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During the black start, backup ac power sources such as diesel generators can offer line-side voltage reference for wind turbine and keep line-side converter of wind turbine work properly so that the dc-link capacitor voltage within converter can be established without overcharge. This study proposes a black start control strategy and line-side voltage establishment method for PMSG-based wind turbines with no ac power source. Unlike the traditional control strategy of full power grid-connected converters, the dc-link voltage within back-to-back full power converters of wind turbines can be controlled by generator-side converters, and the line-side voltage can be established by line-side converters with the help of fixed loads. The mechanical power can be balanced by pitch angle control, and the power unbalance between mechanical power and electrical power will be reflected in the rotor speed of PMSG. By this method, a single wind turbine can establish the line-side voltage with no extra backup ac power source, offering voltage reference for the other wind turbines during the black start of a wind power plant.
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1 INTRODUCTION
Black start is an inevitable starting procedure during the progress of grid restoration after a blackout happens (Chou et al., 2013; Erdiwansyah et al., 2021). Power sources with high reliability, such as thermal generators and hydro generators (Benato et al., 2019; Lindstrom, 1990), are usually used as backup power sources during black start. With the huge progress in virtual inertial control of wind power systems, wind turbines now can work as black start power sources (Pape and Kazerani, 2020). However, a complete black start scheme for wind turbines still requires reliable power supplies and stable voltage references, which are normally offered by backup diesel generators (Tang et al., 2017).
Generally, the first step of the black start procedure in a wind turbine is the startup of electrical subsystems. In order to boot up the electrical subsystems such as secondary circuits, pitch and yaw actuators, and cooling systems, the deployment of batteries or energy storage systems (Liu et al., 2021) is one of the best and most necessary solutions (Satpathy et al., 2014). After the startup of subsystems, the dc-link voltage must be established to make sure the power can be transferred from the generator to the line-side. The establishment of dc-link voltage is usually accomplished by a line-side converter or dc-link energy storage system. In the former case, the line-side voltage must be built by a backup motor before the grid line-converter can operate as expected, and a DFIG grid-forming technique using torque synchronization and voltage droop in the generator-side converter to form transient ac voltage has been proposed (Rodriguez-Amenedo et al., 2021), in which the dc-link voltage is maintained by the line-side converter; in the latter case, the capacity of energy storage system needs to be much larger since it will not only provide power to the subsystem but also help build the dc-link voltage (Xu et al., 2012; Deng et al., 2017; Sun et al., 2018).
When it comes to the circumstances with no extra back generators, a unique black start strategy for wind power plants using a centralized high-voltage dc-link converter has been proposed (Sakamuri et al., 2019; Saborío-Romano et al., 2019). By transmitting power from wind turbines to centralized high-voltage dc-link, the high centralized dc-link voltage can be established by the onshore high-voltage dc converter. However, the dc-link voltage of each single wind turbine which is supposed to be controlled by the generator-side converter in this study is considered constant. An active power-sharing method of wind turbine using the generator-side converter to control dc-link voltage and the grid-side converter to control active power is proposed (Fathabadi, 2017). The power balance is achieved between two wind turbines with the power-sharing strategy and one common local load, but the power flow between the grid and generator of one single turbine needs to be balanced during the effect of the power-sharing strategy with two turbines. A novel centralized control strategy based on the look-up table to ensure optimal power sharing is proposed (Alavi and Ghazi, 2022), using the optimal results from the centralized controller and data in the look-up table to achieve the optimal active power-sharing between multiple turbines. Though the optimal control command is obtained from the available wind power, it can still be a good reference when it comes to power balance with loads. In order to deal with the challenge caused by irregular, nonlinear, and nonstationary characteristics of wind power, an uncertainty modeling method based on the prediction of wind power is proposed (Yan et al., 2021), which, on the other hand, provides the possibility of grid-forming by wind power under variable wind speed and multiple loads.
From the recent research, two main challenges of black start control of wind turbines can be summarized: one is the establishment of dc and ac link voltage, and the other is the balance of power between generator and load. When a blackout happens with no backup generator, there is no grid line voltage, and dc-link voltage cannot be built by the line-side converter at the beginning. So, using the generator-side converter to build dc-link voltage is a better option. After the dc-link voltage rises and stays at a certain value, power begins to flow into the line-side converter, and the line-side voltage starts to rise on local load, which leads to the problem of grid voltage control. Since the volt-ampere characteristic on fixed load under certain power input is also fixed, the line-side voltage forming problem can be turned into a power control problem for wind turbines, which is the main idea of this study.
