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Abstract

:

This paper deals with the development of a wind turbine pitch control system and the construction of a Hardware-in-the-Loop-Simulation (HILS) testbed for the performance test of the pitch control system. When the wind speed exceeds the rated wind speed, the wind turbine pitch controller adjusts the blade pitch angles collectively to ensure that the rotor speed maintains the rated rotor speed. The pitch controller with the individual pitch control function can add individual pitch angles into the collective pitch angles to reduce the mechanical load applied to the blade periodically due to wind shear. Large wind turbines often experience mechanical loads caused by wind shear phenomena. To verify the performance of the pitch control system before applying it to an actual wind turbine, the pitch control system is tested on the HILS testbed, which acts like an actual wind turbine system. The testbed for evaluating the developed pitch control system consists of the pitch control system, a real-time unit for simulating the wind and the operations of the wind turbine, an operational computer with a human–machine interface, a load system for simulating the actual wind load applied to each blade, and a real pitch bearing. Through the several tests based on HILS test bed, how well the pitch controller performed the given roles for each area in the entire wind speed area from cut-in to cut-out wind speed can be shown.
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1. Introduction


A wind turbine is operated in various modes depending on the wind speed as shown in Figure 1 [1]. The wind turbine starts to generate electricity above the cut-in wind speed. In the region below the rated wind speed, generator torque control of the wind turbine is performed while keeping the pitch angle to a minimum (i.e., 0 degrees) to achieve the maximum efficiency of power generation. When the wind speed exceeds the rated wind speed, pitch control is performed by adjusting the blade pitch angles that limit the amount of captured power by regulating the rotational speed of the rotor at the rated rotational speed and generator control is performed to keep the generator’s rated torque such that the generated power maintains its rated value [2]. When the wind speed is above the cut-out speed, pitch control alters the pitch angles maximally to stop the wind turbine. To successfully perform pitch control according to each control mode, the roles of the turbine controller that generates a command distinguishing control modes by monitoring the wind condition and the pitch controller that controls the pitch angles are important [3].



Pitch control has two objectives in the region above the rated wind speed. The first objective is to keep the rotational speed of the rotor at the rated rotational speed so that the wind turbine maintains its rated output [4]. For this purpose, if the rotor speed is above the rated rotor speed, pitch control is activated to decrease the rotor speed by increasing the pitch angles, thereby reducing the power coefficient (Cp), or if the rotor speed is below the rated rotor speed, pitch control is activated to increase the rotor speed by decreasing the pitch angles, thereby increasing Cp [5]. The second objective is to reduce the mechanical fatigue loads on the blade by the wind. Large wind turbines often experience wind shear, a sudden change of the wind direction or intensity [6]. In this case, a load occurs at 1P cycle, which is one rotation component of the rotational speed of the blade. Such load accumulation adversely affects the lifetime of the wind turbine [7]. To reduce the periodic fatigue load, the pitch angle of each blade is individually controlled according to the altitude of each blade [8].



The best way to develop a pitch control system, including the pitch control algorithm, is to apply it to an actual wind turbine. However, arbitrarily changing the wind speed blowing to a wind turbine is practically impossible. Moreover, applying the pitch control system to a real wind turbine is costly and time-consuming [9]. As an alternative, a Hardware-In-the-Loop Simulation (HILS) testbed is suggested. A HILS testbed is based on a real-time simulator that is responsible for a real wind turbine [10].



The model of the wind turbine is implemented using FAST (Fatigue, Aerodynamics, Structures, and Turbulence) aeroelastic computer-aided engineering tool developed by the National Renewable Energy Laboratory (NREL) [11]. The ideal environment for controller performance testing is to apply to actual targets, but for costly and time-consuming larger systems such as wind turbines, real-time simulators based on numerical modeling are used, in general. Since the purpose of this paper is to develop the pitch controller and to test the performance, for pitch systems that are directly controlled by pitch controllers, real pitch systems that can actually be installed on wind turbines instead of using numerical modeling [12] are built and used. Therefore, reliability of the performance evaluation results of pitch controller can be increased.



