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Compared to conventional DC transmission, Voltage source converter based high voltage direct current transmission (VSC-HVDC) has the advantages of independently controllable transmission power, no commutation failure, no reactive power compensation and low harmonic levels. However, VSC-HVDC transmission cannot provide effective frequency support and regulation for the system after grid connection. For this reason, an adaptive neural fuzzy virtual inertia control method is proposed to impose a control strategy on the converter at the receiving end of a VSC-HVDC transmission. The method uses the frequency change rate and the amount of change of frequency as constraints to dynamically adjust the virtual inertia and damping coefficients. It provides larger inertial support when the frequency fluctuation is large and smaller inertial support when the frequency fluctuation is small, thus adapting to different operating conditions. Finally, a hardware-in-the-loop simulation platform is built. The superiority and application prospect of the proposed strategy in frequency stability of the system are verified by comparing the proposed strategy with the traditional virtual control strategy.
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1 INTRODUCTION
With the goal of carbon neutrality and carbon peaking, the proportion of renewable energy generation is gradually increasing (Fei et al., 2018; Choopan et al., 2019). Distributed power sources, mainly photovoltaic and wind power generations, are integrated into the grid through flexible DC transmission, enabling the interconnection of two different frequency AC systems and facilitating their respective dispatch and operation. Compared to traditional transmission methods, VSC-HVDC transmission has the advantages of fast response time, good controllability and flexible operation methods (Rassol et al., 2018; Eggers et al., 2019; Liu et al., 2016). But with large-scale power electronic equipment connected to the system, it has little inertia of its own, leading to poor stability of the whole system when the renewable energy output as well as the load changes (Liu and Chen, 2013). It is therefore necessary to investigate the corresponding strategies to enable VSC-HVDC transmission systems to support system frequency stability.
Several scholars have conducted research on the inertial support of VSC-HVDC transmission for system frequency stability. The paper (Fathi et al., 2018) proposes a virtual synchronous generator control (VSG) for the frequency regulation of the system with the participation of the converter at the receiving end of the VSC-HVDC transmission. The paper (Torres L. et al., 2014) improves the virtual synchronous generator control by entering the integral control of frequency deviations to achieve deviation-free regulation of the AC system. The paper (Bidadfar et al., 2016) analyses the electrical oscillations that occur during the grid connection of a direct-drive permanent magnet fans (PMSG) and the influence of the PI parameters of the network-side converter on the oscillations. The paper (Li et al., 2019) presents the concept of virtual power for virtual synchronous generators and improves the amplitude–frequency characteristics of virtual power. To address the problem of frequency stability in grid-connected flexible DC transmission (VSC-HVDC), the paper (Donde et al., 2016; Langwasser et al., 2021; Man et al., 2020) analyses the oscillation characteristics of the frequency and makes improvements based on the characteristics The paper (Alipoor et al., 2015) investigates the value of virtual inertia for virtual synchronous generator control and proposes a virtual inertia value with hybrid stationary energy as the energy source. The paper (Wang X. et al., 2018; Wang et al., 2021; Zhu et al., 2021) investigate the frequency response model of VSG and proposes a constant value and integrated velocity recovery method. The paper (Guo et al., 2021) proposes an improved VSG pre-synchronous control strategy for ship power systems with a large number of harmonics. The paper (Rouzbehi et al., 2014; Zhou et al., 2018; Zhang et al., 2021) study the power control and load flow control of flexible HVDC. In (Jiang et al., 2019; Ren et al., 2020), the converter of flexible DC transmission is studied, and the method to reduce the failure rate and improve the reliability of AC/DC power grid is proposed based on state enumeration. The paper (Duan et al., 2021) proposes an analogous virtual synchronous generator control for multi-port converters with simultaneous implementation of droop, virtual inertia and damping characteristics. The paper (Rathore et al., 2016; Sakaeda et al., 2017) optimizes the inertia constant and virtual virtual coefficient of vsg according to frequency deviation and voltage deviation The paper (Liu and Gong, 2020) analyses the effect of droop-control on the stability in VSC-HVDC transmission systems and verifies the isolation of DC systems from low frequency oscillations through simulation. The above control strategies all play a stable role in the regulation of the system frequency, but the regulation mode is relatively single, it is difficult to cope with a variety of different operating conditions, while the speed and sensitivity of the regulation of the frequency are poor.