The main contribution of this study is as follows: instead of backup diesel generators, fixed three-phase local loads are used to establish line-side voltage, which is much better for costs; the proposed power balance method is proposed to maintain the power balance between mechanical power input and electrical power consumption; the first wind turbine using the proposed black start control strategy in this study can be used as line-side voltage reference during the black start of a wind power plant, and the black start of the whole wind power plant can be completed with no extra backup generator. However, the power supply of subsystems in the first turbine still needs to be satisfied by power storage or battery.
In the proposed black start method for wind turbines, the dc-link voltage is established by the generator-side converter, and the line-side voltage is built by the line-side converter with power balancing control of wind turbine and fixed load in ac line. The crowbar circuit is used to maintain the stability of rotor speed and dc-link voltage. By this method, the black start of a single wind turbine can be accomplished, and the line-side voltage can be established, offering voltage reference for the other wind turbines during the black start period of a wind power plant. The main content of this study is organized as follows. In Section 2, the main idea of this study and the topology of a wind turbine system during black start are briefly introduced. In Section 3, the black start control strategies of power converters and the power balance method in a wind turbine are detailed. In Section 4, 3 sets of simulations are carried out to testify to the validity of the proposed control strategy. In Section 5, the conclusion of the proposed method in this study is given and discussed.
2 SYSTEM DESCRIPTION
When a blackout happens, the line-side voltage falls to zero. The wind turbine needs to restart with no grid voltage reference, and the power from the generator needs to be consumed with the local load. The main topology of the wind turbine based on PMSG during the black start procedure is shown in Figure 1, the line-side converter is connected to the fixed load, and there is also an extra crowbar circuit within the dc-link.
[image: Figure 1]FIGURE 1 | Topology of the wind turbine during a black start.
Since there is no grid voltage during the whole black start procedure, the traditional MPPT control strategy of the full power converter is no longer suitable, the dc-link voltage can be controlled by the generator-side converter, and the line-side converter can be used to control the frequency, phase, and amplitude of the line-side voltage.
The local three-phase fixed load is designed for both power consumption and voltage establishment. With the exact information about the impedance characteristic of load and target amplitude and frequency of line-side voltage, the power demand of line-side voltage establishment can be calculated, which can be used to control the mechanical power capture of the wind turbine. During the black start, the wind turbine cannot operate at full power because the extra power cannot be absorbed by the grid. The power balance between the generator and load must be achieved by pitch angle control, as the pitch angle is the only controllable variable left to adjust mechanical power during black start. When the power balance is achieved steadily, the voltage of the line-side will be established and maintained at the designed value.
However, considering the power loss within the system, the power command calculated based on load and target line-side voltage cannot match the actual power need, which will cause the fluctuation in the rotor speed. In this study, the power command is designed higher than the calculated power, and the extra power is absorbed using the designed crowbar circuit to maintain the stability of rotor speed in a certain range.
3 MODELING AND CONTROL
In this section, the detailed model and control strategy of both the generator-side converter, the line-side converter, the wind turbine power capture method, and the crowbar circuit for a black start is presented.
3.1 System Modeling
As in Figure 1, the whole system contains a PMSG, a back-to-back full power converter, a crowbar circuit, an LCL filter, and a fixed load. The mathematical model of the system can be described based on Figure 1. The mechanical model of a PMSG-based wind turbine can be described as follows:
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In Eqs 1–4 (Li et al., 2012; Fathabadi, 2017), the variable [image: image] is the mechanical power input, [image: image] is the air density, [image: image]is the rotation area of a wind turbine, [image: image] is the wind speed, [image: image] is the wind power coefficient, [image: image] is the rotating speed of wind turbine and also can represent the rotor speed of PMSG, and [image: image] is the tip speed ratio and [image: image] is the pitch angle. The constant values from [image: image] to [image: image] are 0.5173, 116, 0.4, 5, and 21.
As described in equations (1)-(4), it is clear that wind power capture is related to the pitch angle and rotor speed.
The power flow within the wind power system can be written as
[image: image]
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In Equation 5, [image: image] is the inertial coefficient of PMSG.
During the black start, when dc-link voltage is stable, the electrical power [image: image] consists of load power [image: image] and power loss [image: image]. The power unbalance between [image: image] and [image: image] can be reflected on [image: image].
3.2 Control of Back-To-Back Converter
The stability of dc-link voltage is quite important during the operation of the wind turbine. As is mentioned above, the line-side converter is not capable of maintaining the dc-link voltage during the initial transient non-voltage state. Instead, the generator-side converter can be used to control the dc-link voltage, the current equation of PMSG is represented as follows (Li et al., 2012):
[image: image]
In Equation 8, [image: image] and [image: image] are the d-q axis inductance of PMSG, [image: image] and [image: image] are the d-q axis current component of PMSG, [image: image] is the electrical angle frequency, [image: image] and [image: image] are the d-q axis terminal voltage component , and [image: image] is the permanent magnet flux linkage of PMSG. Based on Equation 8, the control scheme of the generator-side converter is given in Figure 2.
