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This paper proposes an extended state observer-based ultra-local model-free three-vector predictive control method for Soft Open Point (SOP). First, the Ultra-Local Model-Free Predictive Control (ULMFPC) method is proposed to improve the robustness of the system, which only uses the input and output of the outer-loop, and any other parameters are not involved. Second, considering parameter perturbations and external disturbances in the SOP system, an expansion state observer (ESO) is established to observe the SOP system’s total perturbations and the perturbations are compensated in real-time to improve the system. Third, to solve the problem of significant current harmonics in traditional model predictive control (MPC), a three-vector MPC method (TV-MPC) is adopted to reduce the total harmonic distortion rate (THD) of the current. Finally, it is verified by simulation that the proposed method can effectively reduce the current harmonics of the SOP system, rate value setting time, and improve the dynamic performance effectively. When perturbations occur in the system, the proposed method can improve the anti-interference and robustness of the system.
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1 INTRODUCTION
In recent years, many benefits have been brought by the application of increasing renewable energy sources. However, many problems may occur when renewable energy sources are connected to the distribution network, such as power imbalance and voltage instability (Rueda and Padilha, 2013; Gong et al., 2021). As a power electronic device, Soft Open Point (SOP) has many advantages, such as connecting lines at different voltage levels, flexibly regulating the power flow in the system, fast system response, and diverse control methods. Therefore, SOP is widely used in distribution networks (Jiang et al., 2022). Two-port SOP can be considered as a back-to-back voltage source converter (VSC) consisting of a rectifier-side VSC, an inverter-side VSC, and a DC capacitor (Wu et al., 2018). The mathematical model of SOP is a non-linear system with solid coupling characteristics, including the uncertainty of external disturbances and parameter perturbations, which significantly complicates the controller design (Huo et al., 2021; Liang et al., 2022). Some traditional control methods of SOP are widely used in SOP systems, including proportional-integral (PI) control, model predictive control (MPC), and droop control (Cao et al., 2016; Cai et al., 2018; Falkowski and Sikorski, 2018; Li et al., 2020; Zhang et al., 2021). However, the traditional PI control has many parameters, bringing parameter design problems. The robustness of PI control and droop control is poor when disturbances are occurred in SOP systems (Li et al., 2019). In Figure 1, the system structure of the two-port SOP is shown.
[image: Figure 1]FIGURE 1 | Model of two-port SOP.
Compared with traditional control methods, the MPC method is widely used in the design of power electronic converters due to its simple structure, easy implementation, and sound control effect (Zhang et al., 2017a). The basic principle of MPC is to use the mathematical model of the controlled object, discretize it to get the predicted value of the next moment, and then optimize the cost function to make the predicted value along the reference trajectory and converge to the desired value. However, the MPC method relies on the mathematical model of the controlled object, which is subject to internal parameter drift and unknown external disturbances during system operation. This will result in a degradation of control performance and a reduction of control accuracy (Young et al., 2016; Zhang et al., 2019). In order to make the system more robust and dynamic, the inter-loop and outer-loop of the control system need to be redesigned (Zhang et al., 2017b; Liu et al., 2018).
In order to solve the above problems, various improved methods are proposed for the inner-loop. In (Pamshetti et al., 2021), a single-vector-based model predictive controller is proposed to control the inner-loop, which has the disadvantage of leading to significant current harmonics and power fluctuations. In (Wang et al., 2021a), an improved MPC method based on three-vector (TV-MPC) is proposed to reduce the current harmonics and power fluctuations effectively, which has better dynamic performance and robustness of the system. In (Liu and Gao, 2020), an improved model predictive direct control method is proposed to calculate the desired voltage vector through the deadbeat control theory. The virtual voltage vector introduced is used to determine the sector where the desired voltage is located, and then the actual voltage is calculated. The results show that the method can effectively improve the robustness. In (Morsi et al., 2021), a linear variable parameter MPC method is proposed. A new predictive model and a new cost function are built by designing incremental forms to overcome the steady-state errors caused by model parameter mutations and external disturbances. And the experimental results show that the method has good dynamic stability.
