Wiley

International Transactions on Electrical Energy Systems
Volume 2024, Article ID 7392391, 9 pages
https://doi.org/10.1155/2024/7392391

Research Article

WILEY

Effect of Sensor Faults on the Stresses Caused by Wind

Turbine Blades

Dariush Biazar

Department of Electrical and Computer Engineering, Ramsar Branch, Islamic Azad University, Ramsar 4691966434, Iran

Correspondence should be addressed to Dariush Biazar; dbiazar@yahoo.com

Received 12 December 2023; Revised 30 January 2024; Accepted 22 February 2024; Published 23 May 2024

Academic Editor: Sujin Bureerat

Copyright © 2024 Dariush Biazar. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Rotor blades are the main part for generating electrical energy and the primary source of stresses in a wind turbine (WT). The
stresses caused by the blades increase the load on the hub, tower, and foundation of the WTs. In this research, the asymmetry of the
blade angle with each other has been investigated as one of the factors affecting the stress distribution using Monte Carlo (MC)
simulation. The focus of this study is on the stresses caused by the asymmetry of the blades angle when there is the fault in the
sensors. A deep understanding of the blade stress distribution due to sensor faults can improve control designs, increase WT
operating time, and reduce energy generation costs when these faults occur.

1. Introduction

Wind energy has experienced rapid and significant devel-
opment in recent decades. It is now the main source of
renewable energy and has provided about 6% of total world
electricity demand in 2018 [1]. As WTs grow, designers and
investors pay more attention to improving efficiency and
reducing costs to make them more competitive. However,
O&M of wind power systems accounts for 25-30% of the
total energy production cost [2]. Therefore, reducing the cost
of repairs in WTs makes the production of this energy more
competitive [3-7]. Maintenance costs largely depend on the
number, type, and severity of faults; therefore, early pre-
diction of faults can reduce their severity or even prevent
them from occurring.

The disadvantages of blades have always been of interest
to investors due to their high O&M costs [8-11]. The de-
viation of PABs with each other and the deviation between
the reference and real PABs are one of the important defects
of WT blades, which causes the asymmetry of the blades and
causes stress and damage to the gearbox and tower [12-15].
As the stress increases, the WT must be stopped to avoid
damage to its components and structure.

Fault in the WT sensors is one of the main reasons for
asymmetry in the blades. Dust, salt spray, lightning,

corrosion, and humidity are some of the factors that can
affect the performance of sensors. Also, sensors are easily
damaged by repairmen. Therefore, understanding the effect
of sensors fault on other WT parameters is very important
for control system designers for better performance of
controllers when these faults occur. In this case, one of the
actions is that a new set of sensors that are in good condition
can be configured to send the appropriate measurement
signals to the control system [16]. Considering that more
than 14% of the WT faults occur in sensors [17, 18], therefore
the focus of this research is on stresses caused by asymmetry
of the PABs when fault occurs in sensors.

The WT equations are complex and nonlinear, so the
analytical method cannot be easily used to analyze the effects of
fault in sensors on the PABs and output power. In this paper,
the MC method is used to evaluate these faults, because it
provides a more accurate description of the system perfor-
mance, thus allowing further analysis. Today, this method is
used in many engineering fields to evaluate the reliability of
complex systems. MC methods provide a description of the
output function according to a set of random numbers as input.
In these methods, the inputs are selected as the probability
density function that best matches the real conditions [19, 20].

In this research, we model fault in sensors with
a Gaussian probability distribution function. Then,
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according to the MC simulation technique, a series of
random samples are generated, and in each iteration,
a sample of it is applied to the system for simulation as
a fault.

