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Abstract: Variable pitch technology is an indispensable key technology of large-scale wind turbines.
The reliable pitch mechanism is the basic guarantee for achieving variable pitch. At present, the main
problem with the design and maintenance of the variable pitch mechanism is that the pitch load is
not clearly known. This paper focuses on obtaining pitch load characteristics through extracting
SCADA (Supervisory Control and Data Acquisition) data. Here, the pitch load refers to the resistance
moment to be overcome when the wind turbine blade is rotated on its own axis. From the data
collected by the SCADA system, although the edgewise moment and the flapwise moment cannot
be obtained, the pitch torque (load) can be extracted indirectly. This provides data support for
the research. Specifically, the pitch moment is obtained by indirect calculation of the pitch motor
current. Then, the effects of the wind speed, rotor speed, hub angle and pitch angle on the pitch
load are theoretically analyzed. To obtain more reliable results, data preprocessing algorithms are
presented to consider the data filtering range, the elimination of abnormal values and data dispersity.
Subsequently, the influence mechanisms of wind speed, rotor speed, hub angle and pitch angle on
the pitch load are investigated in detail based on the SCADA data.
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1. Introduction

In recent years, the world wind power industry has developed rapidly. By the end of 2017,
the total installed capacity of the global wind power had reached 539.1 GW [1,2]. With the rapid
development of the wind power industry, the unit capacity of wind turbines has also been on the
rise, and the installed locations are moving to more distant land and sea areas. Therefore, higher
requirements for the reliability of wind turbines are put forward. As one of the key technologies of
large-scale wind turbines, pitch-control has been widely applied. It can control the output power of the
wind turbine and ensure the safe and stable operation of the wind turbine by changing the pitch angle
to control the capture of wind energy [3–5]. At the same time, the pitch system bears a very complex
aerodynamic forces due to the mean and turbulence flow field and wind shear, rotation and gravity.
As a result, the pitch system becomes a component with a high fault rate in wind turbines [6,7]. Once a
fault or abnormality of the pitch system occurs, it is likely to cause serious accidents, such as pitch
bearing cracking, blade rupture, or tower collapses.

To date, there is still a lack of sufficient understanding of the variable pitch load of wind turbines,
for several reasons. The first is that there are several factors that affect the pitch load. The second
is that the pitch load of large-scale wind turbines is difficult to simulate accurately in the laboratory.
Third, it is difficult to directly measure the pitch load of large-scale wind turbines in wind farms.
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Nevertheless, research of the pitch load has always been the focus of attention. Many methods, such
as the blade element momentum theory [8–10], dynamic stall model [11,12], computational fluid
dynamics [13–15] and wind tunnel experimental research [16,17], have been employed to investigate
the aerodynamic characteristics of wind turbine blades, which is one of the main factors of the pitch
load. For example, by combining the element momentum theory with the dynamic stalling model,
a deep theoretical analysis of the pitch load characteristics of a megawatt-scale wind turbine was
carried out. In addition, a calculation method was put forward to investigate the pitch load that was
induced by centrifugal force, aerodynamic force and gravity [18,19]. In addition, the driving motor
model, three-stage planetary gear reducer model and transmission shaft model were established to
investigate the dynamic response behaviors of the pitch system under pitch load [20]. Furthermore,
the flexible deformation of the blade was considered to investigate the blade load and dynamic
characteristics more accurately [21]. The pitch behavior of wind turbines in consideration of wind
turbulence was analyzed [22]. Moreover, the wind turbine performance was optimized by measuring
bending moments of individual blades of the wind turbine and using independent pitch control
strategies [23]. On the other hand, the massive SCADA (supervisory control and data acquisition
system) data of wind farms provides a new method of wind turbine performance analysis. For instance,
based on SCADA data, condition monitoring of wind turbines [24–27], output power investigating of
wind turbines [28–30], assessment of wind resource characteristics [31] and wind power coefficient
analysis [32] were carried out. However, less work involves the investigation of wind turbine pitch
load by using field SCADA data. Thus, it is quite meaningful to fill this knowledge gap by investigating
the pitch load of large-scale wind turbines based on SCADA data.

The remaining part is organized as follows. In Section 2, the influences of aerodynamic force,
centrifugal force, gravitational force and inertial force on the pitch load were theoretically analyzed.
In Section 3, the pitch torque (load) of the blade around its own axis was obtained indirectly by
extracting the relevant state parameters of the pitch load from the SCADA data. Considering the
influence of the external disturbance on the sensing system, SCADA data contains a certain amount of
null value and zero value, which will affect the data validity. Thus, a data extraction and preprocessing
method is presented in Section 4. Moreover, using the kernel density estimation (KDE) method, data
reliability processing is carried out. The influencing mechanism of wind speed, rotor speed, hub angle,
and pitch angle on the pitch load is also investigated in Section 4. Finally, Section 5 ends the paper by
summarizing the main conclusions.