In (Morsi and Cedric, 2021), in order to reduce the influence of the parameter perturbation of the control model, a model-free control method is proposed, which only considers the input and output of the outer-loop, and any other parameters are not involved. The known and unknown term disturbances are referred to as the total disturbances in the system. Thus, the influence of system parameters and external disturbances on the control performance is avoided, the dependence of the model on parameters is reduced, and the control performance is improved. In (Wang and Li, 2021), an ultra-local model-free and deadbeat predictive control method are proposed for permanent magnet synchronous motor (PMSM). An ultra-local control model is established using the input and output variables of the outer-loop. The results show that the method can effectively improve the robustness of the model and has a strong anti-interference ability. In (Zhou et al., 2016), an ultra-local model-free control model is established to solve the problem of total system disturbance term in PMSM. Moreover, the results show that the method reduces the current harmonics and improves the system’s dynamic response performance.
In this paper, by introducing the ultra-local model-free control algorithm and TV-MPC theory, an ESO-based ultra-local model-free voltage prediction method and a current TV-MPC method are proposed. Using the input and output of the voltage outer-loop, ESO is established to observe the total disturbance of the system and compensate for the one-beat delay of the control system in real-time. The frequency domain analysis method is also used to adjust the ESO parameters so that the system can deal with external disturbances, which have better robustness and dynamic performance. The contributions of this article are listed as follows.
1) Compared with the traditional single-vector MPC method of the inner-loop, in this article, the TV-MPC method is used in the inner-loop of the SOP system, which improves the current harmonics effectively.
2) Compared with the traditional PI method of the outer-loop, in this article, an ultra-local model-free voltage prediction method is used in the outer-loop, which improves the anti-interference and robustness of the SOP control system.
3) ESO is established to observe the total disturbance and compensate for the delay of the system in real time, which improves the robustness of the SOP system.
The organization of this article is as follows: Section 2 introduces the model of the two-port SOP system. In Section 3, the sensitivity of the system parameters is analyzed. In Section 4, the ESO-based ultra-local model-free voltage outer-loop prediction controller is designed. In Section 5, the TV-MPC method for SOP systems is proposed. Section 6 gives the simulation results. Section 7 discusses the future work that needs to be improved and summarizes the conclusions.
2 MATHEMATICAL MODELS OF SOFT OPEN POINT
In Figure 1, it can be seen that the two-port SOP has symmetry in structure, so one of the voltage inverters (VSC1) is selected to form the port1, which has the specific structure as shown in Figure 2 (Wang et al., 2021b).
[image: Figure 2]FIGURE 2 | Model of VSC1.
Where C is the DC-side filter capacitor; R is the AC-side equivalent connection resistance; L is the AC-side equivalent connection inductor. Assume that the three-phase voltage at each port is balanced, and from the direction of current in Figure 1, the port1 model can be expressed as:
[image: image]
Where Sm is the modulation switch function of VSC1; m represents abc three-phases; udc is the DC-side voltage; usm is the AC-side voltage; im is the AC-side current. The other ports in the SOP have the same strongly coupled mathematical model.
Eq. 1 is transformed by Park. The equivalent equation of the d- and q-axis components are obtained (Hur et al., 2001):
[image: image]
Where id and iq are the d- and q-axis currents of VSC1, respectively. ud and uq are the d- and q-axis grid voltages of VSC1. ω1 is the phase voltage angular frequency of the AC-side of VSC1. Sd and Sq are the components of the modulation switch function of VSC1 in the d- and q-axis. Similarly, VSC2 has the same mathematical model in the synchronous rotating frame.
According to the current direction shown in Figure 1, the DC-side current can be expressed as follows:
[image: image]
Where idc,k is the DC-side current of Port k; Sik is the modulation switch function of the abc three-phases of Port k; iik is the output current of the abc three phases of Port k. Taking Eq. 3 and passing it through the Park transformation, the equivalent equation of the d-axis and q-axis components is obtained:
[image: image]
Where Sdk and Sqk are the modulation switch function of the d- and q-axis of Port k; idc is the DC-side current; idk and iqk are the d- and q-axis currents of the Port k; udk and uqk are the d- and q-axis voltages of the Port k, respectively.
According to the instantaneous reactive power theory, the active power and reactive power output from each port can be expressed on the d- and q-axis as follows (Zhang et al., 2018):
[image: image]
The system three-phase voltage is balanced. If the direction of the d-axis coincides with the direction of the AC system voltage vector us, the state of the d- and q-axis currents of AC-side idk and iqk can be written as:
[image: image]
Substituting (6) into (5), the active and reactive power of the Port k can be written as:
[image: image]
From (7), it can be seen that the active and reactive power on the AC-side of each port is proportional to the amount of current in the d- and q-axis, respectively. Moreover, the decoupling control of independence of active and reactive power can be realized by controlling the amount of current in the d- and q-axis (Zhang et al., 2020). After the coordinate transformation, the established system model is simplified, and the controller design of the system is convenient.
