00 0 0.385 −0.26

Strategy 1 (15%) 58.80 17.60 0.360 −6.74
Strategy 2 (15%) 51.00 2.00 0.418 8.29
Strategy 3 (15%) 50.95 1.90 0.406 5.18

Table 5. Comparison of power according to simulation results (additional generator loss 15%).

Conditions
(Generator Efficiency)

Electrical Power (kW, %)

Mean Error Std. Error

Baseline (0%) 100.00 - 0.772 -
Baseline (15%) 85.00 −15.00 0.655 −15.16

Strategy 1 (15%) 99.96 −0.04 0.613 −20.60
Strategy 2 (15%) 100.03 0.03 0.821 6.35
Strategy 3 (15%) 99.95 −0.05 0.797 3.24

Compared to the simulation results of applying the basic power control algorithm
and additional generator loss 0%, the average power of the simulation results applied
with the original power control algorithm and 15% additional generator loss decreased by
15.00%. In the case of Strategy 1, the standard deviation of the rotor speed decreased by
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6.74%, but the average increased by 17.60%. Considering the stability of the wind turbine,
it was found that the application of Strategy 1 was inappropriate. On the other hand, in the
case of Strategy 2 and Strategy 3, the average rotor speed increased by about 2.00%, and it
operated within an acceptable range. In the case of the standard deviation of rotor speed,
Strategy 2 increased by 8.29% and Strategy 3 increased by 5.18%. In the case of power, it
was confirmed that all of the proposed control algorithms could compensate for power
and have a difference in standard deviation. In the case of Strategy 2, the power standard
deviation increased by 6.35%, and in the case of Strategy 3, the power standard deviation
increased by 3.24%.

As a result of the power performance comparison, it can be seen that strategy 1,
strategy 2, and strategy 3 can all compensate for power, which can generate power without
being affected by the additional loss of the generator. In addition, the stability comparison
was compared with the allowable operation conditions using the operating range of the
rotor rotation speed. As a result of the comparison, Strategy 1 exceeded the allowable rotor
speed range and was determined to have no stability. Accordingly, Strategy 1 was excluded
from the application. In the case of Strategies 2 and 3, the power standard deviation was
slightly increased, but this did not significantly affect performance.

4. Discussion

The previously validated content was performed on the assumption that the additional
generator loss of the target wind turbine was fixed at 15%. The target wind turbine
may have changed generator efficiency due to the climate of the installation area. In
this chapter, the performance of the power compensation control algorithm according
to the variable generator efficiency was confirmed. The power compensation control
algorithm can take into account the effects of changes in generator efficiency and estimate
the generator efficiency at every moment. Since compensation control is performed based
on the estimated generator efficiency, it is necessary to accurately estimate the variable
generator efficiency. In order to validate the power compensation control performance,
Strategy 2 and Strategy 3 described above were selected as the control algorithms to be
validated, and performance comparison with the original power control algorithm was
carried out.

The simulation conditions were applied to the Wind Rose 100 kW model and selected
as NTM Class A with an average wind speed of 18 m/s. In addition, in order to reflect
the variable generator efficiency, additional generator loss in the range from 0% to 15%
was applied, and the situation was assumed to be reduced by 3% every 100 s. Dynamic
simulations with the presented conditions were performed by applying control algorithms.
Figure 8 shows the simulation results of the Wind Rose 100 kW model.

It can be seen that the generator efficiency gradually decreases over time, and the
original power control algorithm operates with the power output reduced in accordance
with the decreasing generator efficiency. On the other hand, it was found that Strategy 2 and
Strategy 3 compensate for the reduced generator efficiency and operate while maintaining
the rated power. Tables 6 and 7 show the average value of the 100 s interval between the
power and the rotor rotation speed. Compared with the 0% operation data of the additional
generator loss of the original power control algorithm, the power was compensated, and the
original power control algorithm quantitatively reduced the power output by the reduced
generator efficiency.
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Table 6. Comparison of rotor speed according to simulation results.

Section Conditions
Rotor Speed (rpm, %)

Mean Error Std. Error

0~100 s
(0%)

Baseline 49.99 - 0.433 -
Strategy 2 50.01 0.04 0.391 −9.70
Strategy 3 50.03 0.08 0.423 −2.31

~200 s
(3%)

Baseline 49.99 0 0.343 −20.79
Strategy 2 49.99 0 0.347 −19.86
Strategy 3 50.04 0.10 0.341 −21.25

~300 s
(6%)

Baseline 50.03 0.08 0.388 −10.39
Strategy 2 50.00 0.02 0.406 −6.24
Strategy 3 50.04 0.10 0.399 −7.85

~400 s
(9%)

Baseline 49.99 0.00 0.356 −17.78
Strategy 2 49.99 0 0.348 −19.63
Strategy 3 50.05 0.12 0.395 −8.78

~500 s
(12%)

Baseline 49.97 −0.04 0.393 −9.24
Strategy 2 50.01 0.04 0.550 27.02
Strategy 3 50.00 0.02 0.415 −4.16

~600 s
(15%)

Baseline 50.02 0.06 0.394 −9.01
Strategy 2 50.96 1.94 0.462 6.70
Strategy 3 50.95 1.92 0.431 −0.46
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Table 7. Comparison of power according to simulation results.