2. Influencing Factors of Pitch Load—Theoretical Analysis

In this section, the influence factors of pitch load will be analyzed theoretically, which is beneficial
to grasp the basic characteristics of pitch load from the macro point of view and to provide guidance
for the investigation of the SCADA data of pitch load. During the operation of a wind turbine, there
are many factors that affect the pitch load. Specifically, it is not only affected by the external wind
speed but also by the properties of the blade, such as the blade weight, structure (layout of pitch axis,
center of gravity, aerodynamic center). In our earlier work, the theoretical analysis of the variable pitch
load was basically completed. For example, in [18], the pitch load model caused by aerodynamic force,
centrifugal force and gravity were each established. In addition, the inertial force around the pitch axis
that is generated during blade pitching will also affect the pitch load. For wind turbines with a certain
structure, the pitch load acting on the blade element can be obtained by adding the four forces without
considering the coupling effects between the loads. That is:

dTp = dTZ + dTC + dTG + dTI

dTZ = fZ(v, ω, β)

dTC = fC(ω)

dTG = fG(ϕ)

dTI = fI(d2β/dt2)

(1)
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where dTp is the pitch load acting on a section (element) of the blade; dTZ is the pitch load component
induced by aerodynamic force on a section of the blade; dTC is the pitch load component induced by
centrifugal force on a section of the blade; dTG is the pitch load component induced by gravity on a
section of the blade; dTI is the pitch load component induced by the inertial force on a section of the
blade; β is the blade pitch angle; ω is the rotor speed; and ϕ is the hub angle.

The general relation model between pitch load and related operation parameters is given in
Equation (1). To simplify the explanation, the general expression between the pitch load and the
related parameters is given in the equation, but the very specific physical expression is not given.
The reason is that relevant research has been found in many references (for example, in [18,19,21]),
and the emphasis of this section is to clarify the factors affecting the pitch load and to provide the basis
for a subsequent SCADA data investigation. In the remainder of this section, the relationship between
pitch load and related parameters will be further explained.

It is worth noting that only four parameters, wind speed, rotor speed, pitch angle and hub angle,
appear in in Equation (1). They are all variables. Due to the time-varying characteristics of wind speed,
it is always a variable in Equation (1). The change of wind speed will lead to the corresponding control
of rotor speed, so rotor speed is a variable. At the same time, the blade pitch angle will vary according
to the operating conditions. Due to the rotation of the wind rotor, the hub angle is also variable.

More specifically, for wind turbines with a certain structure, the aerodynamic component is
expressed as a dependent variable that is related to wind speed, rotor speed and pitch angle. In other
words, any change in each of the three variables will bring about a change in the aerodynamic
component of the pitch load. From the basic principles of mechanics, the centrifugal force component
is mainly related to the rotor speed. The gravity component is mainly related to the hub angle.
The inertial force component is related to pitch acceleration. It can be seen that the influence of the
above variables on the pitch load should be considered when investigating the SCADA data. It should
be noted, however, that the effect of the inertial force is not taken into account in the subsequent
analysis. There are two reasons: (1) the inertial force exists only when the pitch rate is in the acceleration
and deceleration state but does not exist when the pitch rate is invariant; (2) the sampling rate of
SCADA data is not suitable for micro-scale dynamic characteristic analysis. The relationship between
the pitch load and the aforementioned factors is shown in Figure 1.
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3. Data Extraction of the Blade Pitch Load

3.1. Introduction of SCADA Data

To investigate the pitch load, a 2 MW PMSG direct-driven wind turbine, which has a SCADA
system, was selected. The wind turbine contains independent pitch mechanism and adopts active
variable pitch control strategy. Figure 2a shows the 2 MW wind turbine investigated in the paper.
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Figure 2b shows the installation location of the SCADA system sensor. The wind speed is measured by
an anemometer mounted on top of the nacelle. The rotational speed is measured by Hall rotational
speed sensor mounted on the nacelle near the main shaft. The hub angle is measured by the hub angle
encoder mounted on the nacelle near the main shaft. The pitch angle is measured by the blade angle
encoder mounted on the wind rotor near the pitch bearing. The parameters of the wind turbine are
shown in Table 1. The SCADA system collects and stores operating parameters of the wind turbine
with a time interval of 1 second (sampling frequency is 1 Hz). Table 2 shows the parameter name and
the raw data style of the SCADA system. It can be seen that those parameters include wind speed,
rotor speed, hub angle, current of pitch motor, blade pitch angle, output power, and so on. However,
the pitch torque (load) of the blade around its own axis, which is the key parameter for understanding
the load acting on the blade, was not collected. The reason for not collecting the pitch torque (load) is
that there was no suitable sensor for the torque (load) to measure at the blade root. The advantage
of the SCADA system is to store the operating parameters of the wind turbine continuously, which
provides a big data foundation for the research of this paper.
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Table 1. Main technical parameters of the wind turbine.