According to different distribution network operating requirements, the SOP can operate in three different operating modes: UdcQ mode, PQ mode and V/f mode. Among them, one port must work in UdcQ mode when the system is in regular operation to maintain voltage stability on the DC-side. PQ mode is most used in the working operation state, which can regulate the active and reactive power of the system individually. The V/f mode operates where a port needs to be switched to a fixed AC-voltage mode to supply power to the fault area load. In this paper, port1 uses UdcQ mode, and port2 uses PQ mode (Wang et al., 2022).
3 PARAMETER SENSITIVITY ANALYSIS
From (4), it is clear that:
[image: image]
According to Eq. 8, the voltage equation can be written as follows:
[image: image]
By discretizing Eq. 2 and Eq. 9, the equation can be written as follows:
[image: image]
Where k+1 means the value of the variable at the next moment and k means the value of the variable at the current moment; Ts is the sampling time; u1dN and u2dN are the d-axis voltages of VSC1 and VSC2, respectively; ω1 and ω2 are the phase voltage angular frequency of the AC-side of VSC1 and VSC2. Conventional controllers need to consider L, C and other parameters, and the control accuracy is more dependent on the accuracy of the control parameters. To analyze the impact of parameter ingestion on the controller, assuming that R0, L0 and C0 are the actual resistor, inductor and capacitor, then Eq. 10 can be rewritten as follows:
[image: image]
In (11), [image: image], [image: image] and [image: image] are the estimated value of the variables of id1, id2 and udc at the time of parametric perturbation, and the voltage error can be written as follows:
[image: image]
Where [image: image] and [image: image] are the voltage errors generated by VSC1 and VSC2. From (12), it can be seen that the L and the DC-side C significantly impact the prediction error in the system. In order to reduce the dependence on the system model and improve the robustness of the system, this article proposes an ultra-local model-free predictive control method based on the ESO.
4 DESIGN OF EXPANSION STATE OBSERVER -BASED ULTRA-LOCAL MODEL-FREE VOLTAGE PREDICTION CONTROL
4.1 Traditional voltage loop control strategy
Traditional PI voltage control is based on error elimination control, which can lead to excessive overshoot and oscillation of the system if the initial value is too large. Moreover, the traditional control method has an inevitable delay for system model parameter perturbations and disturbances.
This article proposes an ultra-local model-free predictive control method based on the ESO, which uses only the inputs and outputs of the system without considering any parameters, and views known and unknown perturbations as total perturbations. The external perturbations observed by the ESO are also used to implement feedback compensation to reduce model dependence on parameters and improve system robustness.
4.2 Ultra-local model
For the input and output of the system, the traditional ultra-local model can be written as follows (Morsi and Cedric, 2021):
[image: image]
Where y is the output of the system; u is the input of the system; F is regarded as the total disturbance of the system; α is the model self-attribute parameter. The controller can be designed as follows:
[image: image]
Where yexp is the expected output of the system; [image: image], that e is the tracking error; [image: image] is an estimate of the total disturbance; and ζ is the designed controller output.
4.3 Design of ultra-local model-free outer-loop prediction controller
Taking id1 in (9) as the output of the outer-loop system and udc as the input of the outer-loop system, the ultra-local model-free control structure is established as follows:
[image: image]
Where k1 is the controller gain. Using the forward Eulerian discretization method, Eq. 15 is discretized to transform the continuous time model into the discrete time model. And the ultra-local model-free control structure can be rewritten as:
[image: image]
The output of the controller can be written as follows:
[image: image]
To have better tracking of the rated voltage, let udc (k + 1) = udcref, thus Eq. 17 can be rewritten as:
[image: image]
In order to improve the system control performance and solve the system time delay problem, the ESO is designed to compensate for the time delay effect.
4.4 Design of expansion state observer
According to Eq. 15, the outer-loop input id1 and the system total disturbance F are chosen as state variables to design the ESO, and the state space equation is obtained as follows (Chi et al., 2020; Yang et al., 2020):
[image: image]
Where α1 and α2 are the observer gain coefficients; [image: image], that z1 is the estimated value of udc; [image: image], that z2 is the estimated value of F. Figure 3 shows the block diagram of the variables state.