2. The WT Model and Control Strategy

The control diagram of a WT system with a horizontal three-
bladed axis is shown in Figure 1. It consists of four main
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subsystems: the blade pitch; drivetrain; generator; and
converter and controller. The controller receives the mea-
sured values from sensors such as the PAB, generator speed,
and output power and adjusts PABs (8, , ;) and generator
torque (74,¢). The nonlinear equation of the WT model is
written as follows [21, 22]:
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where x is the state vector, u is the control input, and f (x) is
the nonlinear vector. The main purpose of operating the WT is
to maximize production capacity while minimizing operating
costs, which depends on its operating regions. These regions are
divided into four operational regions according to wind speed,
as shown in Figure 2, which shows the output power, pitch
angle, and power coeflicient for optimal WT performance [23].
The WTs do not generate energy at wind speeds lower than
Cut ;, (region I) due to increased operating costs versus
generated power and at wind speeds higher than Cut_,,, (region
IV) to avoid stress increases and should be stopped. However,
since electrical power is generated in both the PL (II) and FL
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(III) regions, the two main control strategies are used as shown
in Figure 1. In region II, by adjusting the dual-mode switch in
Figure 1 in position I, the control system keeps the blades closed
and controls the generator torque to generate energy.

In region III, by adjusting the dual-mode switch in
Figure 1 in position II, the control system changes the PABs
to maximize output power while minimizing structural and
mechanical stress on the rotor blades. For a detailed de-
scription of the principle of operation of the WT system, you
can refer to [24, 25]. For this research, the WT model with an
output power of 4.8 MW has been used in the simulation,
which is directly taken from [26, 27].
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FIGURE 2: Operational regions of the WT.

3. Description of Sensor Faults

The types of faults that occur in sensors are the multiplicative
fault, output stuck on a fixed value, bias fault, and slow
drifting fault [16]:

(i) Bias fault M{ = M, + Af,
(ii) Multiplicative fault le = 0M;, where 0<§
(iii) Output stuck le =Cy; C, is a constant

(iv) Slow drifting le =M, + at, « is a small variation
rate, and ¢ is the time

where M, is the actual output of the sensors and Af; and C,
are the sensor faults, which are assumed to be a Gaussian
probability distribution.

In this study, to investigate the effect of faults, we assume
that only one fault occurs in the sensor at a time, and we do
not consider the slow drifting fault in the sensor. To simulate
the disconnection of the sensor, we assume a multiplicative
fault with § = 0. It is clear that when the sensor is discon-
nected (if there is no redundant sensor), the turbine must

stop. Our goal is to investigate the effect of sensor dis-
connection performance on the blade angle and WT per-
formance. Table 1 shows the faults that occur in different
sensors [26, 27]. Considering that the blade control
mechanism in WT is not active in region II, therefore
simulations are performed only in region III.

4. Analysis of the Effect of Fault in Sensors on
Structural Stresses

Table 2 shows the output values of the sensors in normal
operating conditions and with a wind speed of 22 m/s, as
well as the values of parameters of the Gaussian fault
probability function applied to the sensors. According to
Table 1, we simulate the changes in output power and the
PAB in WT with 200 random samples of different faults by
the MC method. Considering that our focus is on in-
vestigating the impact of faults on wind turbine perfor-
mance, we have chosen 200 samples randomly and
hypothetically. Increasing or decreasing the number of
samples under investigation does not affect the results.
Considering that the output data of the sensors follow the
Gaussian distribution function due to systematic errors,
therefore, in this paper, this distribution is used to analyze
the faults. To investigate the effect of each fault, a random
sample is generated according to its Gaussian probability
density function. Then, this sample as A f; or C,, is applied to
the simulation system as a fault in each iteration.

It should also be noted that in the full-load region, due to
drastic changes in all variables of the WT, if the power sensor
or the speed and torque sensors of the generator are dis-
connected, it is not possible to simulate. Therefore, the ef-
fects of these faults are similar to the output stuck in the
relevant sensors. In the following, we will analyze the per-
formance of the WT by applying the faults mentioned in
Section 3 on the four sensors of the blade angle, speed, and
torque of the generator and power sensor.

4.1. The PAB Sensor. To simulate faults in this sensor, we
assume that the fault occurs only in the PAB1 sensor.

4.1.1. Bias in Sensor Output. Despite this fault, the con-
trollers correct the tracking to keep the output power
constant. But as shown in curve F11 in Figure 3, this fault
causes a change in the angle in the other two blades. That is,
with a positive bias fault in the PAB1 sensor, the controller
reduces the angle of the other two blades to reach the
nominal output power, and conversely, with a negative bias
fault in this sensor, the angles of the other two blades open
more. Due to the asymmetry in the PABs with each other,
stresses on the WT increase.