Section Conditions
Electrical Power (kW, %)

Mean Error Std. Error

0~100 s
(0%)

Baseline 99.99 - 0.865 -
Strategy 2 100.02 0.03 0.872 0.81
Strategy 3 100.07 0.08 0.846 −2.20

~200 s
(3%)

Baseline 96.98 −3.01 0.665 −23.12
Strategy 2 99.97 −0.02 0.699 −19.19
Strategy 3 100.09 0.10 0.683 −21.04

~300 s
(6%)

Baseline 94.06 −5.93 0.728 −15.84
Strategy 2 100.01 0.02 0.809 −6.47
Strategy 3 100.08 0.09 0.796 −7.98

~400 s
(9%)

Baseline 90.98 −9.01 0.649 −24.97
Strategy 2 99.99 0 0.698 −19.31
Strategy 3 100.10 0.11 0.792 −8.44

~500 s
(12%)

Baseline 87.96 −12.03 0.691 −20.12
Strategy 2 100.03 0.04 1.102 27.40
Strategy 3 100.00 0.01 0.833 −3.70

~600 s
(15%)

Baseline 85.03 14.96 0.669 −22.66
Strategy 2 99.95 −0.04 0.908 4.97
Strategy 3 99.94 −0.05 0.848 −1.97

5. Conclusions

In this study, the power compensation control algorithm according to three strategies
was applied and validated to the Wind Rose 100 kW model. The original pitch control
performs the control using an error between the measured and the rated generator speeds,
though it cannot respond to the variable generator loss in the wind turbine. Unlike
the original pitch control, Strategy 1 performs pitch control using an error between the
measured power and the rated power and ensures operational performance in response
to the loss of a generator. However, Strategy 1 is flawed in the sense that the rotor speed
operation range is higher than the rated condition. This means that there is a limit to
increasing the generator speed for power compensation. To improve this problem, Strategy
2 and Strategy 3 were designed. Strategies 2 and 3 can prevent an excessive increase in the
rotor speed through torque compensation.

The aeroelastic analysis program Bladed was used to validate the control algorithm.
The target wind turbine was selected as the Wind Rose 100 kW model. The simulation was
performed, assuming that the additional generator loss was 0% and 15%. According to the
results, it was found that the three power compensation control algorithms have similar
performance to the original power control algorithm when the additional generator loss
is 0%. As a result of comparing the rotor speed with the mean power and the standard
deviation, it was found that the original power control algorithm and the proposed control
algorithm had an error within 1.00%. Moreover, when the additional generator loss was
15%, the original power control algorithm could not compensate for the power output, but it
was found that the proposed control algorithms operate while maintaining the rated power
through power compensation. As a result of comparing the rotor speed with the mean
power and the standard deviation, it was found that the original power control algorithm
could not compensate for power loss and thus had a mean power error of 15.00%, and the
proposed control algorithm had a mean power error of 0.05%. As described above, Strategy
1 operated while maintaining a high generator speed, and Strategy 2 and 3 operated while
preventing an excessive increase in the generator speed.

In addition, in order to check the performance of the power compensation control
algorithm according to the variable generator efficiency, additional simulations applied
with the variable generator efficiency were performed. Considering the effect of reducing
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the standard deviation of power and rotor speed, Strategy 3 was found to be a little
more effective.

The study is being carried out with the aim of a local demonstration of a 100 kW
wind turbine in Thailand. This year, research related to the development of the control
algorithms was conducted, and the results of the conducted research are presented in this
paper. In the future, the target wind turbine will be installed in Thailand, and after it is
installed, the test operation will be carried out by applying the control algorithm presented
in this paper. According to the research progress of the task, there is a plan to perform
practical application and performance validation.
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Nomenclature

NTM Normal Turbulence Model
MPPT Maximum Power Point Tracking
PLC Programmable Logic Controller
PI Proportional Integral
DLL Dynamic Linking Library
Symbols
kp, gain Proportional gain
ki, gain Integral gain
Ωg, error Differences between rated and measured generator speeds
P error Differences between rated and measured powers
PElc Electrical power
Tg Generator torque
Ωg Generator speed
ηg Generator loss
TCMD Generator torque command
TCMD, original Generator torque command for original torque controller
TCMD, additional Additional generator torque command for power compensation
ηg, est Estimated generator loss
Pmeasured Measured power
Tg, measured Measured generator torque
Ωg, measured Measured generator speed
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