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Abstract

:

In this paper a hybrid modulated model predictive control (HM2PC) strategy for modular-multilevel-converter (MMC) multi-terminal direct current (MTDC) systems is proposed for supplying power to passive networks or weak AC systems, with the control objectives of maintaining the DC voltage, voltage stability and power balance of the proposed system. The proposed strategy preserves the desired characteristics of conventional model predictive control method based on finite control set (FCS-MPC) methods, but deals with high switching frequency, circulating current and steady-state error in a superior way by introducing the calculation of the optimal output voltage level in each bridge arm and the specific duty cycle in each Sub-Module (SM), both of which are well-suited for the control of the MMC system. In addition, an improved multi-point DC voltage control strategy based on active power balanced control is proposed for an MMC-MTDC system supplying power to passive networks or weak AC systems, with the control objective of coordinating the power balance between different stations. An MMC-HVDC simulation model including four stations has been established on MATLAB/Simulink (r2014b MathWorks, Natick, MA, USA). Simulations were performed to validate the feasibility of the proposed control strategy under both steady and transient states. The simulation results prove that the strategy can suppress oscillations in the MMC-MTDC system caused by AC side faults, and that the system can continue functioning if any one of the converters are tripped from the MMC-MTDC network.
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1. Introduction


In recent years, MMCs are gaining a lot of attention in high power/high voltage applications that involve interfacing high-voltage direct current (HVDC) systems to high voltage three-phase AC grids due to their high modularity and scalability [1,2]. Investment and research in high-voltage direct-current (HVDC) systems has been actively pursued and expanded with the aim of improving the efficiency and reliability of electric power generation, large-capacity power transmission, and linkage among different networks [1,2,3,4,5,6].



At present, research on control strategies for MMC-HVDC systems has yielded fruitful results in industry and academia. When an MMC-HVDC transmission system supplying passive networks is operating normally, its rectifier station generally uses constant current control and constant reactive control, which contains an outer power loop and an inner current loop. This control method is relatively mature and fixed, and details on the method are available in the literature [6,7,8,9,10]. Therefore, in this paper we focus on the control strategy used in the inverter station.



Traditional inverter station control usually involves a double closed-loop control (DCLC) strategy based on an outer voltage loop and an inner current loop. Since the response speed of the outer voltage loop is significantly slower than that of the inner current loop, the voltage quality is poor when supplying power to nonlinear loads. Furthermore, the response time of the voltage recovery increases when there are load fluctuations. Meanwhile, the overall control structure, embodying multiple proportional-integral (PI) controllers with hard-to-tune parameters, is relatively complex, and is therefore susceptible to structural parameters of the model [11,12].



Model predictive control (MPC) is gradually becoming more adopted as a control method of power converters because it is a non-linear optimization control method that can deal with nonlinear systems with complex constraints. The advantages demonstrated by this method are diverse, such as a fast response, flexibility of various goals, easy inclusion of nonlinearities, and the availability of simple modulation techniques. The MPC method based on a finite control set (FCS-MPC) constructs a multi-objective optimization function, evaluates the system’s future state corresponding to the finite-switching combination of the converter, and selects the switch combination that minimizes the value of the objective function as the switching state for the next switching cycle. MPC has been applied to motor drives, high power factor rectification, and DC transmission, among others [13,14,15,16,17,18,19,20,21].



Reference [13] shows that the cost function may include a control target such as reduced switching frequency, reduced common-mode voltage, reduced reactive power, and reduced current ripple when controlling a power converter. Compared to proportional integral (PI) or proportional-resonant (PR) controllers, the MPC method can improve total harmonic distortion (THD) and transient characteristics [21]. References [16,17,18] uses FCS-MPC for the control of the MMC, which predicts the AC current, the circulating current, the sub-module capacitance voltage, and the resulting switching action of all possible switch combinations of the upper and lower arms in each control cycle. This method selects the switch combination that minimizes the objective function as the output of the next cycle and implements multi-objective optimal control.



For an MMC system with a large number of sub-modules, the existing FCS-MPC control methods involve a large amount of calculation. The Modulated Model Predictive Control (M2PC) method preserves all the advantages of the FCS-MPC method and solves some problems associated with the FCS-MPC method, such as enabling variable switching frequency, delay compensation, and short sampling times [22,23,24]. However, little to no effort has been made to develop a M2PC method for the control of MMC-HVDC systems supplying power to passive networks or weak AC systems. This paper aims to propose a new Hybrid M2PC method for control of the MMC-MTDC system that addresses the key limitations faced by the FCS-MPC methods.