4.1.2. Sensor Output Stuck. By applying this fault to the
sensor, a constant value is applied to the speed controller. In
this case, the controller sends the wrong signal to the blades
actuator. According to the F12 curve in Figure 3, it is clear
that this fault has a large effect on the output power, so that
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TaBLE 1: Sensor faults in the WT.
No. fault Sensor faults
F11 Pitch sensor (1, 2, 3), output bias
F12 Pitch sensor (1, 2, 3), output stuck
F13 Pitch sensor (1, 2, 3), cut off
F21 Generator speed sensor, output bias
F22 Generator speed sensor, output stuck
F23 Generator speed sensor, cut off
F31 Generator torque sensor, output bias
F32 Generator torque sensor, output stuck
F33 Generator torque sensor, cut off
F41 Power sensor, output bias
F42 Power sensor, output stuck
F43 Power sensor, no output
TaBLE 2: Nominal sensor values and fault parameters.
Nominal value of Gaussian fault parameters
No. fault o
sensor output Average  Standard deviation
F11 0° 5°
F12 20.5° 21° 5°
F13 — —
F21 Orad/s 5rad/s
F22 162 rad/s 162 rad/s 5rad/s
F23 Orad/s 10 rad/s
F31 0N/m 5000 N/m
F32 29630 N/m 29000 N/m 2000 N/m
F33 — —
F41 (A%% 100 kW
F42 4.8¢6 W 4.8¢6 W 500 kW
F43 — —

the controllers are not able to fully compensate for this fault,
and the higher the value of this fault, the greater the output
power error. If the constant output value of the PAB 1 sensor
is less than the angle value of the other two blades, the
controllers try to control the WT power by increasing the
angle of blades 2 and 3. However, if the constant output of
the PAB 1 sensor is greater than the value of the other two
blade angles, the output power decreases and the controller
reduces the angle of blades 2 and 3 to control power. In this
case, the structural loads increase significantly, which can
cause severe damage to the WT and environs.

4.1.3. Sensor Cutoff. According to the F13 curve in Figure 3,
with this fault, one of the blades cannot control the output
power. In this case, the sensitivity of the output power to the
PABs 2 and 3 is maximized and the controllers open the
angle of blades 2 and 3 more to control the output power. In
this situation, the stresses in the WT increase and should be
stopped.

4.2. Generator Speed Sensor

4.2.1. Bias in Sensor Output. The output power remains
almost constant with different bias faults in this sensor.
According to curve F21 in Figure 4, the angle of all blades
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decreases with a positive bias fault in the generator sensor.
Conversely, with a negative bias fault in the sensor, the angle
of all blades increases.

4.2.2. Output Stuck or Sensor Cutoff. According to the F22
curve in Figure 4, a stuck output or an interrupted fault in
this sensor will cause the blades to not rotate properly.
Depending on the fixed value in the sensor output, all the
blades open or close. In this situation, the output power
cannot be controlled due to drastic changes in variables and
increases stress, which will be very dangerous for the safety
of the WT.

4.3. Generator Torque Sensor

4.3.1. Bias in Sensor Output. As can be seen from the
simulation results of the F31 curve in Figure 5, this fault will
have a small effect on the production power, because the
controllers compensate for the power and speed tracking.
However, a positive bias fault in this sensor opens the blades
for more power output control, and conversely, a negative
bias fault in this sensor causes the turbine blades to
close more.

4.3.2. Output Stuck or Sensor Cutoff. The output stuck fault
of this sensor is checked in two cases. The first case, as shown
in curve F32 in Figure 5, is when the fixed value output of
this sensor is less than its nominal value in Table 2, which
reduces the angle of the blades and eventually closes. But in
the second case, if the fixed value output of this sensor is
more than the nominal value, the generated power will
increase and the angle of the blades is fully opened (in this
case, the power fluctuates for values close to the nominal
value).