This paper is composed as follows. In Section 2, the development of the pitch control system is introduced. In Section 3, the configuration of the HILS testbed based on the real-time simulator is described. In Section 4, the test results for the performance verification of the developed pitch control system are explained, and this paper concludes in Section 5.




2. Design of the Pitch System


This section introduces the development of the pitch system by explaining the configuration of the system and its components.



2.1. Configuration of the Pitch System


As shown in Figure 2, the developed pitch system consists of a main box and a pitch drive system for each blade. The main box consists of a pitch control unit (PCU), power distribution circuit, power protection circuit, and signal protection circuit. The pitch drive system consists of a pitch motor and an axis box, including a pitch drive unit (PDU) to drive a pitch motor and other electrical components (i.e., circuit breakers, magnetic contactors, inductors, relays, etc.). The PDU consists of a rectifier, an initial charge current limit circuit, a DC-link smoothing circuit, a chopper circuit for a pitch motor brake power supply, a dynamic braking device, a digital signal processor (DSP) control board, and an inverter for driving the pitch motor.



The PCU is responsible for the pitch system control. It receives control commands from a turbine control unit (TCU) through a CANopen communication protocol and conveys the commands to the pitch system. It also transmits both its own and the PDU’s status information to the TCU.



The system includes the two following pitch control modes: the collective pitch control (CPC) mode in which the pitch system adjusts the pitch angles of three blades simultaneously to regulate the output power to the rated power, and the individual pitch control (IPC) mode in which the system alters the pitch angles separately to reduce the mechanical fatigue applied to the blade.



In CPC mode, the PCU sends the pitch angle command obtained from the TCU to the three PDUs as the same value. In IPC mode, the PCU executes an IPC algorithm to calculate an additional IPC of each blade. To do this, the PCU needs the azimuth angle of the rotor and the out-of-plane bending moment value of each blade, which is obtained from sensors installed at the hub of the wind turbine. In this paper, the azimuth angle of the rotor and the out-of-plane bending moment values are obtained from the wind turbine model developed by the NREL.




2.2. Pitch Control Unit


2.2.1. Overview


Figure 3 shows the operation flowchart of the TCU and PCU. According to the TCU flowchart in Figure 3, pitch control is performed in the following three modes according to the TCU operation: starting mode, normal operation mode, and shutdown mode [13]. In these modes, the TCU generates pitch control commands such as target pitch angle, target pitch speed, and target pitch acceleration. The PCU follows the commands from the TCU when the PCU is in normal or emergency mode.




2.2.2. Control Algorithm


When the TCU is powered on, it initializes and goes into checking mode in which it checks its own status. The PCU also goes through the same process. Meanwhile, the TCU waits until it receives a signal that the PCU is in stop mode. Stop mode means that the pitch motor can operate but is being stopped. The PCU sends its stop mode state to the PCU. After receiving the information, the TCU goes into standstill mode, in which the wind turbine determines whether the wind turbine can be started.



The TCU checks the wind speed, and if the wind speed is between the cut-in wind speed and the cut-out wind speed for a certain period of time, then the TCU moves to waiting mode and sends a signal to the PCU to go into normal mode. After receiving acknowledgement that the PCU is in normal mode, the TCU in waiting mode sends commands to the PCU to decrease the pitch angles gradually from the feathering position (i.e., about 90 degrees) to the fine position enough to rotate the blades.



When the rotational speed of the generator reaches the minimum level to start the wind turbine, the TCU goes into starting mode. In starting mode, the TCU reduces the pitch angles to 0 degrees so that Cp of the wind turbine can be maximized. The maximum Cp makes the generator rotational speed increase, and if the minimum generator rotational speed to generate power is achieved, the TCU goes into normal operation mode.