Combining these issues, the paper (Rehman et al., 2021) adaptively improves the system inertia by adjusting different virtual inertia values in real time to achieve fast smoothing out frequency fluctuations. The paper (Fan et al., 2017) investigates the power angle characteristics in the case of output current saturation when VSG is used and proposes an adaptive inertia control strategy. The paper (Li and yang et al., 2022) realizes the cooperative distribution of virtual inertia for each unit of hybrid energy storage through fuzzy control. In (Gomis-Bellmunt et al., 2020) flexible virtual inertia control of VSC-HVDC transmission systems containing optical storage is carried out in stages according to frequency variations to ensure frequency stability. In (Feiyang et al., 2021), an integrated control method for adaptive inertia damping was designed to achieve interleaved control of virtual rotational inertia and virtual damping. However, all of these methods have the disadvantage of being more complex to model and slower to converge with the other constraints added.
An adaptive neural fuzzy virtual inertia control for VSC-HVDC transmission systems is proposed in this paper. Firstly, this strategy solves the inertia problem that exists in flexible DC transmission systems. Secondly, this strategy links the frequency and virtual inertia values together and the virtual inertia values can be allocated flexibly. So that larger virtual inertia values can be allocated when the frequency fluctuation is large and smaller virtual inertia values can be allocated when the frequency fluctuation is small, which can meet the operating condition of different working conditions. At the same time, this strategy uses a fuzzy neural network system to adjust the optimal virtual inertia values and damping coefficients through the rapid iteration of the neural network, which has better speed and accuracy and enables the system to achieve better stability. Finally, the paper verifies the proposed adaptive neural fuzzy virtual inertia control strategy through the hardware-in-the-loop simulation platform.
2 TYPICAL VSC-HVDC SYSTEM
2.1 System topology
A typical VSC-HVDC system is shown in Figure 1. It consists of two synchronous generator ports (SG1, SG2), one VSC-HVDC grid-connected port and three active power loads.
[image: Figure 1]FIGURE 1 | Topology of a VSC-HVDC system.
Where the synchronous generator SG1 is used for secondary frequency regulation of the system and the synchronous generator SG2 is used for constant power control. Renewable energy generation in the VSC-HVDC grid-connected port is connected to the system through rectifier and inverter stations. The rectifier side uses constant voltage control to provide a reference voltage for the system and to maintain voltage stability. The control method proposed in this paper is mainly used on the inverter side to provide inertial support for the system to maintain the system frequency within the rated range.
2.2 VSC-HVDC systems
The topology structure of the VSC-HVDC transmission system is shown in Figure 2, in which the VSC1 rectifier is the power sending end, the VSC2 is the power receiving end. US and Uc are the AC voltage and DC voltage respectively, and L and R are the line equivalent inductance and resistance. The main component of the converter is the commutation valve, which controls the system flow by controlling the switching on and off of the IGBT devices on the VSC bridge arm. VSC-HVDC system generally uses constant voltage control and through the voltage outer loop output active current reference value. The inner loop tracking active current command to obtain the converter D-axis voltage component and Q-axis voltage component according to the reactive current command, so as to maintain the stability of the system voltage and provide the reference voltage for the system. As both sides are structurally identical, one side can be taken for analysis, starting with the inverted side. The model of the converter in the stationary coordinate system is shown in Eq. 1 and the topology of VSC2 is shown in Figure 3.
[image: image]
Where: ugx, igx, ucx are the AC grid-side voltage, AC grid-side current, converter-side voltage. Rg, Lg are the resistance and inductance values of the filter reactor.