Parameters Value

Rated output power (W) 2 × 106

Cut-in speed (m/s) 3
Rated wind speed (m/s) 11

Rated power of pitch motor (W) 9800
Rated armature current of pitch motor (A) 38

Reduction ratio (from pitch motor to blade root) 1954.6

Table 2. Raw data style collected by the SCADA system.
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3.2. Calculation of the Pitch Load

Since the pitch load is not directly given in the SCADA system, indirect calculation of the pitch
load through other parameters is the basis of subsequent analyses and is also the work to be done in
this section. One thing that needs to be explained is that the pitch load investigated here does not
include the edgewise moment or the flapwise moment. From the data collected by the SCADA system,
although the edgewise moment and the flapwise moment cannot be obtained, the pitch torque (load)
can be extracted indirectly. The power source of the blade variable pitch is the pitch motor. Therefore,
the current of the pitch motor is one-to-one corresponding to the blade pitch load. The SCADA data
include the current of the pitch motor. In combination with some parameters of the pitch motor,
the electromagnetic torque of the pitch motor can be calculated. This moment acts on the blade through
the reducer and is balanced with the blade pitch load. In other words, the pitch load on the blade can
be deduced from the current of the pitch motor.

Figure 3 shows the structure of the pitch system of the investigated wind turbine. A blade pitching
unit generally include pitch controller, servo drive, servo motor, three-stage planetary reducer, pitch
bearing, angle limit switches, battery, power supply, and so on. The power source is a DC (Direct
Current) servo motor, and it is connected to the pitch drive gear through a three-stage planetary
reducer. When the pitch controller sends a pitch control command, the output torque of the pitch
motor passes through the transmission shaft and the three-stage planetary reducer, and finally is
transmitted to the root ring of the blade root. Then, the blade rotates with the inner gear ring to change
the blade pitch angle.
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Ignoring the no-load torque of the DC pitch motor, the output drive torque of the pitch motor can
be calculated as:

Te = CTΦIa (2)

where Ia is the pitch motor current, which can be obtained from the SCADA data; Φ is the air gap flux;
and CT is the torque coefficient.

If the reduction ratio from the pitch motor to the blade root is i, the pitch load acting on the blade
is balanced with the pitch motor output torque, which is:

Tp = iηTe (3)

where η is the mechanical transfer efficiency of the pitch system.



Energies 2019, 12, 509 6 of 20

It should be noted that, as an approximate calculation, the mechanical transfer efficiency in
Equation (3) is calculated by 100%. In another scenario, this approximate calculation also does not
consider the influence of the blade rotation inertia. It is clear that the inertia force does not affect
the blade when the pitch rate remains constant. However, when the pitch rate changes, there is a
certain deviation when ignoring the influence of the inertial force. In fact, due to the limitation of
the maximum pitch acceleration, neglecting the effect of the inertial force will not cause a large error.
From this scenario, the result of the indirect calculation of the pitch load can be used in the subsequent
investigation. After the calculation is completed, the pitch load can be added to the SCADA data set.
So far, the data preparation is basically completed.

3.3. Preprocessing of SCADA Data

Normally, the running parameters that are collected in the SCADA system include normal running
data, as well as downtime data, null value and zero value data. The main reason for the null value and
zero value appearing is the influence of external disturbances on the sensing system. For example,
four parameter curves, including wind speed, rotor speed, hub angle and pitch angle, are shown in
Figure 4. Obviously, abnormal data should be eliminated during the analysis process, and normal
useful data should be retained. From Figure 4, it can also be seen that the data characteristics of
different parameters are not the same. Wind speed is the input of the wind power system and is a
random variable. It is not affected by the system control strategy. As shown in Figure 4, wind speed
has a random disturbance characteristic with a base value. Rotor speed is the result of the system
control and is closely related to the change of wind speed. In other words, its overall trend of change is
directly affected by the wind speed. The hub angle curve reflects the real-time running characteristics
of the wind rotor and is equivalent to the integral rotor speed, which shows a periodic feature in the
figure. The blade pitch angle directly affects the wind energy capture characteristic, which is also
affected by the wind speed.
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As stated in the theoretical analysis, not all of the running parameters are needed to investigate
the pitch load. Therefore, only the related parameters will be extracted. Thus, the steps of data
preprocessing are as follows:
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Step 1: Extract the data of wind speed, rotor speed, hub angle, output power, pitch angle and
pitch motor current. The characters of ν, ω, ϕ, P, β and I are employed to denote these parameters
with units of m/s, rad/s, rad, W, rad and A, respectively.

Step 2: Eliminate the shutdown data and zero value data by judging the values of ω and P.
If ω ≤ 0 or P ≤ 0 hold, the corresponding state parameters should be eliminated. Furthermore,
null data should also be eliminated.

Step 3: Calculate the pitch torque (load) TP by using Equation (3). Then, a new SCADA data set,
including wind speed, rotor speed, hub angle, pitch angle and pitch load, is constructed.

