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        Abstract



        This paper evaluates application feasibility of a Hybrid Multi-terminal HVDC system and wind-thermal-bundled plants simulated in DIgSLIENT PowerFactory environment. The proposed hybrid MTDC system consists of two line-communicated converters (LCC), which are connected to both wind farms and thermal power plants, and one voltage source converter (VSC) at the grid side. Control strategies for each converter are designed to handle this system under different disturbance conditions. Simulation results show that the wind power fluctuation can be compensated by the thermal-generated power. Results demonstrate the effectiveness of the proposed control strategies of the hybrid MTDC system compared to a conventional MTDC system. The proposed scheme combines advantages of both LCC and VSC HVDC systems and provides a new way to transmit wind power over long distances to the main grid.
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      1. INTRODUCTION


      Over the recent years, worldwide demand for energy has been steadily growing. It is expected that by the year 2035, renewable sources of energy would be generating more than 25% of world’s electricity, with a quarter of it being contributed by wind power according to the International Energy Agency (IEA) [1]. Approximately 318GW wind power sources were installed over the world by the end of 2013 and China has installed 81GW of these wind power sources, which is approximately 25% of the total worldwide installations. Furthermore, it is expected that this would increase to 200GW by 2020 [2]. A majority of the wind power bases and thermal power bases are located in the northern and western areas of Mainland China and a huge percentage of these two kinds of bases are located more than a few thousand kilometers away from the load centers. Wind power is characterized by stochastic fluctuation in nature, which requires available peaking power resources to stabilize the system. The thermal power plants which are built around the large-scale wind power bases can be an effective means for stabilizing the fluctuation of wind power output. Wind-thermal-bundled power system by DC transmission is regarded as a preferable means for power generation in the northern and western areas of Mainland China [3]. Conventional renewable source of energy transmission and the bundled system meets the basic requirements for a large also ensures smooth DC power delivery and improved transmission. However, challenges still exist related to DC transmission technology and stability of the power grid when considering the bundled system.


      Since, thermal power plants, wind farms and load centers may have large distance between them, high voltage direct current (HVDC) technology, including line-commutated converter HVDC (LCC-HVDC), voltage source convertor-HVDC (VSC-HVDC) and hybrid HVDC are preferred [4].


      LCC-HVDC and VSC-HVDC systems are two typical HVDC systems, which are used for transmission from large wind farms to grid. Conventional LCC-HVDC systems are among the most widely used HVDC technologies around world. These systems have advantageous features such as the low power loss, and highest power capability. The cost for conventional LCC-HVDC systems among the HVDC systems is significantly lower. However, the LCC system has drawbacks such as high commutation failure and increases harmonics [5]. Recently, VSC using pulse width modulation (PWM) is being increasingly used as an alternative technology for HVDC transmission due to its independent control of both active and reactive powers and the possibility to feed a weak AC system. But VSC-HVDC systems are expensive and have high loss but smaller ratings compared to conventional LCC converters [6].


      In order to combine advantages of both LCC and VSC, a hybrid HVDC system is proposed in this paper, which was first introduced in 1994 [7]. Since different converters are used, hybrid HVDC systems can be more advantageous than conventional HVDC systems. For inverter side of a HVDC system, capability for flexible reactive control is necessary to integrate grids. The VSC can be placed at the receiving end of an existing grid, which would offer more flexible control over conventional LCC [8]. For rectifier side of a HVDC system, LCC is cheap for long distance transmission and is widely used by its technical maturity [9]. Hybrid HVDC systems are aimed at compensating the above mentioned disadvantages for both two types of converters, allowing for better technical and economical outcomes.


      Author in [10] proposed a feasible structure for a hybrid HVDC system, which has a VSC at the receiving end and a LCC at the sending side. A hybrid HVDC system can be a solution for integrating offshore wind farms which feed into the main land. Author in [11] used a two-terminal hybrid HVDC system, which consists of a pulse width modulated current source converter (PWM-CSC) and a LCC to transfer energy from offshore wind farms to onshore grids. Dynamic performance of a VSC based series hybrid HVDC has been studied for supplying a weak AC system [12]. Controller designing for a hybrid HVDC system with a LCC and VSC has been proposed [13]. Author in [14] discussed the mathematical mode and operational mechanism of a hybrid HVDC link. In addition, a discussion on a MTDC system for multi-infeed to AC networks was presented in [15, 16]. Hybrid MTDC systems with a hybrid infeed of VSC and LCC to a passive load was discussed in [17]. A multi-terminal HVDC with all VSC converters connected to offshore wind farms with disturbance had also been proposed as an example to reflect conditions for practical applications [18]. So far, limited numbers of multi-terminal HVDC projects have been implemented around the world, which include the five-terminal VSC-HVDC system established in Zhoushan, China on June 27, 2014 and the south-west link between Sweden and Norway will be built in 2016.


