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Abstract. The goal of this paper is to synthesize the intelligent pitch angle control system under variable wind conditions for the specialized 
processor that reproduces the operating modes of type-4 wind turbines in real time in the specialized software-hardware hybrid simulation tool. The 
control schemes using main strategies of a conventional control and an intelligent control with a fuzzy logic have been discussed. The strategy 
based on a combined pitch control system was adopted. As a result, the authors designed and implemented a comprehensive mathematical model 
for pitch angle control of wind turbines. The RTDS hardware-software tool was used as a reference for model validation. The results showed a fairly 
good similarity, therefore, the developed model can be applied to control the pitch angle in a hybrid model of type-4 wind turbines for wind power 
plants simulating in the large-scale electric power system. 
 
Streszczenie. Przedstawiono system sterowania katą turbiny wiatrowej w czasie rzeczywistym. Do sterowania wykorzystano elementy logiki 
rozmytej. Wykorzystano oprogramowanie i sprzęt. Przeprowadzono symulacje dla różnych prędkości turbiny wiatrowej, (System sterowania kątem 
w turbinie wiatrowej typu-4 z wykorzystanie specjalizowanego procesora hybrydowego) 
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Introduction 

The use of renewable energy sources (RES) helps to 
cover the increasing electricity consumption in many 
developed countries. Among the different types of RESs, 
the largest pace of integration relates to wind power 
generation. The wind energy is considered one of the very 
fast growing and most competitive green energy being 
applied worldwide, especially in Europe, USA, Canada, 
Middle East, and Africa [1]. The main difficulty in wind 
energy using is the inconstancy of its speed and, therefore, 
its power generation in time. The wind has not only a long-
term and seasonal variability, but also changes its activity 
during the day (instantaneous speed pulsations and wind 
gusts). As level of wind energy integration into modern 
electric power systems (EPS) increases, the impact of wind 
turbine installations (WT) on frequency and voltage stability 
becomes more and more significant [2, 3]. 

Over the past decade, the variable speed WTs (type 3 
and 4) have become the most common installed units. The 
type 3 and 4 wind turbines make it possible to achieve the 
optimal output power in a wide range of wind speed by the 
rotational speed regulation in response to changes in the 
input wind speed. Moreover, a back-to-back voltage source 
converter (BTB VSC) usage in their topology allows 
reducing the coupling of the EPS and generator 
frequencies. The type-4 WTs with a permanent magnet 
synchronous generators (PMSG), which are connected to 
the grid via a BTB VSC, are the most perspective ones due 
to their advantages such as: (1) a higher efficiency, (2) a 
good power capability and a low maintenance due to less 
mechanical components and etc. [4, 5]. To extract the 
maximum efficiency, more optimal adaptive and automatic 
control systems (ACS) for WTs are being developed, which 
provide the continuous control in various wind conditions 
and are able to adapt to changes in the state of the object 
and input disturbances. Obviously, an ACS of BTB VSC is 
the main one in the type-4 WTs, but it cannot provide the 
full control of WT in highly changing wind conditions. 
Therefore, a modern ACS of WT require the necessary 
installation of the pitch angle control system [6]. The pitch 
angle control system in type-4 WT makes it possible to 
ensure its normal operation at a wind speed above the 
rated value (for a particular WT), and to protect the blades 
from damage during squally wind by their stopping [7]. The 
tuning of the pitch angle control system has a several 
different approaches. 

Review of existing control systems 
The pitch angle control system provides the change of 

blade’ angle of attack (β) in accordance with wind speed 
(VW) [8].  When the wind speed changes, the pitch angle 
control system enables smoothly starting and emergency 
stopping of the wind wheel, which, in turn, allows the WT to 
operate with a power close to the rated value at different 
wind speed. The regulation can be divided into three main 
modes [9]. 
 

 
  

Fig. 1. The operation modes of WT: X is the limit value of β for 
Mode 2 

 

Mode 1: The mode includes the range from WT 
standstill to startup. The control strategy consists of wind 
speed tracking: it is determined initial wind speed to WT 
startup. After that, the pitch angle control system begins the 
execution of operations required to WT startup. 

Mode 2: In this mode, the power optimization mode is 
carried out, consisting of the maximum power generation. 
The power optimization can only be done by finding the 
pitch angle that corresponds to the optimal power 
coefficient CP(β,VW) at a given wind speed. In the mode 2 
there are two principles of WT operation can be used: 
rotating the nacelle in the horizontal plane (yaw regulation) 
and changing the rotating generator torque (maximum 
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power point tracking). The goal in this mode is to extract the 
maximum wind energy utilization rate. 