When the TCU is in normal operation mode below the rated wind speed, the TCU controls the PCU to keep the pitch angles at the minimum so that the maximum Cp can be obtained. In normal operation mode, the TCU also calculates the generator torque command value to generate power at maximum efficiency and enables the maximum power point tracking (MPPT) operation.



Above the rated wind speed, the generated power of the wind turbine must be limited to the rated power. For this purpose, the TCU maintains the generator torque and the rotor rotational speed at their respective rated values. To do this, the TCU transmits the rated torque value to the torque controller and calculates the pitch angles for maintaining the rated rotor rotational speed and transfers them to the PCU. To generate pitch angles to maintain the rated rotational speed, the TCU uses a controller to reduce the error between the rated rotational speed and the feedback rotor rotational speed [14]. The TCU transmits the pitch angle outputs generated by the controller to the PCU so that the PCU performs pitch control for the rotor speed. The principle of adjusting the rotor speed through pitch angle is as follows.



If the rotor rotational speed is faster than the rated value, the Cp must be decreased by increasing the pitch angles, thereby decelerating the rotor. If the rotor rotational speed is slower than the rated value, the Cp must be increased by decreasing the pitch angles, thereby accelerating the rotor.



The pitch control which maintains the rotor rotational speed at the rated wind speed is called the CPC, and in CPC mode, the pitch angles of three blades are all the same.



The effect of reducing the load on the blade can also be obtained through pitch control which is operated above the rated wind speed. For large wind turbines, cyclic load may occur on the blade due to wind shear phenomena with different wind speeds depending on the position of the blade. In this situation, adjusting the pitch angle of each blade to reduce the influence of wind on each blade position can reduce cyclic load due to wind shear. The pitch control for reducing blade loads is implemented in the PCU where a pitch controller receives the azimuth angle and the load value such as the root bending moment of each blade and produce pitch angles to minimize the blade loads.



Above the rated wind speed, pitch control should be performed to reduce the blade loads while maintaining the rated rotor rotational speed. For this purpose, the PCU generates the final pitch control angles by adding the CPC pitch angles to the pitch angles for blade load reduction from its own pitch controller. This control mode is called IPC because the pitch angle of each blade finally is created individually.



If the TCU is in normal operating mode but the wind turbine cannot generate power any longer, the TCU goes into shutdown mode to stop the wind turbine. Shutdown mode is divided into normal shutdown mode and emergency shutdown mode. In normal shutdown mode, if the wind speed is not between the cut-in wind speed and the cut-out wind speed, the TCU sends a signal to the PCU to move the pitch angles into the feathering position. Due to the pitch angles’ feathering position, aerodynamic braking occurs, and the wind turbine stops operation. When the TCU detects an abnormal problem of the wind turbine system, the TCU goes into emergency shutdown mode. In this mode, the blades change their pitch angles to the feathering position as quickly as possible to stop the wind turbine’s operation to ensure the safety-run operation. When normal shutdown has been completed or the emergency condition is cleared, the PCU returns to standstill mode and informs the TCU of its mode. Then, the TCU performs the previous procedure again.



Figure 4 shows a state machine of the PCU. The PCU receives commands from the TCU and the health information of the pitch drive system from the PDU to determine whether the PCU is in a state transition condition. The PCU sends control commands related to the pitch operation to the PDU in normal or emergency mode.



When the PDU has completed its initialization and is ready to operate, it sends a “PDU operation enabled” signal to the PCU, and the state of the PCU then transitions from state 1 to state 2, i.e., when the PDU is initialized with the PCU initialized, the state of PCU is turned into the state 2 where control and monitoring operations can be started. If the PCU receives the temperature information of components such as a pitch motor, an axis box, an inverter, and a backup power from each PDU, and if the temperatures are within normal ranges, then the PCU transitions from state 2 to state 3. If the abnormal temperature values appear during continuous monitoring, the PCU returns to state 2 even if it is in state 3.