The contributions of this paper to the research field are:



(1) A novel voltage control strategy based on M2PC is proposed for MMC-MTDC systems supplying power to passive networks or weak AC systems, which effectively regulates AC line currents and allows converters to comply with current references under severe conditions, such as severe power fluctuations or grid faults.



(2) The proposed strategy reduces the amount of calculation required compared with FCS-MPC methods when calculating optimal output voltage levels.



(3) An improved multi-point DC voltage control strategy based on active power balanced control is proposed and proved to be more applicable to MMC-MTDC systems.




2. MMC-MTDC Mathematical Model


Figure 1 shows the schematic diagram of a four-terminal MMC-MTDC system for supplying passive networks.



The rectifiers and inverters are made of three-phase MMCs. In the figure, Ls and Lp represent the AC filter inductances, while Rs and Rp denote the line equivalent resistances. Us1 and Us2 represent two independent AC power supplies. us and up represent the AC voltage of the sending end of the rectifier station and the receiving end of the inverter station, respectively. idc represents the current of the DC line. Further, Cdc denotes the DC capacitor, and C1 and L1 (C3 and L3) constitute the LC low-pass filter, which filters out the high-order harmonics on the inverter side, while C2 can also provide some of the AC network reactive power support to compensate for the impact of load fluctuations on voltage stability.



Figure 2a presents the Circuit diagram of the inverter side of a three-phase MMC with six arms. Generally speaking, each arm is composed of a half-bridge submodule (SM). The MMC legs consist of three phases, a, b, and c, which are represented by the subscript j. Subscripts u and l represent the upper and lower arms of each leg. N series-connected SM, as well as the equivalent internal resistance (R) and an inductor (L), make up each leg. Rp1 and Lp1 denote the AC filter inductance and the line equivalent resistance of inverter station 1. Figure 2b shows the circuit diagram of SM. The switches T1 and T2 always operate in a complementary fashion.



Using Kirchhoff’s Voltage Law (KVL), the transient mathematical model of the AC side of an MMC can be obtained,


     d  i  s j      d t   =  1   L  s e     ( 2  u  d j   − 2  u   p 1  j   −  R  s e    i  s j   )   



(1)






     d  i  c j      d t   =  1   L     (  u  d c   −  u  c j   −  R    i  c j    )   



(2)




where


    {       u  c j    =  1 2  (  u  u j    +  u  l j    )          u  d j    = −  1 2  (  u  u j    −  u  l j    ) =  1 2  (  u  l j    −  u  u j    )      i  c j   =  1 2  (  i  u j    +  i  l j    )            and     {     L  s e    = L + 2  L   p 1          R  s e    = R + 2  R   p 1           








where ucj and udj denote common voltage and differential voltage, respectively, and icj represents circulation current.



Under balanced control the capacitor voltages of each sub module are equal, and the output voltage of the upper and lower bridge arm varies from 0 and N levels:


    {     u  u j    =    n  u j     N   u    dc   ,    n  u j    ∈ [ 0 , 1 , ⋯ ,   N ]      u  l j    =    n  l j     N   u    dc   ,    n  u j    ∈ [ 0 , 1 , ⋯ ,   N ]       



(3)




where nuj and nlj represent the number of SMs for upper and lower arm inputs, respectively, and uuj and ulj represent the voltages of the upper and lower arms, respectively.




3. Design of the Hybrid Modulated Model Predictive Control Strategy


3.1. Design of the Inverter Side Controller




     Ψ  s j   ( t ) =  1   L  s e     ( 2  u  d j   − 2  u   p 1  j   −  R  s e    i  s j   )    



(4)






     Ψ  c j   ( t ) =  1   L     (  u  d c   −  u  c j   − R  i  c j    )    



(5)







Let Ts represent the sampling time, kTs represent the present moment and (k + 1)Ts represent the moment at the next control period. Utilizing the trapezoidal integration formula in Equation (4),


    i  s j    ( k + 1 ) −  i  s j    ( k ) =    T s   2  (  Ψ  s j   ( k + 1 ) +  Ψ  s j   ( k ) )   



(6)







Considering that the fluctuation of usj is negligible over one sampling period from kTs to (k + 1)Ts, it can be approximated as invariant. Thus, the discretization of Equation (4) can be obtained,


    i  s j    ( k + 1 ) =   2  L  s e    −  T s      R  s e      2  L  s e    +  T s      R  s e       i  s j    ( k ) +   4  T s     2  L  s e    +  T s      R  s e       u  d j   ( k ) −   2  T s     2  L  s e    +  T s      R  s e      (  u   p 1  j   ( k + 1 ) +  u   p 1  j   ( k ) )   



(7)







Similarly, considering that udc is constant during the sampling time, Equation (4) can be rewritten as,


      i  c j    ( k + 1 ) =  i  c j    ( k ) +    T s    L  (  u  d c   ( k ) −  u  c j   ( k ) )     



(8)







Equations (6) and (8) can be used to predict the AC line and circulating current values for all combinations of SM operations.