Mode 3: This mode relates to the range of wind speed 
values more than rated. The pitch angle control system 
should limit a wind energy utilization rate to prevent 
overshooting the electrical and mechanical loads of the 
generator. In this mode, the type-4 WT maintains a constant 
value of rotor speed and rated power via changing the pitch 
angle. 

The limits of the pitch angle values are set according to 
particular WT standard values or according to the power 
characteristics of WT – the power curves which 
dependence on the tip speed ratio (Z) and β: the control 
system sends a signal to the pitch servo, the regulation 
takes place according to the given control laws. The value 
of β can be configured as a reference signal depending on 
the input parameters, which may be as follows (Fig. 2): 

 

 
Fig. 2. The different variants of the pitch angle control systems implementation 

 
1) Wind speed VW, as shown in Fig. 2a. Theoretically, 

the reference value of pitch angle (βref) can be obtained 
from the curve β(VW). This control strategy is simple, as the 
wind speed is directly measured, and regulates the 
generator output power at its rated value. However, this 
approach has a significant limitation since anemometers are 
installed on the nacelle behind the blades, therefore, it is 
not possible to measure wind speed correctly [10]. 

2) Rotor speed ω, as shown in Fig. 2b. The 
measured rotor speed is compared with its reference. Then 
the error signal is sent to a PI controller and provides a 
value of βref. The rotor speed control is used in pitch angle 
controller to enhance the transient stability [11]. 

3) Generator power PG, as shown in Fig. 2c. The 
error signal of the generator power is sent to a PI controller. 
The PI controller provides a βref. The non-linear variation of 
the pitch angle in case of high wind speed implies the 
necessity of a non-linear control. This approach has a 
limitation related to a high sensitivity of aerodynamic torque 
to wind speed close to the rated and with high turbulence 
component. Such control system regulates the generator 
output power at its rated value, as in the first control 
strategy [12]. 

4) Fuzzy logic based controllers. The rule-based 
fuzzy logic controllers are useful when the system dynamic 
is not well known or when system contains significant non-
linearities, such as wind speed with a stochastic nature and 
a turbulence component. Fuzzy logic controllers are shown 
in Fig. 2d. Moreover, the fuzzy logic block can be applied to 
all of the above examples, and the input signal can be wind 
speed, rotor speed or generator power [13]. 

5) The combined control systems (Fig. 2e) in which 
the generator power and rotor speed is compared with their 
references. Such systems have designed to maintain the 
generator output power at its rated value in case of wind 
speed more than rated and to ensure the transient stability 
during the network faults [14, 15]. 

As seen from the above, the considered approaches to 
the pitch angle control are aimed at generator power 
regulation and high power efficiency ensuring taking into 
account a stochastic nature of wind speed. In addition, the 
pitch angle controller is also used to stabilize the operation 
of WT in case of transient faults. The comparison of 
different strategies via simulation in [16] showed that the 
pitch angle control strategy with generator power as a 
controlling variable has a rapid pitch angle respond to the 
wind speed variation and minimum power oscillations. The 
response of the control strategy with rotor speed has a 
squared error to β changing. The ACSs based on the fuzzy 
logic control have relatively complex algorithms and require 
certain competencies in their implementation [17]. 

Therefore, in this paper, a combined control strategy 
(Fig. 2e) was adopted. In [10-17], various control algorithms 
were tested in small test EPS models. However, it is 
recommended to test the algorithms in large-scale EPS 
models for a correct decision on the use of one or another 
algorithm and a comprehensive assessment of the 
implemented system’ operation under various conditions. 
The known specificity and complexity of the modern EPS 
exclude the possibility of receiving all necessary 
information, in particular during the disturbances, via 
physical modeling, so a mathematical modeling is the main 
method for testing algorithms in large-scale EPS [18, 19]. 
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Implementation of ACS for specialized processor of 
type-4 WT 

The accuracy and efficiency of EPS mathematical 
modeling are determined by the following main factors: the 
completeness and detailing of applied mathematical models 
in simulation tools, which perform the solution of a 
mathematical model of the considered EPS with the 
guaranteed and acceptable accuracy. 