The PCU receives the charge voltage of the backup power source from each PDU and checks it. If the charge voltage level is within the normal range, the PCU transitions from state 3 to state 4. In normal mode, the PCU sends commands to the PDU to release the motor brake and operate the pitch motor. The PCU transmits the target CPC angles calculated by the TCU or the target IPC angles calculated by the PCU to the PDU; the PCU also transmits the pitch motor speed and the pitch motor acceleration/deceleration commands to the PDU. The PDU transfers the motor current, the backup power supply voltage, and the pitch position value measured by a pitch resolver and a pitch gear encoder to the PCU. When the PCU is in state 4 and receives a notification that the normal condition has been cleared from the TCU, the PCU returns to state 3.



If the wind turbine is stopped due to an error, the PCU informs the PDU that the situation is an emergency, and the PDU controls the pitch angles to the feathering position at the maximum speed. When the blades are in the feathering position and the limit switch of the pitch gear is turned on, the PDU sends a “safety-run operation complete” signal to the PCU. If an abnormal condition is detected in the normal mode of state 3, the PCU immediately goes into the emergency mode of state 5. If the condition is resolved in state 5, the state of PCU is transfered to state 3. When the PCU receives the commands related to pitch control from the TCU in the region above the rated wind speed, the PCU transfers the commands to the PDU so that the pitch system operates in CPC or IPC mode.



Figure 5 shows the blade rotating coordinate system with the parameters required for implementation of the individual pitch controller [15]. In the notation of the axis moment Mb,{x,y,z}i, b denotes the blade rotating coordinate system with {x,y,z} being the axis and i for i=1,2,3 being the blade number. For example, Mbyi represents the y-axis moment of the ith-blade rotating coordinate system. As shown in Figure 5, Mbyi is the out-of-plane bending moment of the rotor blade, and Mbxi is the in-plane bending moment of the rotor blade [16].



Figure 6 shows the out-of-plane vibration phenomenon of the rotor. This vibration is mainly caused by Mbyi and is the main cause of the tilting and yawing of the wind turbine. The mechanical vibrations generated by blades are transmitted to the tower through the hub, the drive train, and the yaw bearing. These mechanical vibrations result in the life-shortening of the wind turbine [17].



Figure 7 shows the effects of IPC. In a large wind turbine with long blades, each blade experiences different amounts of loads according to its altitude due to wind shear. As shown in Figure 7a, while a blade at the topmost point experiences the largest large load because of the fastest wind speed, a blade at the lowest point experiences the smallest load because of the slowest wind speed. Therefore, a load of 1P, which is one rotation component of the blade, is generated during one rotation motion of the rotor.



As shown in Figure 7b, in this situation, as a blade moves to the higher position, the blade pitch angle becomes the larger than the CPC angle and as a blade moves to the lower position, the blade pitch angle becomes the smaller than the CPC angle. This control can effectively alleviate the mechanical load of the blades due to wind shear. It is called IPC because this control adjusts the individual pitch angle appropriately according to the rotation position of each blade.



The IPC algorithm is implemented in the PCU as follows. When the blade’s out-of-plane bending moment values measured from the sensors located at the hub root are inputted, they are transformed into the fixed-coordinate system of the nacelle, which is a linear time invariant through the Coleman inverse transformation (P-1) shown in Equations (1)–(3) since each rotating coordinate system is time-varying [18].


Mcm,a=13My1+My2+My3



(1)






Mcm,b=23My1cosψ+My2cosψ+2π3+My3cosψ+4π3



(2)






Mcm,c=23My1sinψ+My2cosψ+2π3+My3sinψ+4π3



(3)







In Equations (1)–(3), the subscript cm indicates the fixed-coordinate system, and ψ is the azimuth angle.



From the linear time-invariant coordinate values generated in Equations (1) to (3), Mtilt and Myaw can be calculated as follows:


Mtilt=32Mcm,b



(4)






Myaw=32Mcm,c



(5)







To reduce Mtilt and Myaw, which are linear time-invariant bending moment coordinates in Equations (4) and (5), let the two values pass through a low-pass filter with a cut-off frequency of 3P and use the integral controller. The IPC angles that reduce the fatigue load of the wind turbine due to differential vibrations of the blades are calculated by the Coleman transformation (P, Equations (6)–(8)) of the linear time-invariant pitch angles (θtilt,θyaw) generated by the integral controller [8].