Using the new SCADA data set, scattering the diagram between different parameters can be easily
constructed. For example, Figure 5 gives the scatter diagram of the wind speed and the pitch load.
Some interesting phenomena can also be observed from the figure. When the wind speed is greater
than approximately 8 m/s, the scatter diagram between the wind speed and the pitch load is more
scattered. By examining the details of more parameters, it was found that when the wind speed is
greater than 8 m/s and the rotor speed is greater than 1.2 rad/s, the pitch angle is greater than 0 rad,
which means that the pitch mechanism is already in the station of motion. It should be noted that
since the anemometer was installed on the nacelle behind the wind turbine, the measured wind speed
is smaller than the actual wind speed. Thus, although the wind turbine has a rated wind speed of
11 m/s, it may be in a variable pitch state when the indicated wind turbine is below 11 m/s. On the
other hand, even if the wind speed does not reach the rated wind speed, the effect of the wind rotor
inertia may cause the pitch system to be in a working state.
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4. Investigation of the Pitch Load Based on SCADA Data

As mentioned in the previous section, the main factors affecting the pitch load of the wind turbine
are wind speed, rotor speed, hub angle and pitch angle. The pitch angle is a special factor. If the pitch
angle is greater than 0 rad, it means that the pitch mechanism has been started, that is, the wind turbine
has been operating in the constant power operation state. The variation of the pitch load during this
period becomes very complicated; therefore, when investigating the influence of wind speed, rotor
speed and hub angle on the pitch load, the data samples with the pitch angle of 0 rad were selected.
To understand the influence of each factor on the pitch load from a data point of view, this section will
carry out the data investigation.

4.1. Investigation of Wind Speed on the Pitch Load

When investigating the influence of wind speed on the pitch load, the rotor speed and hub angle
took a relatively definite value. The sample data extraction was performed as follows:

Step 1: Eliminate the data of the wind turbine in a pitch state by judging whether β = 0.
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Step 2: Select the rotor speed of 0.9 rad/s, 1.0 rad/s, 1.1 rad/s, 1.2 rad/s, with a variation range of
±0.05 rad/s. The rotor speed level was determined to set aside the influence caused by operating the
pitch mechanism.

Step 3: Extract the SCADA data corresponding to the hub angle of 0 rad, 0.5π rad, π rad, and 1.5π

rad under different rotor speeds. The extracted hub angle data have a variation range of ±0.1 rad.
The determination of the factor interval requires a balance between the analytical accuracy and

the number of samples that exist within the interval. The smaller the variation range of the selected
parameter is, the more accurate the analysis results are. However, if the parameter variation range
is too small, the amount of data contained will be less, so that accurate statistical analyses cannot be
performed. After screening the data, the scattered relationships between the wind speed and the pitch
load are shown in Figure 6a–d under different rotor speeds. For Figure 6a, the hub angle is 0 rad;
for Figure 6b, 0.5π rad; for Figure 6c, π rad; and for Figure 6d, 1.5π rad. As shown in Figure 6a–d,
when the wind speed keeps a constant value, the pitch load changes in a certain range. Therefore,
single-valued processing is employed to clearly reveal the relationship between the wind speed and
the pitch load. Specifically, for a given wind speed, the corresponding probability distribution of
the pitch load is constructed, and then the pitch load with the highest probability is extracted as the
single-valued torque (load) corresponding to the given wind speed.
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Figure 6. Scattered relationship between the wind speed and the pitch load: (a) The hub angle is 0 rad;
(b) The hub angle is 0.5π rad; (c) The hub angle is π rad; (d) The hub angle is 1.5π rad.

In the statistical field, there are two commonly used methods to estimate the overall probability
distribution density of the sample, that is, the parametric method and the nonparametric method.
The parametric method considers the form of the density function to be known, and only the
specific parameters of the density function are determined by the sample. However, for the blade
pitch load, there is no prior knowledge about the density function. Therefore, the kernel density
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estimation (KDE) [34–37], which is one kind of nonparametric density estimation method, is employed.
The general definition of the KDE method is fh(x) = 1

Nsh

Ns
∑

j=1
K
( x−Xj

h

)
K(x) ≥ 0,

∫ +∞
−∞ K(x)dx = 1

(4)

where Xj(j = 1, 2, . . . , Ns) is a sample of a continuous population, fh(x) is the kernel density estimation
of the total density function f (x) at any point x, K() is the kernel function, and h is the window width.