[image: Figure 2]FIGURE 2 | Control strategy of the generator-side converter.
As shown in Figure 2, the generator-side converter uses a dc-link voltage outer loop and current inner loop to achieve the stability of dc-link voltage, the d-axis current component is controlled to 0 to achieve the maximum torque. The transfer diagram of the generator-side converter is shown in Figure 3. In Figure 3, [image: image] and [image: image] represent the gain of the PI controller, [image: image] is the gain of the generator-side converter which is normally regarded as an inertial link. [image: image] represents the stator winding, [image: image] represents the effect of permanent magnet flux linkage, and [image: image] represents the inertia coefficient of PMSG and wind turbine.
[image: Figure 3]FIGURE 3 | Transfer diagram of the generator-side converter.
The dc-link voltage in Figure 1 can be described as
[image: image]
From Equation 9 it is clear that the changes in dc-link voltage are related to the control of line-side and crowbar control. When the dc-link voltage is relatively stable, the power generated can flow into the line-side, and the power flow can be described using Eqs (5) and (6).
The line-side converter is used to control the frequency and amplitude of output voltage, offering voltage reference for the other turbines. The current equation is given as follows (Ashourianjozdani et al., 2018):
[image: image]
In Equation 10, [image: image] and [image: image] are the d-q axis line-side inductance, [image: image] and [image: image] are the d-q axis component of line-side output current, [image: image] is the line-side frequency which is controlled to 50Hz, [image: image] and [image: image] are the d-q axis component of the line-side terminal voltage, and the line-side voltage source [image: image] and [image: image] are set to 0 because there is no grid voltage during the whole black start procedure.
Based on Equation 10, the control diagram can be obtained in Figure 4. As in Figure 4, the line-side converter uses phase-to-ground voltage amplitude outer loop and current inner loop, the q-axis component is set to zero to improve the power factor. The transfer diagram of the line-side converter is shown in Figure 5.
[image: Figure 4]FIGURE 4 | Control strategy of the line-side converter.
[image: Figure 5]FIGURE 5 | Transfer diagram of the line-side converter.
In Figure 5, [image: image] and [image: image] represent the gain of PI controller, [image: image] is the transfer function of the grid-side converter which is also treated as an inertia link, [image: image] represents the power loss in line before the capacitor branch of LCL filter, and [image: image] is the fixed load designed for voltage establishment.
Ignoring the voltage of the filter capacitor, the transfer function of Figure 5 can be obtained as follows:
[image: image]
Eq. 11 can be regarded as a phase shift, and the amplitude of load voltage will be controlled as the command value. Because there is no line voltage reference, the PLL is no longer needed, and the phase signal [image: image] which is used to convert the coordinate is calculated based on the target frequency.
3.3 Voltage Establishment and Power Balance Control
With the control structure built by the back-to-back converter, the amplitude and frequency of voltage on load can be controlled to a certain designed value, which can offer voltage reference during the black start to multiple wind turbines. In order to maintain the voltage level on load, the mechanical power input must be high enough to make sure the power flow within the converter can satisfy the power demand on load. When the amplitude and frequency of load voltage are determined, the mathematical relationship between voltage, load, and three-phase power on load can be represented as
[image: image]
In Equation 12, [image: image] is the apparent power on load, [image: image] is the phase-to-ground voltage amplitude on load, and [image: image] is the impedance of the load. With a fixed resistive load, the power under a certain voltage level can be calculated as
[image: image]
Also, the space state equation of the line-side in Figure 4 can be obtained as
[image: image]
In Equation 14, [image: image] and [image: image] represent the [image: image] and [image: image] in Figure 4, the power loss of the line-side can be obtained from Equation 14 as
[image: image]
Unlike power loss of line-side, power loss that exists in the winding of PMSG is hard to quantify. In order to simplify the analysis in this study, the power loss in PMSG is symbolized by [image: image], therefore the power loss and electrical power can be described using the following equation:
[image: image]
The constant voltage on load means stable power consumption on the line-side. The load voltage can maintain stability as long as [image: image] can be supplied by the generator. The line-side voltage can be supported when [image: image] meets the need of [image: image] in Equation 16; otherwise, the rotor speed of PMSG will change because of the power unbalance until the system loses its control stability.