θIPC1*=cosψθtilt+sinψθyaw



(6)






θIPC2*=cosψ+2π3θtilt+sinψ+2π3θyaw



(7)






θIPC3*=cosψ+4π3θtilt+sinψ+4π3θyaw



(8)







The CPC angle value generated by the TCU and the IPC angles generated in Equations (6)–(8) are combined to generate the final pitch angle command and are transmitted to the PDU. Figure 8 shows the overall design process of the IPC algorithm.




2.2.3. Hardware Design


The PCU is designed to perform the aforementioned functions (Figure 9). The TCU, PCU, and PDU are connected using the CANopen protocol. The PCU, as the CANopen slave, receives the control commands, such as the CPC angle from the TCU, which generates the final pitch control angle command as the CANopen master. The PDU, as the CANopen slave, receives the pitch control angle command from the PCU as the CANopen master, drives the pitch system, and returns the control results and status information to the PCU. The PCU delivers the information from the PDU to the TCU.



An analog input module for receiving the blade bending moment values and the blade azimuth angle from the sensors, the real-time simulator, a digital input/output module, and other mandatory components are required to perform the IPC function. The hardware platform for the PCU is constructed by using Beckhoff products that has been actually applied to the commercial wind turbine control system. The specifications of the platform components are shown in Table 1. As a development software tool, Beckhoff TwinCAT-3 (Beckhoff, Verl, Germany), which supports IEC 61131-3 standard programmable logic controller (PLC) language, is used.



Figure 10 shows the hardware platform of the PCU based on the Beckhoff platform, and the PCU hardware is implemented according to PCU requirement specifications.





2.3. Pitch Drive System


The main components of a pitch drive system are an axis box and a pitch motor. The PDU located within the axis box consists of a power conversion circuit and a DSP control board, as shown in Figure 11. The power conversion circuit includes a rectifier, an initial charge current limit circuit, a DC-link smoothing circuit, a super capacitor charge/discharge circuit, a dynamic braking device, an inverter, and a motor brake power source.



The functions of the power conversion circuit are as follows. The rectifier rectifies the three-phase AC input voltage full-wave through the diode and supplies DC voltage to the inverter. When three-phase AC power is inputted to the rectifier in the state of no initial charging voltage in a capacitor of a DC-link smoothing circuit, large charging current can flow at the start of power input. The initial charge current limit circuit is used to protect the rectifier diode against damage.



A DC-link smoothing circuit is constructed by connecting a smoothing capacitor in parallel to an output terminal of the rectifier to reduce the ripple of the DC voltage supplied to the inverter. The super capacitor charge/discharge circuit charges or discharges the super capacitor that supplies the backup power needed to drive the blades to the feathering position to protect the wind turbine when the main power is lost. If the pitch motor decelerates, the motor operates as a generator and supplies energy to the DC-link terminal; the voltage of the DC-link terminal then increases. The dynamic braking device protects the circuit by forcibly consuming the regenerative energy as heat through the resistor. It suppresses the DC voltage of the DC-link terminal from being excessively raised by the regenerative energy.



The voltage-type pulse width modulation (PWM) inverter that converts a DC voltage to a three-phase AC voltage controls the rotational speed of the pitch motor by varying the amplitude and frequency of the voltage applied to the pitch motor. The motor brake power source is a chopper circuit for electrically restricting the motor rotation when the pitch motor must stop. The DSP control board converts the DC-link voltage, the motor current, and the resolver signals to digital signals for feedback and then generates PWM signals for controlling the pitch motor’s speed and position to the desired value. The DSP control board monitors the input signals, and if some signals exceeds the predetermined threshold value, it judges that the pitch motor is in an abnormal situation and performs an emergency action, such as tripping the PDU.