      Due to the stochastic fluctuation of wind speed, wind farms are regarded as a weak AC system [19]. This has considerable impact on the stability of the connected power grids. In this paper, thermal power plants were used to compensate for the fluctuations in wind power. A hybrid three-terminal HVDC system designed is proposed, which includes two LCC converters at the sending terminals and one VSC converter at AC grid terminal. Transient stability of the power system with bundled transmission of wind and thermal power has been studied taking practical requirements into account specific to the Northwest Grid in China, Control strategies and principles of the proposed system have also been presented. Successful operations during wind speed variations and faults on the grid side were verified with simulations using DIgSILENT.

    


    
      2. SYSTEM CONFIGURATION


      
        2.1. Hybrid MTDC Configuration


        A simple way to establish a MTDC system can be based on the configuration of an existing AC transmission system [20]. This paper addresses design issues pertaining to local thermal power plants with interconnecting wind generation zones based on an existing AC grid. The basic configuration of a hybrid three-terminal HVDC system is shown in Fig. (1). This hybrid MTDC system comprises of two LCC rectifiers at the sending end, which are connected to the wind farms and thermal power plants. One VSC inverter is connected at the receiving end. It assumed here that all converters employ a 12-pulse structure. The LCC consists of filters and an equivalent resistor, a commuting transformer, anti-parallel diodes and thyristors. The VSC converter comprises of an insulated-gate bipolar transistor (IGBT) based bridges, a shunt AC-filter, converter reactor and capacitor [21].


        [image: ]
Fig. (1)

        Configuration of hybrid MTDC for proposed system.
      


      
        2.2. Wind Disturbance Models


        One problem associate with most of the studies discussed in the preceding sections is that they treat wind speed as constant or as a gust, ramp and stochastic form while carrying out simulation of the wind power system. Modeling wind speed as in such a manner does not completely reflect the transient characteristics of wind farms. Choice of the correct model for wind speed is highly significant in wind power research, as it can reflect actual wind speed changes, while also providing accurate parameters for simulation and study of the wind power system [22]. Typical wind speed forms are discussed in this paper in order to get equivalent wind speed with embedded noise.


        There are three common forms of wind disturbance and they can be classified as gust, ramp and stochastic forms. Gust wind is used to indicate a sudden change in wind speed and the mathematical model is given as,
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        Where, VG is the amplitude of the gust wind. T1 and T2 are the start and end times of gust wind. Ramp wind is used to indicate a gradual change in wind speed. The model of ramp wind is given as,
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        Where, Tr is the time taken by wind to change speed from zero to amplitude. Td is the time taken by wind to change speed from amplitude to zero. Ts and Tā are the start and end times of ramp wind. VR is amplitude.


        Stochastic wind is used to indicate uncertainty and random characteristics of wind speed. The model of the stochastic wind is given as,
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        Where, KN is roughness coefficient of the earth surface. F is a disturbance scale for the stochastic wind, µ is average wind speed, N is the sample used for wind speed, i is tab number, Δϖ is the interval of noise sampling frequency and ϕi is a random variable which is uniformly distributed between 0 and 2p. SV means the amplitude of ϕi and VG is the stochastic wind.

      

    


    
      3. CONTROL OF THIS SYSTEM


      
        3.1. Overall Control of this System


        For the MTDC system, the control strategy combines both the LCC-HVDC and VSC-HVDC systems as shown in Fig. (2). Different control schemes were utilized on both sides of MTDC system. A master controller was designed to generate DC voltage using the VSC inverter. This is done so that the DC voltage is maintained at a constant value when different operations are carried out in a hybrid system. At the sending side, the LCC1 is controlled to track maximum power, whereas, LCC2 is used in compensate wind power mode.


        [image: ]
Fig. (2)

        Overall control structure of MTDC system.
      


      
        3.2. LCC Controllers at the Sending End


        Controller for both LCC1 and LCC2 rectifier stations with the implemented double-loop PI controllers are shown in Figs. (3 and 4). The outer loop power controller utilizes power tracking logic and the inner loop current controller was designed for a quick response acting as a protection for the thyristor valves. P1W is the wind power while P*1W the reference. P2W is the thermal power while P*2W the reference. Idc1 is DC current of LCC1 I*dc1 with as the reference. Idc2 is DC current of LCC2 with I*dc2 as the reference. Both parameters are inputs to the LCC1 controller and LCC2 controller, respectively. These parameters were used to obtain the corresponding firing angle α.
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Fig. (3)

        Double-loop controller for LCC1.

        [image: ]
Fig. (4)

        Controller for LCC2.

        Fig. (4) shows the controller for the LCC2 rectifier station that connects to the thermal power plants. A feed-forward controller is added by comparing with the wind power P1W and its reference P*1W to generate an accessory value ΔPW in LCC2. So that the thermal power can compensate the fluctuation of wind power and make a stability output in grid power.

      


      
        3.3. VSC Controller at the Receiving End


        To balance active power of the DC network transmission, one converter station must apply DC voltage control strategy for the hybrid MTDC link. Fig. (5) shows the control strategies for the receiving end converter station VSC, which utilizes DC voltage and reactive power control.


        [image: ]
Fig. (5)

        Controller for VSC.

        In Fig. (5), Udc represents the value for the DC voltage while U*dc is the reference value. And Q is the value for the reactive power. I*d and I*q are the reference values corresponding to the d and q-axis current. These control strategies for VSC can control DC voltage and reactive power independently.