For a reliable analysis of the control and regulation 
systems of WT, comprehensive models of each element 
and a large-scale EPS model as a whole are required 
because the mutual impact of individual elements or their 
small groups on the EPS’ states can be lost in small test 
and very limited EPS schemes. However, the existing 
simulation tools do not fully allow this resulting in a 
discrepancy between the modeling data and the real ones 
[20]. Therefore, the authors propose to use their own 
development a specialized software-hardware hybrid 
simulation tool – Hybrid Real-Time Power System Simulator 

(HRTSim) [21]. The HRTSim is a real-time multiprocessor 
system consisting of a set of specialized processors (SPs), 
which simulate all main equipment of the simulated EPS. 
The hybrid approach assumes continuous and mutual 
simulating on digital, analog, and physical levels. Thus, the 
HRTSim is proposed to be used as an effective tool for 
solving the mentioned problem. This article describes the 
implementation of a pitch angle control system. Further, this 
system is applied in the hybrid SP of type-4 WT model (SP 
WT). The main principles of design and implementation of a 
hybrid SP described in [22] on the example of HVDC link, a 
similar approach has been used for the creation of SP WT. 

The implementation of the WT mathematical model and 
its control system was performed in the digital level of the 
SP WT on ARM-based AT91SAM7X256 microcontroller. 
The assembler language was used for programming that 
allowed to speed up the simulation process. The developed 
system of the pitch angle control for HRTSim is shown in 
Fig. 3. 

 

 
 

Fig. 3. The model of pitch angle control system for HRTSim: KPP and KPC are proportional gains of PI-controller,  KIP and KIC are integral 
gains of PI-controller, PGref and ωref are rated power and rated shaft speed of WT respectively, ω is the current shaft speed of WT, TS is a 
servo motor time constant 
 

The Angle Limiter block limits the minimum and 
maximum value of pitch angle and the Pitch Angle Rate 
Limiter block limits the rate of change of pitch angle. The 
maximum rate of change of pitch angle is usually in the 
range from 2 to 10 degrees per second. 

 
Realization and test studies of the implemented ACS 

Testing of the developed ACS model for SP WT has 
been carried out by the comparison with the simulation 
results in RTDS. The experimental studies have been 
carried out on a model of WKA-60 wind turbine [23]. Figure 
4 shows the resulting pitch angle control system tests with a 
step change in wind speed. 

 

  
Fig. 4. The obtained oscillograms of processes in case of a step 
change in wind speed 

As seen in Fig. 4, the oscillograms of the developed 
model are identical to the RTDS oscillograms, the maximum 
relative error is less than 1% throughout the process. With a 
step-up increase of the wind speed above 10.5 m/s, the 
pitch angle begins to change. In addition, the results of 
power generation and rotational speed stabilization above 
the rated wind speed are also shown, which indicate the 
correct operation of the model. 

The characteristic curves CP(Z,β) of the modeled WT 
was approximated by the least squares method [9]: 
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The WT characteristics CP(Z,β) have been also 

implemented in the microcontroller, the approximation of 
which showed a high degree of the coincidence with the 
standard characteristics of the WKA-60 WT (Fig. 5). 

 
a)                            b) 

Fig. 5. CP(Z,β) characteristics of WKA-60 WT obtained (a) from 
direct measurement and (b) via simulation 

 
The oscillograms shown in Fig. 5 coincide quite well for 

the modeled WT, the maximum efficiency is achieved at a 
pitch angle from 1 to 5 degrees and the optimal tip speed 
ratio is approximately equal from 6 to 10. 
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Figure 6 shows the oscillograms of the pitch angle 
depending on the wind speed in case of a dynamic wind 
model implementation in HRTSim. 

 
Fig. 6. The pitch angle changing in case of a dynamic wind model: 
VWaver is an average value of wind speed 

 
The oscillogram of pitch angle changing with a dynamic 

change in the wind speed reflects the efficiency of the pitch 
angle control system, when VWaver changes from 8 to 16 m/s 
(above rated value), the pitch angle control system starts to 
operate, after that, when VWaver decreasing, the β returns to 
the initial value. It is also seen from the oscillogram that the 
dynamic component of the wind does not affect the pitch 
angle control system, which corresponds to the real 
operating conditions of the WT, when, due to the inertia of 
WT, the short-term (turbulent) wind gusts do not affect the 
transients. 
 
Conclusion 

The paper considered the main strategies for controlling 
the pitch angle of a WT with a variable rotational speed. 
The authors have developed and programmed a digital 
model of the pitch angle control system intended for a 
hybrid model of the type-4 WT used in HRTSim. Test 
results have shown a high degree of coincidence with 
similar tests, which carried out via RTDS. The model of the 
pitch angle control system in SP WT makes it possible to 
receive a more accurate response of WT as a whole in 
transient states and in case of sudden wind loading 
changes. In the same way, any required control systems 
(relay protection, automation, control system of BTB VSC) 
can be implemented in microcontroller of SP WT. 
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