The common kernel functions include Uniform, Triangle, and Gauss. In this paper, the Gaussian
kernel function is selected, which is [35]:

K(x) =
1√
2π

exp(−1
2

x2) (5)

Then, the abovementioned method is applied to data processing, as shown in Figure 5a–d, while
the corresponding curves of the wind speed and the pitch load after single-valued processing are
shown in Figures 7a, 7b, 7c and 7d, respectively.
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From Figures 6 and 7, it can be seen that before data processing, the relationship between wind
speed and pitch load is disperse, and it is difficult to see the influence of wind speed on the pitch load.
After single value processing, the relationship between the wind speed and pitch load becomes clearer.
As shown in Figure 7, under a certain wind speed, the greater the rotor speed is, the larger the pitch
load is. When the rotor speed is 1.2 rad/s, the corresponding pitch load is approximately 1.5 times that
of the rotor speed at 0.9 rad/s. There is a noteworthy phenomenon that can be seen from Figure 6:
when the rotor speed is constant, the wind speed changes within a certain range, but the change of
wind speed does not cause a significant change in the pitch load. Theoretically, as the wind speed
increases, the pitch load increases, especially below the rated wind speed. This trend is also evident in
Figure 5. From another scenario, if the inflow wind speed is steady, a certain rotor speed corresponds
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to a certain wind speed below the rated wind speed. However, due to the randomness of the wind
speed and the rapidity of the wind speed change (relative to the inertia of the wind rotor), when the
rotor speed is constant, the wind speed is not constant but varies within a certain range. The strong
randomness of the wind speed conceals the essential relationship between the wind speed data and
the pitch load. This can reasonably explain why the rotor speed corresponds to a certain range of wind
speed, but the pitch load is constant.

In addition, the pitch load is not obviously kept consistent in the “two ends” of the curve in
Figure 7. The reason for this phenomenon is that in the “two ends” of the curve, the amount of SCADA
data that can be extracted is relatively small, and the data processing method is greatly affected by
outliers, so some unreliable phenomena appear.

4.2. Influence of Rotor Speed on the Pitch Load

Rotor speed can be measured accurately in the SCADA system and can be precisely controlled by
the appropriate control strategy. When investigating the influence of rotor speed on the pitch load, the
extraction of SCADA data mainly includes three steps to construct the subset:

Step 1: Eliminate the data of the wind turbine in the pitch state by judging whether β = 0.
Step 2: Select the wind speed of 4 m/s, 5 m/s, 6 m/s and 7 m/s, with a variation range of

±0.5 m/s. The wind speed level is also determined to set aside the influence caused by the operation
of the pitch mechanism.

Step 3: Extract the SCADA data corresponding to hub angle of 0 rad, 0.5π rad, π rad and 1.5π rad
under different wind speeds, with a variation range of ±0.1 rad.

Under the different wind speed ranges, the relationship between the rotor speed and the pitch
load is obtained, as shown in Figure 8a–d. Obviously, the relationship between the rotor speed and the
pitch load also has a scattered point relation, that is, a certain rotor speed corresponds to a series of pitch
loads. Subsequently, the proposed KDE data processing method is used to process the relationship
between the rotor speed and the pitch load in Figure 8a–d, and the corresponding single-valued
relationship between the rotor speed and the pitch load is obtained as shown in Figure 9a–d.
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It can be seen from Figures 8 and 9 that when the wind speed is less than the rated wind speed and
the blade angle is 0 rad, the influence of the rotor speed on the pitch load is more obvious than that of
the wind speed, which shows an approximately liner relationship in general. To further quantitatively
analyze the relationship between the pitch load and the rotor speed, their relationship function could
be considered as:

Tp = f (ω) (6)

where TP is the pitch load; and ω is rotor speed.
Let f (ω) be a function with an expression of kω + b. Then, the least-square fittings are performed

on the scattered data in Figures 8a, 8b, 8c and 8d. The fitting result between the pitch load and the
rotor speed is shown in Equation (7):

Tp =


f1(ω) = 3.252× 104ω− 1.242× 104 ϕ = 0
f2(ω) = 2.259× 104ω− 701.1
f3(ω) = 2.524× 104ω− 2869

ϕ = 0.5π

ϕ = π

f4(ω) = 3.992× 104ω− 2.057× 104 ϕ = 1.5π

(7)

In Equation (7), the slopes of the function between the pitch load and the rotor speed are different
at different hub angles. The main reason is that at different hub angles, the wind speeds acting on the
wind turbine blades are different due to the influence of wind shear. Meanwhile, the aerodynamic force
that induces the pitch load is related to not only the rotor speed but also the wind speed. In addition,
the fitting result also shows that the intercepts of the relational expression of the pitch load and the
rotor speed vary at different hub angles. The main reason is that when the hub angle varies, not only
the wind speed acting on the wind turbine blades will change due to the influence of wind shear but
also the pitch load induced by the blade gravity will change.