[image: Figure 3]FIGURE 3 | Block diagram of the variables state.
Taking Eq. 19 into Laplace transform, the transfer function of the system can be obtained:
[image: image]
From (20), the characteristic equation can be obtained:
[image: image]
In (21), it can be derived that the eigenvalue is -ω0, where ω0 is the bandwidth of the ESO, so the gain coefficients α1 and α2 of the observer are 2ω0 and ω02.
Using the forward Eulerian discretization method, Eq. 19 is discretized to transform the continuous time model into the discrete time model. The discrete state space equation can be written as:
[image: image]
4.5 Stability analysis
To ensure the stability of the state of the discretized system, the characteristic roots of the characteristic equation must lie within the unit circle according to the Joly stability criterion.
By performing a Z-transformation, Eq. 22 can be rewritten as:
[image: image]
Considering that the sampling time Ts is sufficiently short, the transfer function of the discrete system can be written as:
[image: image]
Where [image: image]; [image: image]. In (24), the characteristic equation of the system is given by:
[image: image]
Bringing [image: image] into Eq. 25, the characteristic equation in the λ-domain can be written as:
[image: image]
According to the Routh–Hurwitz stability criterion (Xu et al., 2020), the discrete system is stable when the following conditions are satisfied:
[image: image]
When [image: image] and [image: image] are satisfied in the equation above, the discrete system is stable. The proof is completed.
To solve the time delay problem in the system, the deadbeat principle is used. Replacing udc(k) and [image: image] in (18) with [image: image] and [image: image] in (22), the d-axis reference currents is obtained as follows:
[image: image]
The current reference value is obtained by predicting the voltage value through ESO. The observed disturbances are compensated by feedback to improve the robustness of the system. Thus, the ESO-based ultra-local model-free predictive control (ULMFPC) voltage outer-loop is designed as follows:
[image: image]
Figure 4 shows the block diagram of outer-loop ESO-based ULMFPC.
[image: Figure 4]FIGURE 4 | Block diagram of outer-loop ESO-based ULMFPC.
5 INNER-LOOP TV- MODEL PREDICTIVE CONTROL CURRENT CONTROL FOR SOFT OPEN POINT
5.1 Traditional model predictive control method
Different from the current inner-loop PI control, the conventional MPC replaces the two current inner-loops of vector control with a model predictive controller, which eliminates the complex PI rectification (Li et al., 2019).
In a two-port SOP system, eight VSC voltage vectors can be selected. Six of them are non-zero vectors (V1, V2, V3, V4, V5, V6) and two of them are zero vectors (V0, V7). The eight vectors are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Voltage vector of VSC.
The current value at the momentk is used as the basis to construct the current value at the moment k+1. The current reference value and the predicted current obtained from the prediction calculation are constituted into a cost function, and the eight voltage vectors mentioned above are brought into the cost function in turn by using a finite control set. Then the minimum value is obtained, and the switch sequence corresponding to the minimum value is applied to VSC. At the next sampling period, the above processes are repeated to achieve the prediction effect.
By discretizing Eq. 2 (Rodriguez et al., 2007), the discrete model of VSC1 can be obtained as:
[image: image]
The predictive model in discrete state space is the core of MPC. The cost function of conventional model predictive current control can be designed as:
[image: image]
Where idref and iqref are the d- and q-axis current reference value of VSC.
Despite the many advantages of the traditional MPC method, the traditional MPC with fixed voltage vector direction, fixed amplitude, and the number of optimization searches is less, which easily causes the control current jitter. This article deals with this problem by increasing the vector to reduce the current jitter.
5.2 Three-vector model predictive current control
Compared with the traditional MPC, the TV-MPC has further improved factors such as the number of times to find the best switch sequence. The TV-MPC algorithm combines a zero vector and two non-zero vectors. The method uses the following Table 1 to determine the sector and apply the vector combination to the next prediction.
TABLE 1 | Voltage vector combination selection.
[image: Table 1]According to the deadbeat control theory, the predicted current at the moment k+1 is assumed to be as follows:
[image: image]
Substituting Eq. 32 into Eq. 30), the reference voltages of VSC uNdref and uNqref can be written as:
[image: image]
5.2.1 Sector selection
The uNdref and uNqref are dq0-αβ transformed to obtain the reference voltages of uNαref, uNβref in αβ coordinates. The phase angle θref of the reference voltage can be calculated as follows:
[image: image]
According to the phase angle shown in Table 1, the sector and vector are selected. By judging the sector, a zero vector (u0opt) and two non-zero vectors (u1opt, u2opt) are determined.