[image: Figure 2]FIGURE 2 | Topology of a VSC-HVDC system.
[image: Figure 3]FIGURE 3 | Topology of VSC2.
The Pike transformation is performed to derive the voltage equation for VSC2 in a dq-synchronous rotating coordinate system.
[image: image]
Where: ucd, ucq are the output voltages of VSC2 in the dq coordinate system respectively. Ugd, ugq, igd, igq are the d-axis and q-axis components of the AC grid voltage and current respectively. ωs is the AC system frequency.
[image: image]
Where:
[image: image]
For power, a voltage-directed vector control method orienting the voltage vector to the d-axis of the synchronous rotation coordinate system is used so that ugd = ug and ugq = 0, achieving a decoupling of active and reactive power.
[image: image]
Where PG denotes the output active power flowing from the network to the VSC2 and QG denotes the output reactive power flowing in the network to VSC2.
The d-axis and q-axis components of the converter voltage are not decoupled, thus introducing feedforward compensation terms Δucd and Δucq to decouple the d-axis and q-axis components, and the decoupling control diagram is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Control topology of VSC2.
3 ADAPTIVE NEURAL FUZZY VIRTUAL INERTIA CONTROL
3.1 VSG control strategy
Virtual synchronous generator control provides inertial support to the system in the event of a disturbance by introducing the rotor equations of motion into the investigated control strategy of the converter, giving the converter the characteristics of inertia and damping contained in a conventional generator.
The rotor active power-frequency equation is shown in Eq. 6.
[image: image]
where ω denotes the virtual angular frequency of the inverter power supply and ω0 denotes the grid-side angular frequency respectively. H denotes the value of the virtual inertia. P denotes the output power of the inverter power supply. Pref is the reference value of active power. θ denotes the phase angle of the inverter power supply. Kd denotes the damping coefficient of the system.
From the rotor equation of motion, it is clear that the active power changes with frequency. When it is disturbed, the frequency of the system changes, at which point the active output of the inverter power supply changes and can provide power support like a conventional generator, quickly replenishing the power deficit present in the system and maintaining the system frequency quality.
In steady state operation, the amplitude of the frequency change is finite and the rotor equation of motion can be simplified as shown in Eq. 7.
[image: image]
From the simplified equation, the active power is proportional to the value of the virtual inertia. The control of the system power and frequency can be achieved through the adjustment of the virtual inertia. Due to the proportional relationship, when the system is subjected to a large disturbance resulting in a large change in frequency, it is required that a large virtual inertia value should be provided at this time. Conversely, smaller virtual inertia values should be provided for small perturbations.
3.2 Principle of adaptive inertial control
For conventional VSC-HVDC transmission, an adaptive neural fuzzy virtual inertia control is proposed based on the conventional VSG control. This control strategy is applied at the receiving end of the VSC-HVDC system to provide inertial support for the system, as shown in the control block diagram in Figure 5.
[image: Figure 5]FIGURE 5 | Adaptive inertial control block diagram.
Where ω and ω0 denote the virtual angular frequency of the inverter power supply and the grid-side angular frequency respectively. H denotes the value of the virtual inertia. P denotes the output power of the inverter power supply. Pref is the active scheduling command of the system. θ denotes the phase angle of the inverter power supply. Kd denotes the damping coefficient of the system. F indicates the actual frequency of the system and f0 is the system frequency setting.
As can be seen from the control block diagram, unlike the traditional VSG control, this control strategy takes the amount of change of frequency and the rate of change of frequency as the constraint indicators, and flexibly adjusts the virtual inertia value H and the damping coefficient Kd through the adaptive neural fuzzy control system, so that the system can allocate a larger virtual inertia value when the frequency fluctuation is large and a smaller virtual inertia value when the frequency fluctuation is small.