4.3. Influence of the Hub Angle on the Pitch Load

The variation in the hub angle will change the spatial position of the blade, thus affecting the
pitch load induced by the blade gravity. Furthermore, the variation will also change the pitch load
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induced by the aerodynamic force acting on the blades (due to the influence of wind shear). When
analyzing the influence of the hub angle on the pitch load, a new data subset is grouped and mainly
includes three steps:

Step 1: Eliminate the data of the wind turbine in the pitch state by judging whether β = 0.
Step 2: Select the wind speed of 4 m/s, 6 m/s, 8 m/s and 10 m/s, with a variation range of±0.5 m/s.
Step 3: Select the rotor speed levels from 0.8 rad/s to 1.6 rad/s, with an increase of 0.1 rad/s

under different wind speeds, with a variation range of ±0.1 rad/s.
Subsequently, the relationships between the hub angle and the pitch load are obtained under

different rotor speeds, which are shown in Figure 10a–d. Obviously, there is a scatter point relationship
between the hub angle and the pitch load in the figure. In other words, a hub angle value corresponds
to the multiple pitch load values. By using the abovementioned KDE method, the pitch load data
could be single-valued processed. The corresponding relationship between the hub angle and the pitch
load is shown in Figure 11a–d.
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In Figure 11a–d, when the rotor speed and the wind speed are constant, the variation trend of the
pitch load (with the change of hub angle) is approximately a sine (cosine) curve. Under the same wind
speed and hub angle, the greater the rotor speed is, the greater the pitch load is. To fit the relationship
between the pitch load and the hub angle in Figure 10a–d, an expression is employed as:

f (ϕ) = A sin(ϕ + ϕ0) + b (8)

where f (ϕ) is the relationship function of the pitch load and the hub angle; ϕ is the hub angle; ϕ0 is
the initial phase; A is the amplitude; and b is the offset.

Under different wind and rotor speeds, assume the pitch load samples are expressed by
Tp1, Tp2, . . . , Tp12. The pitch load sample of Tp1 corresponds to the wind speed v = 4 m/s and rotor
speed ω = 0.8 rad/s; Tp12 corresponds to the wind speed v = 10 m/s and rotor speed ω = 1.6 rad/s.
For a pitch load sample from Tp1 to Tp12, one has Tpk= {Tpj

}
(j = 1, 2, 3, . . . , Nk), where Nk is the

sample number contained in the k-th pitch load sample set (k = 1, 2, . . . , 12). Then, using the least
square method, the specific expression of Equation (8) could be obtained. The objective function is:

g(A, ϕ0, b) = min
Nk
∑

j=1

[
Tpj − T̂pj

]2
= min

Nk
∑

j=1

{
Tpj − [Aj sin(ϕ + ϕ0j) + bj]

}2
(9)

According to Equation (9), under different wind and rotor speeds, the values of A, ϕ0 and
b in Equation (8) can be obtained (as shown in Table 3). As seen from Table 3, with the increase
in the wind and rotor speeds, amplitude A decreases first and then increases; the initial phase ϕ0

keeps decreasing; and the intercept b keeps increasing. Among the four components of pitch load
(aerodynamic force, centrifugal force, gravity, inertia force), pitch load induced by the centrifugal force
and pitch load induced by the inertia force are independent of the hub angle; pitch load induced by
the aerodynamic force and pitch load induced by gravity are related to the hub angle. This also means
that the “sine” trends of pitch load shown in Figures 10 and 11 are caused by the aerodynamic force
and the blade gravity.
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Table 3. The fitting result of the relation function of the pitch load and the hub angle.

Wind Speed
(m/s)

Rotor Speed
(rad/s) A (N·m) ϕ0 (rad) b (×104) (N·m) RMSE

4 ± 0.5
0.8 ± 0.05 3704 5.40 1.59 4933
0.9 ± 0.05 2049 5.86 1.89 3402
1.0 ± 0.05 1037 0.49 2.23 2839

6 ± 0.5
1.0 ± 0.05 797.5 5.41 2.24 2627
1.1 ± 0.05 143.8 4.66 2.55 2594
1.2 ± 0.05 654.8 3.20 2.87 2535

8 ± 0.5
1.2 ± 0.05 829.9 3.46 2.88 2621
1.3 ± 0.05 1949 3.30 3.19 2682
1.4 ± 0.05 3026 3.22 3.48 3085

10 ± 0.5
1.4 ± 0.05 3339 3.40 3.53 3496
1.5 ± 0.05 4435 3.57 3.85 4100
1.6 ± 0.05 6555 2.81 4.24 6984

Since the magnitude and phase of sinusoidal changes of the pitch load induced by the gravity
component are all determinable, it can be deduced that the phenomenon of amplitude A decreasing
first and then increasing, as shown in Table 3, is caused by the change in the aerodynamic force
component. In other words, the initial phase of the pitch load induced by the aerodynamic force is
various at different wind and rotor speeds, which leads to the phenomenon that amplitude A decreases
first and then increases, and the initial phase ϕ0 keeps decreasing after the superposition of various
pitch load components. In addition, amplitude A reflects the fluctuation of the pitch load during
the maximum wind energy capture stage. It can be seen in Table 3 that the maximum value of A is
6555 N·m, which means the maximum fluctuation of pitch load is 2× A = 1.311× 104 N ·m.