M2PC requires a suitable modulation scheme as part of the minimization of the cost function in the MPC algorithm. In this paper we use a modulation scheme that is particularly suitable for high power converter control. In each sampling period, only one branch of one SM is allowed to switch, so as to obtain the total switching frequency of the SM, which is half of the sampling frequency [22,23,24]. This function becomes quite important when considering high power applications. Moreover, this switching mode helps to reduce the computational needs of the controller.



The proposed M2PC method evaluates a cost function J(k) for all possible voltage levels in each leg at the start of each sampling period. This cost function with multiple prediction horizons can be defined as,


    J   p 1  j   ( k + 1 ) =  |   u   p 1  j   ( k + 1 ) −  u   p 1   ∗   |    



(9)




where


    u   p 1  j  ∗  =  U s ∗   e  j 2 π  f ∗  ( k + 1 )  T s      



(10)




where Us* represents the rated AC voltage; f* = 50 Hz is the rated frequency [25].



By combining Equations (1)–(3) and (6), the reference voltage level of the bridge arm satisfying the AC voltage and the current control target is obtained,


    {     n  u j  ∗  =  N  2  u  dc     (  u  s j  ∗  ( k + 1 ) +  u  c j  ∗  ( k + 1 ) )      n  l j  ∗  =  N  2  u  dc     (  u  c j  ∗  ( k + 1 ) −  u  s j  ∗  ( k + 1 ) )       



(11)




where nuj* and nlj* represent the reference voltage levels of nuj and nlj, respectively.



In general, the number of sub-modules applied to the MMC is large. If the traditional FCS-MPC control strategy is used, the computational load is undoubtedly enormous [26]. This paper uses Equation (11) to calculate the optimal output level of the bridge arm at the next sampling time, and then considers its neighboring 2M (M ≥ 1) levels as a finite control set by selecting the appropriate M value, which can significantly reduce the amount of calculations in one control cycle. It is worth noting that in most cases nuj* and nlj*, calculated according to Equation (11), are not integers. This paper uses the method of rounding down, then selects the level combination and the upper or lower bridges. The 2M level combinations adjacent to the arm together constitute a new set of modulable finite controls.



A key point of voltage control in the M2PC strategy proposed in this paper is to calculate nuj and nlj based on the two specific voltage values of the passive network output voltage and the circulating current suppression voltage, based on Equation (11) [27,28,29]. The reference value thus minimizes the state performance function in Equation (7) based on the non-monotonic change characteristic of Jzj(k + 1). From the structural characteristics of the MMC it can be seen that, whether it is the upper or lower arms, increasing the number of levels in the bridge arm can increase the output value of the control target to the passive network at a future point, while reducing the number of arm levels will reduce the output voltage value to the passive network.



Therefore, the corresponding upper and lower arm level configuration parameters can be calculated according to the voltage prediction reference value at the beginning of the next period. Let the increase and decrease in the number of levels of the j phase affect the output voltage values of the next period by Vj1 and Vj2, respectively. In one control period described by setting a specific time node    t   p 1  j      executing the control commands one after another leads    u   p 1  j      (k + 1) to finally equal    u   p 1  j  *   .



The ratio of time changing between Vj1 and Vj2 is called the duty cycle. The details of calculating this duty cycle for the proposed M2PC method are explained in detail in Reference [30]. Employing the formulation from Reference [30], the duty cycle can be obtained as,


    d   p 1  j   =    u   p 1  j  ∗  −  u   p 1  j  2     u   p 1  j  1  −  u   p 1  j  2      



(12)




where    u   p 1  j  1    and    u   p 1  j  2    can be obtained from Equation (10) by substituting usj(k) with Vj1 and Vj2 respectively. In Equation (12),    d   p 1  j      represents the time ratio of usj(k) needs to be set to Vj1.



Similarly, the cost function and the duty cycle corresponding to the circulating current are,


    J  c j   ( k + 1 ) =  |   i  c j   ( k + 1 ) −  i  c j  ∗   |    



(13)






    d  c j   =    i  c j  ∗  −  i  c j  2     i  c j  1  −  i  c j  2      



(14)








3.2. Improvement of the Model Predictive Control Algorithm


The performance cost function of Equation (13) guarantees an optimal combination of converter switches in one control cycle, but does not take into account its optimality in two or more control cycles, ignoring suboptimal switch combinations or other combinations which contain the optimal information. The algorithm relies on strong assumptions about the load behavior, and non-linear loads and load fluctuations may cause converter control system oscillation and even divergence. This paper will improve the algorithm with multi-step output predictive control to improve its robustness.