3. The Construction of Testbed


This paper’s testbed is constructed to evaluate the performance of the developed pitch system before it is applied to the actual wind turbine. Reasons for testing pitch controller performance by deploying HILS-based testbeds are as follows. The performance of a pitch controller includes not only the control algorithm, but also whether the control algorithm works successfully even if the controller is implemented in hardware and applied to the actual system. Although control algorithm performance has been successfully validated through offline simulations, it is not guaranteed that control goals will be successfully achieved by applying the controller to actual targets with several constraints, such as sensor noise and time delay due to the interface. It can be evaluated as a good controller to successfully achieve given control objectives while overcoming constraints under the actual environment. For these reasons, controllers are needed to be implemented with real hardware and tested on HILS based on real-time simulators which are similar to actual plants. The core of the testbed is a host computer that is a real-time wind turbine simulator. It contains a wind turbine model and mimics a real wind turbine, only except for the pitch system.



A wind turbine is modeled and based on the FAST (National Renewable Energy Laboratory (NREL), Golden, CO, USA) aeroelastic computer-aided engineering tool developed by the NREL and this paper’s target wind turbine model is selected as the NREL 5MW reference wind turbine model [19]. The simulator is merged with the developed pitch system to receive the pitch control results (i.e., the blade pitch angles measured in the pitch system). Based on the testbed, the performance of the pitch control algorithm can be evaluated. Moreover, the performance of the components of the pitch system under development can be evaluated and compared with the existing products through repetitive test procedures.



As shown in Figure 12, the testbed consists of a host computer, the developed pitch system, the wind load simulation system, and mechanical components such as pitch bearings, pinion gears, etc. The host computer has several functions, including operation of the testbed, monitoring of the status of the testbed, and simulating a wind turbine in real time.



3.1. Host Computer


The host computer is used as a human–machine interface (HMI) for monitoring and operation of the entire testbed. The real wind turbine system, only except for the pitch system, is substituted by the real-time simulation, and the real-time simulation function is also implemented using the real-time toolbox of MATLAB/Simulink (Mathworks, Natick, MA, USA). The computer with these functions can set various conditions for the performance test of the wind turbine system because it enables various wind turbine modeling and provides various wind conditions.



Figure 13 shows the configuration of the operating program running on the host computer and the communication structure between each task. As shown in Figure 13, the operating program shares data among tasks through shared memory and consists of four tasks. Task 1 is an HMI task that performs wind turbine system monitoring and operation functions. Task 2 is CANopen communication with the TCU. Task 3 is TCP/IP communication with a PLC of the wind load simulation system. Task 4 is a real-time simulation function for a wind turbine.



The real-time simulator program running on the host computer is the FAST model operated in real time. The model is linked and executed in the form of an s-function block under the MATLAB/Simulink environment by using the soft real-time function for real-time simulation [11,20].



Figure 14 shows a block diagram of FAST model. As shown in Figure 14, the wind profile which is pre-built by users in various forms and the pitch angles of the three blades transmitted from the actual pitch system are input to the FAST wind turbine block. In particular, if the wind input to the wind turbine model is to be configured in various forms such as wind shear, wind direction, gust, and so on, the variable value for the wind input disturbance setting in the FAST input file can be set to the desired wind setting [11]. The FAST model receives the generator torque value and the yaw angle of the nacelle as well as the pitch angles to solve the aerodynamic equation of the wind turbine model. As a result, the FAST model outputs the signals representing wind turbine operation, such as blade azimuth angle, rotational speed, blade root bending moments, and pitching moments. The generated values are transmitted to the pitch controller and to the wind load simulation system through the shared memory to be used for pitch control and wind load simulation.




3.2. Wind Load Simulation System


To evaluate the performance of the developed pitch system with wind blowing conditions, a system for simulating the wind load applied on the blades is installed with the pitch bearing. This wind load simulation system consists of a load motor, a load motor drive, a PLC for load motor control, a reducer, and a pinion for engagement with the pitch bearing, as shown in Figure 15.