As shown in Figure 6, if the θref of the derived reference voltage vector Vref falls in the first sector, the corresponding switching state (100) is the optimal switching state. When selecting the voltage zero vector as the optimal voltage vector, both switching states (000) and (111) can generate the voltage zero vector. However, one of the switching states in (000) and (111) should be selected based on the principle of the minimum switching frequency. If the previous switching state was (100), the current switching state should be selected as (000). If the previous switching state was (110), the current switching state should be selected as (111) (Wang et al., 2021b).
[image: Figure 6]FIGURE 6 | Voltage vector selection in the steady-state αβ coordinate system.
5.2.2 Action time calculation
For the determined optimal vector combinations u0opt, u1opt and u2opt, the action time of each vector in the sampling period Ts needs to be calculated. According to the modulation MPC principle, the action time of the vector is inversely proportional to the cost function. The cost function uses Eq. 31. The time of voltage vectors T0, T1 and T2 can be calculated as:
[image: image]
Where f0, f1, and f2 are the corresponding cost function Eq. 31 values of u0opt, u1opt, and u2opt (Wang et al., 2022). The two ports of the SOP have similar action times, and the voltage combination and action times are output to both sides of the SOP for the control of the whole system. Figure 7 is the block diagram of the ULMFPC with ESO and TV-MPC for SOP.
[image: Figure 7]FIGURE 7 | Block diagram of the proposed control scheme of SOP.
6 SIMULATIONS
In this paper, a control strategy ESO-based ULMFPC and TV-MPC are proposed for the parameter perturbation and current fluctuation of the two-port SOP. The proposed control strategy is simulated and verified based on MATLAB/Simulink. Traditional PI and MPC control strategies are compared with the proposed method to verify the effectiveness of the proposed control strategy. The system parameters of SOP are listed in Table 2, and the controllers design parameters are listed in Table 3, respectively.
TABLE 2 | Parameters of SOP.
[image: Table 2]TABLE 3 | Controller parameters.
[image: Table 3]6.1 Performance of steady-state
6.1.1 Current performance of steady-state
The proposed current of the VSC2 side is set as 100 A in simulations. Steady-state currents of PI and MPC, PI and TV-MPC are shown in Figures 8A,B.
[image: Figure 8]FIGURE 8 | (A) Current waveform and THD of PI & MPC. (B) Current waveform and THD of PI & TV-MPC.
It can be seen that the total harmonic distortion (THD) of the A-phase current under PI and MPC control for the VSC1 side and VSC2 side are 0.54% and 0.53%. The THD of the A-phase current under PI and TV-MPC control are 0.28% and 0.09%, respectively. From the experimental results, it can be seen that the proposed TV-MPC method can effectively reduce the total harmonics of the system, but it is less effective in suppressing the 5th order harmonic. Compared with single-vector MPC, TV-MPC have better steady-state current performance.
Figures 9A,B show the d-axis current response on the rectifier VSC1 side. The TV-MPC control strategy is used for the current inner-loop, and the voltage outer-loop is compared with the PI control strategy and the improved ULMFPC control strategy. With no disturbance in the system, id1 can track the reference current correctly. It is clearly seen that the output of outer-loop PI controller contains large jitter. But the output id1 of the improved ULMFPC controller is smooth, and the tracking time of the specified id1ref is much less than that of PI controller, which has better start-up performance.
[image: Figure 9]FIGURE 9 | (A) Tracking performance of id1 of outer-loop PI method. (B) Tracking performance of id1 of outer-loop ULMFPC method.
6.1.2 Load power performance of steady-state
Figures 10A,B show the active and reactive power of the load grid under the traditional control strategy and improved control strategy. With no disturbance in the system, two control methods stabilize the load active and reactive power at the specified values. However, the active and reactive power jitter under the ULMFPC with ESO and TV-MPC control are smaller than that of the conventional PI and MPC controllers. And the improved composite control strategy reduces the amplitude of power jitter and improves the response speed effectively.
[image: Figure 10]FIGURE 10 | (A) Active response under the PI & MPC, and ULMFPC with ESO & TV-MPC. (B) Reactive response under the PI & MPC, and ULMFPC with ESO & TV-MPC.