In order to make sure that [image: image] meets [image: image], the power capture of a wind turbine is the only controllable link left if there is no power storage. As in Eqs 1, 2, [image: image] can be controlled by pitch angle control and rotor speed control. If the power loss in PMSG can be ignored, the ideal power balance can be described with the following:
[image: image]
In Equation 17, the letter subscript [image: image] means the ideal situation. Under the ideal situation, the balance between [image: image] and [image: image] is achieved by pitch control of the wind turbine, the wind power coefficient [image: image] is used to describe [image: image] based on the wind speed [image: image], initial rotor speed [image: image], and the data in the look-up table in the theoretical analysis. The rotor speed [image: image] will maintain steady because there is no delay in pitch control under an ideal situation, and the power balance can be achieved as long as the system operates.
However, considering the power loss in PMSG and the delay in pitch control, it is difficult to maintain the power balance as the ideal situation, as a result [image: image] will fluctuate with power unbalance, damaging the stability of the system. In case of that, a power balance control strategy using pitch control and crowbar circuit to maintain the relative stability of rotor speed is proposed.
When wind speed reaches the cut-in speed, the brake of the wind turbine should be released to make sure there is enough rotational kinetic energy saved in the rotor, otherwise, the mechanical power will be smaller than electrical power, and the capacitor charging and load voltage establishment will not be completed. After the initial rotor kinetic energy satisfies the electrical power need, pitch angle control starts to react to the power command to make sure wind power captured in Equation 1 is higher than [image: image] in Equation 17. The updated [image: image] value is obtained based on the transient real-time rotor speed, tip speed ratio, and look-up table.
Based on Equation 5, the rotor speed will increase because of the power unbalance. A designed crowbar circuit is used to consume the extra power, the power consumed in the crowbar circuit can be described using the following equation:
[image: image]
the power of the crowbar circuit must satisfy the following constraint:
[image: image]
When the power flow satisfies Equation 19, the rotor speed can be stabled within a certain range. The control of the crowbar circuit based on the detected rotor speed is shown in Figure 6. In Figure 6, [image: image] and [image: image] are the threshold values.
[image: Figure 6]FIGURE 6 | Control strategy of the crowbar circuit.
When there is a sudden disturbance in the system, the pitch angle control reacts to the power disturbance at first. When the mechanical power input is adjusted by pitch control to balance with the electrical power, the crowbar circuit is then activated to adjust the rotor speed after the power balance is relatively accomplished. The change in rotor speed caused by power imbalance during power regulation by pitch control can be compensated by a crowbar. In other words, the crowbar circuit works as a secondary regulator. However, the crowbar circuit in this work is necessary because the change in rotor speed during the power regulation by pitch control must be regulated so that the control stability issues can be avoided.
4 RESULTS
4.1 Case 1: Wind Speed Fixed Situation
In this section, the simulation results in the wind turbine system shown in Figure 1 are given. The designed phase-to-phase line-side voltage RMS is 690 V, and the load value is fixed so that the power on the load changes with the designed load voltage. The results are obtained using the MATLAB/Simulink.
First, the dc-link voltage is set to 1100 V at t = 0s, 1200 V at t = 3 s, then back to 1100 V at t = 6 s to verify the control of generator-side. The result is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Change of the dc-link voltage.
As in Figure 7, the dc-link voltage can follow the control reference as expected. The wind speed is set to 10 m/s, the initial rotor speed of the wind turbine is set to 1.5 rad/s because in reality the brake of the wind turbine should be released and the initial rotor kinetic energy should be high enough to make sure the PMSG will not stall against the electrical power and lose the operation stability during black start. The dc-link voltage, line-side voltage, line-side frequency, and power are shown in Figure 8.
[image: Figure 8]FIGURE 8 | The dc-link voltage, line-side voltage, and frequency in case 1. (A) The dc-link voltage (B) Detailed three-phase line-side voltage (C) Line-side voltage amplitude (D) line-side frequency.
As in Figure 8A, the dc-link voltage is controlled to 1100 V, and the specifics of the line-side voltage are presented in Figure 8B–D. As in Figure 8C, the phase-to-ground voltage amplitude of load voltage is controlled to 563 V, and the frequency in Figure 8D is maintained as 50 Hz. When the crowbar circuit is activated, the power flow satisfies Equation 11 which causes the periodic fluctuation in electrical power.