The load motor uses a low-voltage, three-phase induction motor. The wind load applied to the pitch motor of the pitch system is determined by the blade weight, wind speed, and pitch angle and represented by the pitching moment generated by FAST [21]. When the pitching moment of the three blades generated through the real-time simulation is transferred to the PLC of the wind load simulation system through TCP/IP Ethernet communication, the PLC generates the commands corresponding to the pitching moment values. The load motor drive then performs torque control according to the PLC commands.



If the load motor simulates the wind load through this process, the pitch motor connected to the pitch bearing has to be controlled to follow the target pitch angle while overcoming the wind load, which interferes with the changes of pitch angles [22].




3.3. Pitch Bearing


The adjustment of the blade pitch angle is a result of rotating the pitch bearing. This is accomplished by controlling the torque of the pitch motor. The pitch motor and load motor are coupled with the pitch bearing via a speed reducer and a pinion. A jig frame is installed to support the pitch bearing, pitch motor system, and load motor system as shown in Figure 16. An encoder is attached to the pitch bearing to measure the rotation angle of the pitch bearing, and the measured value is transmitted to the pitch controller to perform the pitch control.





4. Test Results


In this section, the developed pitch system, as evaluated through the testbed, is discussed. Figure 17 shows the actual testbed and its components.



Figure 18 shows the test results of the pitch system. The result waveforms in Figure 18 represents the values generated by the pitch systems and MATLAB/Simulink-based FAST real-time simulator. One of the inputs to the testbed is the wind speed profile. At first, the wind speed is set to 10 m/s, which is below the rated wind speed (11.4 m/s) for 60 s. After that, the wind speed increases abruptly to 12 and 14 m/s at 60 and 90 s, respectively, to activate the pitch control mode [23]. After 300 s, the wind speed is rapidly decreased to 12 m/s. From 480 s, the wind speed is decreased linearly to deactivate the pitch control mode.



The control flow of the pitch angle below the rated wind speed (from 0 to 60 s as shown in Figure 18) is described as follows. Initially, the wind turbine does not operate with the pitch angle, which is at the feathering position (i.e., 90 degrees of the pitch angles). If the wind speed is between the cut-in and the cut-out wind speed for a certain time, the TCU sends a command to the PCU to gradually reduce the pitch angle from the feathering position to a fine position (about 5 degrees), which is sufficient for the blades to rotate. When the rotational speed of the generator reaches the minimum speed to start the wind turbine, the TCU makes the pitch angle reduce to the minimum so that Cp of the wind turbine is maximized. If the minimum generator rotational speed is reached for the wind turbine power generation, the TCU sends the pitch control command to the PCU to keep the minimum pitch angle for achieving the maximum Cp. The TCU calculates the target generator torque to generate the highest power with respect to the generator rotational speed for the MPPT operation.



If the wind speed exceeds the rated wind speed after 60 s, the output of the wind turbine is limited to the rated power. To do so, the TCU controls the generator with the rated generator torque and makes the PCU control the pitch angles to achieve the rated rotor rotational speed. This is achieved by CPC. Through CPC, the rotor rotational speed is maintained at 12.1 rpm in the region above the rated wind speed between 60 and 480 s. When the wind speed is gradually decreased to less than the rated wind speed from 480 s, the TCU reduces the pitch angles to the minimum for the MPPT operation. If the wind speed is below the cut-in speed, the TCU moves the pitch angles to the feathering position to stop the wind turbine.



When the PCU obtains the root bending moment of each blade from the wind turbine real-time simulator, it performs the IPC algorithm to reduce the root bending moment. Consequently, the load applied to the blades can be reduced. When IPC mode is on, the PCU adds the IPC angles to the pitch angles calculated by the CPC algorithm and delivers the total pitch angle commands to the PDU.