6.1.3 DC voltage performance
Regulating the proposed DC-side voltage udcref at 650 V, in order to verify the effectiveness of ULMFPC with ESO and TV-MPC in start-up response and dynamic performance, the reference current on the VSC2 side is changed from 100 A to 50 A at 0.25 s. As shown in Figure 11, the time used to track the proposed DC voltage under PI and TV-MPC, ULMFPC with ESO and TV-MPC are 0.057 and 0.029 s. From the experimental results, it is observed that ULMFPC with ESO track the proposed DC voltage faster than PI controller, which have better start-up response performance.
[image: Figure 11]FIGURE 11 | DC-side voltage waveform of PI & TV-MPC, and ULMFPC with ESO & TV-MPC.
6.2 Performance of transient-state
6.2.1 Anti-interference performance of DC voltage
In order to verify the good dynamic performance and robustness of the proposed control method, the load grid current is changed from 100 A to 50 A at 0.25 s, and the DC-side voltage variation is shown in Figure 12. It can be seen that the recovery time used to track the DC-side voltage and voltage drop of ULMFPC with ESO and TV-MPC are much smaller than that of PI and TV-MPC. The results show that ULMFPC with ESO have better performance in terms of starting response and response to voltage change.
[image: Figure 12]FIGURE 12 | Detailed view of Figure 10 in dynamic state.
6.2.2 Current performance of transient-state
The load grid current changes at 0.25 s, and the change of the current on the VSC1 side are shown in Figures 13A,B.
[image: Figure 13]FIGURE 13 | (A) Change of the current waveform of PI & TV-MPC. (B) Change of the current waveform of ULMFPC with ESO & TV-MPC.
It can be seen that the recovery of the current under PI and TV-MPC control are significantly weaker than that of the ULMFPC with ESO and TV-MPC control methods. The results show that ULMFPC with ESO have good performance in response speed and current change response.
Figure 14 shows the d-axis current response on the VSC1 side. The reference currents are accurately tracked in the case of abrupt changes on the load side of the system. It can be clearly seen that the PI and TV-MPC controllers take a longer time for id1 to recover to the specified value. In contrast, the improved ULMFPC and TV-MPC controllers take much less time to track the specified id1ref than the PI and TV-MPC controllers. Thus, the improved control method has a faster tracking performance.
[image: Figure 14]FIGURE 14 | Change of id1 waveform of PI & TV-MPC, and ULMFPC with ESO & TV-MPC.
6.2.3 Load power performance of transient-state
The response to sudden changes in active and reactive power of the load grid under two composite control methods are shown in Figures 15A,B. Two composite control methods are able to stabilize the load active and reactive power at the specified values without disturbances. However, when power fluctuations occur, the improved ULMFPC and TV-MPC controllers have better recovery tracking performance. The active power can be restored to stability and maintained quickly. And the reactive power can be reset to zero in a shorter time.
[image: Figure 15]FIGURE 15 | (A) Change of VSC2 active power under two control methods. (B) Change of VSC2 reactive power under two control methods.
7 FUTURE WORK AND CONCLUSION
For the better performance of the SOP system, considering access to energy storage and other devices, considering the faults that may occur in the system, taking control strategy under different working modes into consideration, and a semi-physical experimental study of the SOP system will be the future work.
In this paper, an extended state observer-based predictive control method for SOP system is proposed to improve the anti-interference and robustness of the rectifier-side and inverter-side controllers of SOP. The parameter sensitivity problem in the SOP system is analysed. In order to address the parameter ingestion problem, the outer-loop adopts an ultra-local model-free voltage prediction method, which effectively reduces the sensitivity of the parameters. The ESO is established to observe the total system disturbance and perform compensation for the delay existing in the digital control system, which improves the robustness of the SOP system to disturbances. The current TV-MPC method is adopted in the inner-loop to improve the current harmonics effectively. From the simulation results be seen that the total harmonic distortion (THD) of the A-phase current under MPC control for the VSC1 side and VSC2 side are 0.54% and 0.53%. The THD of the A-phase current under TV-MPC control are 0.28% and 0.09%, respectively. Compared with the traditional PI and MPC control strategies, the simulation results show that the control strategies of ULMFPC with ESO and TV-MPC can effectively reduce the current harmonics. and the DC voltage has a better operation, which proves the effectiveness and correctness of the proposed method.
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