3.3 Neural fuzzy control strategy
Traditional fuzzy control does not require precise mathematical models and is highly adaptable to non-linearities, but relies on the experience and knowledge of experts or operators, which can make it difficult to achieve satisfactory control results if the experience is lacking. Neural network systems are self-learning. Adaptive neural fuzzy control systems are data-based modeling methods in which fuzzy membership functions and fuzzy rules are obtained by learning from large amounts of known data, rather than being arbitrarily given based on experience and intuition, and are particularly important for the control of complex systems. The elimination of noise or interference in signal processing and control can be achieved, while the inertia and damping coefficients can be dynamically adjusted to suit different operating conditions.
Traditional fuzzy control mainly includes fuzzification, fuzzy inference, and defuzzification three processes, the main process is shown in Figure 6.
[image: Figure 6]FIGURE 6 | The process of fuzzy control.
A fuzzy neural network model based on the Takagi-Sugeno model is selected for inference, and all the three basic processes of fuzzification, fuzzy inference and defuzzification of fuzzy control are implemented by neural networks. The amount of change of frequency ke and the rate of change of frequency ked are selected as the inputs to the fuzzy system and the outputs are the virtual inertia H and the damping coefficient kd.
[image: image]
where f0 is the rated value of the frequency and f is the frequency of the grid.
Let the input vector be [image: image]. Each component xi is a fuzzy linguistic variable i.e. the amount of change of frequency ke and the rate of change of frequency ked. And assume that:
[image: image]
where Aij is the jth linguistic variable value of xi and the corresponding membership function is [image: image].
The posterior of the fuzzy rule proposed by the Takagi-Sugeno model is a linear combination of the input variables.
[image: image]
where j denotes the number of output variables and y denotes the output value which is also the virtual inertia H and the damping coefficient Kd. p denotes the connection right of the network. mi is the number of fuzzy partitions of xi.
The inputs are fuzzified using singleton fuzzy set. For a given input x, the degree of adaptation can be found for each rule as:
[image: image]
The membership function is expressed as a bell-shaped function using a Gaussian function as shown in the following equation.
[image: image]
where cij and σij denote the centre and width of the affiliation function, respectively. For a given fixed input, only the linguistic variable values near the input point have a large membership degree, those far from the input point have small membership degree and finally the normalized calculation has to be implemented.
[image: image]
For a system network of m nodes, each representing a rule, the output of each rule is calculated as shown in the following equation.
[image: image]
The inputs are the amount of frequency change and the rate of frequency change respectively, so n takes the value of 2.
The final weighted output of this neural network system is obtained based on the output of each node and the degree of adaptation.
[image: image]
The adaptive neural fuzzy system makes data processing maximally simple due to the use of Takagi-Sugeno model fuzzy rules and the weighted summation method to calculate the total output, eliminating the extensive computational work involved in clarifying conventional fuzzy systems with the center of gravity method.
The main role of the neural fuzzy controller is to apply its self-learning capability of the neural network to seek and adjust the neural fuzzy control system’s parameters and structure. The number of fuzzy divisions of the input components is given in advance. The only parameters to be learned for the learning algorithm are the connection rights Plji and the central values of the membership functions cij and σij. The learning algorithm can be quickly converged to the required input and output i.e. the relationship between the change of frequency and virtual inertia. Due to the presence of neural networks, the parameters are also easier to learn and adjust.
4 TEST RESULTS
4.1 Platform introduction
To further verify the proposed virtual inertial control strategy, a hardware-in-the-loop simulation test platform based on RT-LAB simulator was built.
The adaptive neural network control strategy proposed in this paper is deployed in a DSP controller. A model of the 3-end AC system built as shown in Figure 7 and its basic controls are deployed in RT-LAB. The DSP controller is connected to the AD input ports of the RT-LAB through an opto-isolated module to enable the real-time exchange of control signals. The waveforms during the experiment can be observed with the DL850 wave recorder. In order to observe the experimental results more visually, the data recorded in the recorder can be exported and the different experimental waveforms can be plotted in the same coordinate system using the plotting software.