As shown in Figure 18, the IPC algorithm is on at 200 s and lasts up to 400 s. As shown in Figure 19, each pitch angle maintains the phase difference of 120 degrees each other at a period of 1P. As one blade rotates one turn, the pitch angle is maximized at the uppermost position, and the angle is controlled to be the minimum at the lowest position. The pitch angles shown in Figure 19 are measured by the encoder installed on the pitch bearing of the testbed and shows somewhat non-smooth results because the pitch motors are controlled by enduring the actually simulated wind load.



As seen in Figure 18, both the CPC and IPC algorithms try to keep the rotor rotational speed at the rated rotational speed in the region above the rated wind speed. The difference between the two control modes is found in Figure 20. Figure 20 shows that the bending moments in the IPC mode are smaller than those in the CPC mode. As a result, through the IPC function, the wind turbine keeps the output to the rated power and reduces the mechanical vibration load [24].




5. Conclusions


In this paper, a wind turbine pitch system is developed and tested in the HILS testbed. The developed pitch system can maintain the rotor rotational speed at the rated rotor rotational speed by collectively adjusting the blade pitch angles. Moreover, it can effectively reduce the mechanical load applied to each blade by individually adjusting each pitch angle to reduce the root bending moments in the region above the rated wind speed.



Before the developed pitch system is applied to a real wind turbine, reliability and performance verification is required. However, testing the developed system in the real wind turbine is practically impossible. As an alternative to this test, the testbed is constructed to simulate a real wind turbine in real time. The testbed consists of a real-time simulator for the wind turbine, a wind load simulation system for simulating the wind load, and actual mechanical components. The developed pitch system is installed and tested in the testbed. Through the test results, the developed pitch system is found to effectively perform its functions.
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Figure 1. The output power curve of a wind turbine according to the wind speed. 
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Figure 2. Configuration of this study’s pitch system. 
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Figure 3. The operation mode flowchart of the TCU and PCU. 
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Figure 4. The state machine of the PCU. 
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Figure 5. Blade rotating coordinate system. 
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Figure 6. The out-of-plane vibration of the rotor. 
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Figure 7. The principle of reducing load through IPC. 
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Figure 8. The overall design process of the IPC algorithm. 
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Figure 9. The hardware design of the PCU. 
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Figure 10. The actual hardware platform of the PCU. 
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Figure 11. The configuration of the PDU. 
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Figure 12. Configuration of the testbed. 
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Figure 13. Program configuration in host computer. 
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Figure 14. FAST wind turbine block in MATLAB/Simulink. 
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Figure 15. The configuration of the wind load simulation system. 
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Figure 16. The jig frame with pitch bearing, pitch motor system and load motor system. 
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Figure 17. The testbed view. 






Figure 17. The testbed view.



[image: Energies 12 02031 g017]







[image: Energies 12 02031 g018 550]





Figure 18. Test result waveforms (wind speed, pitch angle variation, blade rotation speed). 
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Figure 19. Pitch angle changes in the IPC mode. 
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Figure 20. Root bending moments. 
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Table 1. The specifications of the PCU.
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	Item
	Model
	Specification
	                  Remarks





	CPU Module
	CX2030
	Intel Core i7 2610UE 1.5 GHz, dual core
	



	Power Supply Module
	CX2100-0004
	24VDC UPS
	



	CANopen Master Module
	EL6751
	CANopen  1,000kBaudrate
	For Communication with PDU (the lower controller)



	CANopen Slave Module
	EL6751-0100
	CANopen  1,000kBaudrate
	For Communication with TCU (the upper controller)



	Digital Input Module
	EL1008
	8 CH, EN61131-2, type 1/3
	For Communication with TCU (the upper controller)



	Digital Output Module
	EL2008
	8 CH, TON: 60 μs, TOFF: 300 μs
	



	Analog Input Module
	EL3164
	4 CH, 010V, ADC: 100 μs
	For receiving sensor signals



	Analog Output Module
	EL4104
	4 CH, 010V, DAC: 290 μs
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