      

    


    
      4. SIMULATION AND DISCUSSION


      The proposed system was simulated using DIgSILENT. A large-scale wind farms typically consist of a ten to a few hundred wind turbines. However, for this case, it is represented as one generator which can be a simplified configuration of a hybrid MTDC system. Main parameters of the system have reference to CIGRE benchmark HVDC model [23].


      
        4.1. Response to Wind Speed Variation on the Sending End


        Fig. (6) shows the noise wind speed described by eq. (1) to (5). The nominal wind speed is 11m/s, then at t=0s a wind speed gust occurs which increases amplitude 5m/s with 2s of duration. The ramp wind increases the nominal wind speed at a rate of 3m/s at t=2s in 20s. The wind is noisy throughout the simulation. Fig. (8) shows the performance of the bundled system for a noisy wind speed of 11m/s. Simulation results show that the mathematical model accurately reflects mutation of a gradual nature and randomness in wind speed.


        [image: ]
Fig. (6)

        Wind speed.

        Fig. (7a and b) show the output active power from wind farm and thermal power plant. The stochastic and uncertainty of the wind power can be canceled by thermal power. Wind generator speed is about 1.2pu and thermal generator speed is 1pu, as can be seen in Fig. (7c). Fig. (7d) shows DC voltage at the LCC converters and VSC converter. It can be seen from the figure that all voltages are at their nominal values.
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Fig. (7)

        Simulation results with noise wind speed (a) Wind power. (b) Thermal power. (c) Generator speed. (d) DC voltage of each converter.
      


      
        4.2. Three-phased Short Current Fault of VSC Inverter on the Receiving End


        In this study, it is assumed that a three-phase short circuit fault occurs on the AC side of VSC inverter at 2s and is cleared after 0.1s. Simulation results are shown in Fig. (8).


        The AC voltage at the fault terminal drops down to zero temporarily, which causes a decrease in the DC voltage for other converters and is shown in Fig. (8a and b). When fault occurs and AC voltage of VSC drops to 0.5pu, an off signal will be produced to prevent damage to the IGBT by PWM to maintain power balance and system stability. Although wind active power drops to nearly zero, the output active power of the thermal power plants adds 4.3pu to compensate the wind power. Fig. (8e) shows rotor current of DFIG, it can be seen that the fault has a small impact on the DFIG.


        [image: ]
Fig. (8)

        System responses to the fault at the VSC inverter. (a) AC voltage of VSC. (b) DC voltage of each converter. (c) Thermal power. (d) Wind power. (e) DFIG stator current.
      


      
        4.3. Load Change at VSC Inverter on the Receiving End


        Since, the hybrid MTDC system has advantages such as low convention loss, control flexibility and terminal voltage support. This section studies the dynamic performances of the proposed hybrid based scheme and shows it to be superior to a purely conventional LCC based scheme. And this section consists two cases of a three terminals HVDC system.


        Case 1. The two converters at the sending end are LCCs while the recceing end is a VSC, as in Fig. (1).


        Case 2. All converters are LCCs, as in Fig. (9).


        [image: ]
Fig. (9)

        Configuration of conventional LCC MTDC for proposed system.

        To investigate both systems’ responses to the dynamic disturbance, a 30% decrease in load at the inverter side is applied at 2s for a duration of 0.2s. System performances for this section are presented in Fig. (10).


        [image: ]
Fig. (10)

        System responses to load change at the VSC inverter. (a) DC voltage of receiving end of two cases. (b) The change of thermal power of two cases. (c) The change of wind power of two cases.

        Load decrease causes a decrease in the active power requirements, which increases DC voltage at the receiving converter and is shown in Fig. (10a). The VSC on the receiving end has to decrease the power absorbed from the DC network quickly to keep the DC voltage. Therefore, terminal voltage of the hybrid system remains almost unaffected. However, the conventional LCC system is affected which increases AC voltage to about 0.1pu. The thermal active power of conventional LCC system decreases from 0.85pu to 0.55pu and it uses 2.8s to recover to its original value. However, the thermal active power of the hybrid system decreases from 0.85pu to only 0.81pu and system can recover fast after the load is back to normal, seen in Fig. (10b). The active power performances of wind farms are the same to the thermal power plants, seen in Fig. (10c). This demonstrates that the hybrid MTDC system is more capable of dealing with load change than a conventional LCC system.

      

    


    
      CONCLUSION


      This paper proposes a hybrid MTDC system, which connects remote load centers into existing resources (wind-thermal-bundled power system). Furthermore, control strategies for design of each converter are proposed. Based on the different simulation results, following conclusions can be made:


      
        	Fluctuation in wind power embedded with noise can be compensated by thermal power and the system can tolerate such variations in wind speed.


        	A three-phase short current fault of VSC on receiving end or load change does not severely impact the sending end and there is no communication failure. The hybrid MTDC system was able to deal with load change in a passive network.


        	Peak load regulation for thermal power cannot fully meet wind power, due to this some additional research, which takes in consideration the addition of energy storage systems will be incorporated into future work.
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