[image: Figure 7]FIGURE 7 | Test platform.
4.2 Simulation analysis
In this paper, a 3-machine 9-node system is built in MATLAB to verify the proposed strategy and to compare it with conventional control strategies. The system structure is shown in Figure 1, with a grid level of 35kV and 650V on the low-voltage side of the transformer, SG1 and SG2 are two synchronous generators. The initial moment loads 1, 2, and 3 are each 250kW, the system is already in a steady state at 9s and the system load is adjusted at 14s when adaptive neural fuzzy virtual inertia control is put in place.
Operating condition 1 is a 350 kW load increase at 14s of system operation. The frequency fluctuation response in the three modes of without inertia control, fixed inertia control and adaptive neural fuzzy inertia control is shown respectively in Figure 8.
[image: Figure 8]FIGURE 8 | Frequency fluctuations during load increasing.
The frequency fluctuation without inertia control is the greatest, with a maximum overshoot of nearly 0.14Hz. The control effect of fixed inertia control is better than the control without inertia, with a maximum value of only 0.08 Hz for frequency fluctuations. The system under adaptive neural fuzzy virtual inertia control has the smallest frequency fluctuations and the best system stability.
Operating condition 2 is a 350 kW load decrease at 14s of system operation. The frequency fluctuation response for the three modes of without inertia control, fixed inertia control and adaptive neural fuzzy virtual inertia control is shown respectively in Figure 9.
[image: Figure 9]FIGURE 9 | Frequency fluctuations during load decreasing.
The degree of frequency fluctuation is greatest without inertia control, with a maximum overshoot of nearly 0.13Hz. Fixed inertia control is second, with a maximum value of only 0.08 Hz for frequency fluctuations. The system with adaptive neural fuzzy virtual inertia control has the least frequency fluctuation and the system can reach stability at a faster rate.
In practical applications, the load tends to fluctuate randomly, so operating condition 3 changes the system load between 14 and 18s. A comparison of the frequency fluctuations for the three different control methods is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Frequency fluctuations during load changing.
The frequency stability effect of the adaptive neural fuzzy virtual inertia control is significantly better than the other two methods under load changing. The frequency fluctuations of the adaptive neural fuzzy virtual inertia control is only 0.05Hz, which can verify the good support effect of this strategy on frequency fluctuations in the practical application process and its superiority for system stability.
Similarly, this paper compares the flexible DC transmission power also under different strategies. Figures 11–13 represent the power variation under three different operating conditions: load increase, load decrease and random load change respectively.
[image: Figure 11]FIGURE 11 | Power fluctuations during load increasing.
[image: Figure 12]FIGURE 12 | Power fluctuations during load decreasing.
[image: Figure 13]FIGURE 13 | Power fluctuations during load changing.
The figures show that the flexible DC transmission side quickly provides power support to the system when the system load changes and then returns to a constant output. The comparison of the three different control strategies under different operating conditions shows that the adaptive virtual inertia control strategy has the best effect on the power support of the system, making the system more stable when disturbed, further verifying the effectiveness of this strategy.
5 CONCLUSION
VSC-HVDC technology is widely used. In order to improve the stability of VSC-HVDC system against disturbances, this paper proposes an adaptive neural fuzzy virtual inertia control method and verifies the effectiveness of the proposed strategy through experiments and draws the following conclusions.
(1) Virtual inertia control is applied to the receiver converter of VSC-HVDC transmission, and the virtual inertia values and damping coefficients are flexibly adjusted by an adaptive neural fuzzy system to adapt to different operating conditions. Comparing the different control strategies under increasing or decreasing load and random changes in load, the superiority of the present strategy in terms of inertial support and frequency stability is verified.
(2) This method only considers the case where one port is connected to the grid using VSC-HVDC transmission, the actual system consists of multiple ports and the situation is more complex, the inertia distribution between the ports and the synergy of the power output at each end also need to be considered, which is the focus of the next research.
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