Since the SCADA data with constant pitch angle were selected, the influence of the inertia load
on the fitting results can be excluded. During the rotation of the rotor, the centrifugal force of the
blade is always along the extension direction of the blade. Therefore, the pitch loads induced by
centrifugal force are not influenced by the change of the hub angle but are only related to the rotor
speed. Therefore, the change in the centrifugal force will not affect parameters A and ϕ0 in Table 3,
but only affect the change of intercept b. It can also be seen from Table 3 that intercept b is increasing
with the increase of the rotor speed. This means the greater the rotor speed is, the greater the pitch
load induced by centrifugal force is.

When realizing Equation (8) by using the least square method, the variation trend of the fitting
root-mean-square error (RMSE) with the change of the wind and rotor speeds are shown in Figure 12.
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In Figure 12, the length of the line segment is used to describe the size of the fitting
root-mean-square error. The fitting root-mean-square error reflects the deviation of the relation curve
(between the hub angle and the pitch load) with respect to the sine function described in Equation (8).
In other words, the larger the fitting root-mean-square error is, the greater the deviation is. The fitting
root-mean-square error also reflects the comprehensive composition relation of the pitch load induced
by aerodynamic force, the pitch load induced by the centrifugal force and the pitch load induced by
the blade gravity. As seen from Figure 12, under a certain rotor speed, the greater the wind speed is,
the greater the fitting root-mean-square error is. Since the pitch load induced by centrifugal force stays
unchanged and the “sine” change of the pitch load induced by the blade gravity are not affected by
the rotor speed, it can be understood that the greater the wind speed is, the more dispersed the pitch
load induced by the aerodynamic force is.

4.4. The Influence of Pitch Angle on the Pitch Load

To control the wind energy capture, wind turbines could control the pitch angle, which also
changes the load acting on the blade. Theoretically, when the wind speed is lower than the rated wind
speed, the pitch mechanism is fixed, and the pitch angle is 0 rad. During this period, the wind turbine
runs at the maximum wind energy capture stage by maintaining the optimal tip speed ratio through
controlling the rotor speed. When the wind speed is higher than the rated wind speed, the wind
turbine starts the pitch mechanism and controls the pitch angle to adapt to the change in wind speed,
so that the output power keeps at the rated power level, which is called the constant power operation
stage. However, in practice, the start-up of the pitch mechanism is determined by the power of the
wind turbine, not the wind speed. Although the wind speed sometimes does not reach the rated wind
speed, the pitch mechanism still may have been started.

During the operating of the pitch mechanism, there are two operating states, that is, the increase
of the pitch angle and the decrease of the pitch angle. This means that even at the same pitch angle,
the wind turbine may be running at different operating states, and the load characteristics may be
different under different conditions. To this end, the pitch rate is defined to determine the state of the
pitch mechanism. That is:

η(t) =
β(t + T)− β(t)

T
(10)

where, β(t) is the corresponding pitch angle at time t; and T is the data sampling period of the
SCADA system.

Considering the fluctuation of the pitch angle in the process of varying pitch, the pitch rate is
modified as:

Γ(t) = η(t− 2) · η(t− 1) · η(t) (11)

When Γ(t) satisfies Γ(t) > 0 in Equation (11), the pitch load is considered to be SCADA data
with a continuously increasing pitch angle. When Γ(t) < 0 is satisfied, the pitch load is considered to
be a SCADA data with a continuously decreasing pitch angle. When Γ(t) = 0 is satisfied, the pitch
load is considered to be SCADA data with a constant pitch angle. Therefore, the data set distribution
illustrated in Figure 5 is transformed into that which is illustrated in Figure 13. It can be seen from
Figure 13 that the data samples with wind speeds greater than 8 m/s correspond to three types: (1) data
with a constant pitch angle, which is defined as non-pitch; (2) data during the increase of the pitch
angle, which is defined as increasing pitch; (3) data during the decrease of the pitch angle, which is
defined as the decreasing pitch. Considering there are more data samples distributed near the rated
wind speed, a subset of data samples with a wind speed of 11 m/s and a rotor speed of 1.78 rad/s is
extracted, and then four subsets of the rotor angles of 0 rad, 0.5π rad, π rad, and 1.5π rad are divided
from the subset to analyze the influences of pitch angle to the pitch load.
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Figure 14. Scattered relationship between the pitch angle and the pitch load: (a) The hub angle is 0 rad;
(b) The hub angle is 0.5π rad; (c) The hub angle is π rad; (d) The hub angle is 1.5π rad.

Obviously, there is a scattered multivalued relation between the pitch angle and the pitch
load. Using the abovementioned KDE method, the data are processed to obtain the single-valued
relation between the pitch angle and pitch load. The results are shown in Figures 15a, 15b, 15c and
15d, respectively.
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Figure 15. Single-valued relationship between the pitch angle and the pitch load: (a) The hub angle is 0
rad; (b) The hub angle is 0.5π rad; (c) The hub angle is π rad; (d) The hub angle is 1.5π rad.