The disconnection of this sensor in region III causes the
sudden closing of the WT blades. These conditions cause the
torques applied to the generator and rotor to increase
suddenly, resulting in increased stress, and the WT must be
shut down immediately.

4.4. Power Sensor

4.4.1. Bias in Sensor Output. The bias fault in this sensor will
have little effect on the output power, so that the controllers
compensate for power and speed tracking. According to the
F41 curve in Figure 6, positive bias fault in this sensor causes
the blades to open slightly to control the output power, and
conversely, a negative bias fault causes the blades of the WT
to close more. The changes in the angle of blades will be
small with this fault.

4.4.2. Output Stuck or Sensor Cutoff. According to the F42
curve in Figure 6, the output stuck fault in this sensor is
checked in two cases. The first case is when the fixed output
of this sensor is less than the nominal value. In this case, the
blade angle is reduced and finally closed in a short period.
The closing time of the PABs depends on the fixed value
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Ficure 3: Effect of faults on the PABI1 sensor.

output of the power sensor. The closer the fixed value of the ~ blades in this case opens completely. In both cases, the
power sensor is to the normal value, the longer it takes for ~ output power changes will be high.

the blades to close. But in the second case, if the fixed value of The disconnection of this sensor, like the generator
this sensor is greater than the nominal value, the angle of  torque sensor, causes the sudden closing of the WT blades.
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TaBLE 3: Results of faults in sensors.
D ipti .
No. fault escription Action
of the stress
With the bias fault in the PAB 1 sensor, the angle of the other two blades changes.
F11 With increasing bias, the asymmetry between the PABs increases, so the stress Shut down
increases and the WT must be shut down
The control system changes the angle of the other two blades with this fault, which
F12 results in the PAB asymmetry and increases the stress, and the WT must be shut Shut down
down
The control system further opens PABs 2 and 3. In this case, the stresses in the tower
F13 . Shut down
increase and the WT must be shut down
With these faults, the control system changes the angle of all blades equally.
F21, F31, F41 . —
Therefore, there is no stress due to asymmetry of the blades
In thi , the PAB imi inimi ly. Thi iti ill
F22, F23, F32, F33, F42, F43 n this case, the s maximize or minimize suddenly. This condition will be very Shut down

dangerous for WT safety due to increased stress, and the WT must be shut down




In this condition, the torques applied to the generator and
rotor suddenly increase, resulting in an increase in stress,
and the WT must be shut down immediately.

5. Conclusion

In this research, we investigated the stresses caused by the
asymmetry of the blades in the WT caused by the faults in the
four main sensors of the control system. For each sensor, we
considered three faults as the Gaussian probability distribu-
tion. Then, using the MC method, we simulated and analyzed
their effect on PABs and the power produced in WT. Table 3
summarizes the simulation results. Using the results of the
analysis, it is determined that except for the bias fault in the
speed and torque sensors of the generator and the power
sensor, the occurrence of other faults in the sensors will
require WT to be shut down. The designer of the control
system should consider these sensors as redundant to increase
the reliability of WT. In this case, it leads to increased
profitability and more efficient performance of WTs.

Nomenclature

Variables

B, Pitch angle of the blade WT (wind turbine)

7,:  Rotor torque MC (Monte Carlo)

T4 Generator torque FLR (full-load region)

wy:  Generator speed PLR (partial-load region)
w,:  Rotor speed O&M (operation and maintenance)
P, Power in the WT PAB (pitch angle of blade)
R:  Radius of the blades

v,:  Wind speed

I Moment of inertia of the low-speed shaft
K, Torsion stiffness of the drivetrain

B,: Torsion damping coefficient of the drivetrain
B,:  Viscous friction of the high-speed shaft

B,:  Viscous friction of the low-speed shaft

N_: Gear ratio

J4: Moment of inertia of the high-speed shaft
ng:  Efficiency of the drivetrain

a,:  Generator and converter model parameter

Abbreviations

WT:  Wind turbine

FLR: Full-load region

PLR: Partial-load region

O&M: Operation and maintenance
PAB: Pitch angle of blade.
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