The changes in the rotor speed and power are given in Figures 9A,B. During t = 0–0.3 s, [image: image] rises to a transient peak level and returns to stability very quickly because the line-side voltage and dc-link voltage are under control in a short time. The rotor speed increases at first and then decreases because the initial rotor speed of 1.5 rad/s is at the right side of the maximum power point so that [image: image] decreases when rotor speed increases. When [image: image] falls lower than[image: image], the rotor speed [image: image] will decrease until it is lower than the threshold values[image: image]. Then the crowbar circuit will start to work periodically. The status of the crowbar circuit is presented in Figure 9C. Because the rotor speed is higher than the trigger threshold value[image: image], the crowbar IGBT is kept open at the beginning till the rotor speed decreases to[image: image], which explains the reduction in [image: image] at about 1.9 s.
[image: Figure 9]FIGURE 9 | The rotor speed, electrical power, and crowbar status in case 1. (A) The rotor speed (B) Electrical power Pe (C) Crowbar status.
4.2 Case 2: Variable Line-Side Voltage
In this case, the reference value of phase-to-ground voltage amplitude of load is set to 563 V at t = 0 s, 600V at t = 5 s, and 500 V at t = 10 s. However, the mechanical power command is not adjusted with the change of line-side voltage so that the system dynamics can be shown more independently. The status of load phase-to-ground voltage is shown in Figure 10A, the changes in rotor speed and power are shown in Figures 10B,C, and the status of the crowbar circuit is given in Figure 10D. The crowbar circuit is not activated until about t = 5 s when the rotor speed is higher than the threshold. Then, [image: image] is higher than [image: image] after t = 5 s because the line-side voltage rises, which makes the rotor speed continue to drop and the crowbar circuit, therefore, is deactivated. At t = 10 s, the line-side voltage drops and [image: image] decreases, which makes the rotor speed rises till the crowbar circuit is activated periodically.
[image: Figure 10]FIGURE 10 | The line-side voltage amplitude, rotor speed, electrical power, and crowbar status in case 2. (A) Line-side voltage amplitude (B) Rotor speed (C) Electrical power Pe (D) Crowbar status.
4.3 Case 3: Change of Wind Speed
In this case, the wind speed changes from 10 m/s to 7 m/s at t = 3 s, and then changes back to 10 m/s at t = 6 s, the change of rotor speed is shown in Figure 11. As in Figure 11, when wind speed changes at t = 3 s and t = 6 s, the delay of pitch action causes a transient power gap between [image: image] and[image: image], thus rotor speed changes with power. After wind speed returns to 10 m/s, the crowbar circuit can still work as a rotor speed stabilizer.
[image: Figure 11]FIGURE 11 | Change of the rotor speed in case 3.
The dc-link voltage, line-side voltage, and power are presented in Figure 12. In Figure 12, it is clear that instead of changes in wind speed, the changes in [image: image] are directly related to the changes in [image: image] and [image: image], which improves that as long as the electrical power can be offered by the wind power input and rotor kinetic energy storage, the voltage of dc-link and line-side can be maintained by converter without being affected by change of rotor speed. Instead, the rotor speed can be treated as a variable of the state which reflects the power unbalance between [image: image] and [image: image].
[image: Figure 12]FIGURE 12 | The DC-link voltage, line-side voltage, power, and crowbar status in case 3. (A) The dc-link voltage (B) Detailed three-phase line-side voltage (C) Electrical power Pe (D) Crowbar status.
5 CONCLUSION
In this study, a control strategy of the black start and line-side voltage establishment for PMSG-based wind power system is proposed. The dc-link voltage is stabled using the generator-side converter, and the line-side voltage is controlled by the line-side converter. The pitch angle is used to balance mechanical power and electrical power, and an extra crowbar circuit is applied to maintain the rotor speed. The proposed black start control strategy and the line-side voltage establishment method should be carried out in the following order:
Step 1. Calculating the load power based on the desired line-side voltage level and local load configuration.
Step 2. Releasing the brake device of the wind turbine when wind speed reaches the cut-in speed, initiating the controller of the generator-side converter, the line-side converter, and the crowbar circuit after the rotor speed reaches a point under which the initial rotor kinetic energy can match the load power need in step 1.
Step 3. : Adjusting the pitch angle using a power closed loop to make sure the mechanical power input and the electrical power demand match the description in Eq. 19. At this point, the rotor speed will rise and then be controlled periodically by the crowbar circuit.
Step 4. When the line-side voltage reaches the designed value, the other wind turbines can follow up their procedures using the line-side voltage of the first wind turbine as a reference, which will be testified in our next work.By the proposed control strategy, the problems about the stability of the dc-link voltage and the establishment of line-side voltage can be solved. The simulation results show the validity of the proposed method, and rotor speed can be used to check the unbalance between the electrical power and mechanical power. Once the line-side voltage is established, more wind turbines can start up using the voltage reference built by the one using the proposed method in this study.
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