Figures 14 and 15 show that under constant wind and rotor speeds, the pitch load generally
declines in the increasing pitch status and gradually increases in the decreasing pitch status.
From Figure 15a to Figure 15d, it is clear that under the same wind speed, rotor speed and hub
angle, the pitch load in the increasing pitch status is significantly less than that in the decreasing pitch
status. The load fluctuation Λvnϕβ marked in Figure 15a reflects the comprehensive influence of three
pitch load components; that is, the aerodynamic-force-induced pitch load, the centrifugal-force-induced
pitch load and the gravity-induced pitch load. For points A and B in Figure 15a, they have the same
pitch angle, which means that the pitch load components that are induced by gravity are the same.
Meanwhile, the pitch load components induced by the centrifugal force are also the same due to the
same rotor speed. Thus, the differences in the pitch load (denoted by Πvnϕβ) between points A and
B are caused by the difference of the pitch load induced by aerodynamic force. This also illustrates
that in the increasing pitch status, the aerodynamic force will push the blade rotation as a motive
force. In the decreasing pitch status, the aerodynamic force will block the blade rotation in resistance.
Furthermore, under different hub angles, the effects of this kind of “push” or “block” are different.

To quantitatively describe the different Πvnϕβ of the pitch load induced by the aerodynamic
force in the process of variable pitch, a difference index of the pitch load is proposed. Assuming
that under different hub angles, the pitch load dataset with decreasing pitch status is Tvnϕ, while

the pitch load data set is T′vnϕ with increasing pitch status. Then, Tvnϕ =
{

Tvnϕ1, Tvnϕ2, . . . , Tvnϕl

}
,

T′vnϕ =
{

T′vnϕ1, T′vnϕ2, . . . , T′vnϕl

}
, and (l = 1, 2, 3, . . . , Nvnϕ); where Nvnϕ is the sample number of

the pitch load dataset when the wind speed is v, the rotor speed is ω, and the hub angle is ϕ).
The “difference index” is to be expressed as:

Πvnϕ =
1

Nvnϕ

Nvnϕ

∑
l=1

[Tvnϕl − T′vnϕl ] (12)
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where Πvnϕ denotes the “difference index” between the pitch load in the decreasing pitch status and
the pitch load in the increasing pitch status under the condition that the wind speed is v, the rotor
speed is ω and the hub angle is ϕ.

According to Equation (12), and under the condition that wind speed is v = 11 m/s and the rotor
speed is ω = 1.78 rad/s, the difference indexes are Π1 = 3.40× 104 N ·m, Π2 = 3.21× 104 N ·m,
Π3 = 3.01× 104 N ·m, and Π4 = 3.00× 104 N ·m corresponding to the hub angles of 0 rad, 0.5π

rad, π rad and 1.5π rad, respectively. The calculation results show that the difference indexes under
different hub angles are small. It also reflects the variation amplitude of the pitch load during the
working process of the pitch system. Compared with the maximum wind energy capture stage
discussed earlier, the maximum load and variable amplitude of the variable propeller load of the
wind turbine in the constant power operation stage was much larger. It was required to pay sufficient
attention to the design and maintenance of the pitch mechanism of the wind turbine.

5. Conclusions

For a long time, the understanding of the pitch load was not clear enough. According to the
investigation of the pitch load in this paper, the basic characteristics and mechanism of pitch load can
be further understood. Additionally, this study can provide the basis for the investigation of the wind
turbine accidents. Moreover, it can provide a basis for wind turbine maintenance, especially for the
pitch system. Some specific conclusions are summarized as follows.

Due to the randomness of wind speed and the rapidity of wind speed change, when the rotor
speed is constant, the wind speed is not constant but varies within a certain range. The strong
randomness of wind speed conceals the essential relationship between the wind speed data and the
pitch load. Under the rated wind speed, the pitch load increases with the rotor speed increase, and
there is an approximate linear relationship between the rotor speed and the pitch load.

The relationship between the hub angle and the pitch load is a similar sine (cosine) law. This is
caused by the influence of aerodynamic force and gravity that occurs among the four components of the
pitch load (aerodynamic force, centrifugal force, gravity, inertia force). The change in the aerodynamic
force affects the amplitude and phase of the sine (cosine) curve. The change in the centrifugal force
affects its intercept.

Due to the influence of wind speed randomness and wind rotor inertia force during the actual
operation of the wind turbine, when the wind speed does not reach the rated wind speed, the pitch
mechanism of the wind turbine may have been started. Under a certain wind speed and rotor rotational
speed, the pitch load decreases during the increasing pitch status and increases gradually during the
decreasing pitch status. Compared with the maximum wind energy capture stage, the maximum load
and load variation range of the pitch mechanism are much larger when the wind turbine is running
at the constant power stage, which requires sufficient attention in the design and maintenance of the
wind turbine.
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