Firstly, single step prediction is performed using the discrete state equation. The number of inserted submodules (SM) is then determined to meet the requirements of multi-step model prediction. Figure 3 and Figure 4 illustrate the principle of one step M2PC and the proposed optimized multi-step M2PC, respectively. One of the most distinctive feature of the proposed optimized multi-step M2PC is that its predicted periods become multi-step, and its control periods remain one step. Taking two-step in Figure 4 as an example, there are many paths that allow    u   P 1      j    to reach the reference value at (k + 2)Ts, but only one path minimizes the cost function, which could be more optimized than the path in Figure 3.



Therefore, the key principle of the proposed strategy is to solve for the optimal solution of the predictive model in multiple periods. In this situation, the value of the state variable in the multi-step predictive model (X(k + p)) needs to be calculated, and the cost function needs to make corresponding adjustments. Taking the two-step situation as an example, this paper utilizes Simpson’s formula to calculate X(k + 2), which can minimize the calculation error. For multi-step cases, Runge-Kutta formulae can be used.



Taking two-step in Figure 4 as an example, utilizing the Simpson integration formula in Equations (4) and (5),


    i  s j    ( k + 2 ) −  i  s j    ( k ) =    T s   6  (  Ψ  s j   ( k + 2 ) + 4  Ψ  s j   ( k + 1 ) +  Ψ  s j   ( k ) )   



(15)






    i  c j    ( k + 2 ) −  i  c j    ( k ) =    T s   6  (  Ψ  c j   ( k + 2 ) + 4  Ψ  c j   ( k + 1 ) +  Ψ  c j   ( k ) )   



(16)







Similarly, considering that usj and udc are constant during the sampling time,


   J ( k + 1 ) =  λ 1    |   u   p 1  j   ( k + 2 ) −  u   p 1   ∗   |  +  λ 2    |   i  c j   ( k + 2 ) −  i  c j  ∗   |    



(17)




where λ1 to λ2 are the weighting factors of each control target.



Considering the computational complexity of the performance cost function at this time, as well as taking into account the robustness of the multi-step prediction, M can be set to 1. Meanwhile, for simplicity, it can be assumed that the load current does not change within the predicted time domain. Thus, the improved VSC-HVDC system inversion and the corresponding performance cost function are constructed using the improved Equations (15) and (16).



When a DC fault occurs, it should be noted that the fluctuation of the terminal voltage will be comparatively greater. This will undoubtedly result in instability of the controlled output voltage of the converter and the limit of the voltage range to be reached.



The DC voltage reference value of the DC voltage control link in the original converter station control system is corrected according to the amount of voltage fluctuation, and the threshold value of the modified voltage reference signal is applied to ensure that the DC voltage of the multi terminal system will not deviate from the normal operating range.




3.3. Total Cost Function and Duty Cycles


The cost function is now given by,


   J ( k + 1 ) =  λ 1   J  p j   ( k + 2 ) +  λ 2   J  c j   ( k + 2 )   



(18)







The two weighting factors, λ1 and λ2 can be adjusted to achieve the desired the control performance. Since the current cost function Jcj(k + 2) already includes the amount of current necessary to charge the DC-link capacitor to the desired voltage, the importance of Jpj(k + 2) lies in its ability to reduce the steady-state error in the DC-link voltage, related to the converter losses, which is not considered in Jcj(k + 2). Therefore, the ratio λ1/λ2 is typically set to the minimum value that ensures zero steady-state error in the DC-link voltage [31,32].



The switching times for the two selected vectors are calculated by solving the linear system of equations in Equation (18). Once the value of K is obtained from Equation (18), the expressions for the switching times are obtained


    {     J  c j   ( 1 )   =    K       J  c j   ( 1 )          d  c j   ( 2 )   =    K       J  c j   ( 2 )          d  c j   ( 1 )   +  d  c j   ( 2 )   = 1     ⇒  {     d  c j   ( 1 )   =    J  c j   ( 2 )      J  c j   ( 1 )   +  J  c j   ( 2 )          d  c j   ( 2 )   =    J  c j   ( 1 )      J  c j   ( 1 )   +  J  c j   ( 2 )           



(19)







Once the switching times are calculated, the M2PC algorithm chooses the two inverter states for times dcj(1) and dcj(2) if they minimize the following global cost function:


    J  c j    =  d  c j   ( 1 )    G  c j   ( 1 )   +  d  c j   ( 2 )    G  c j   ( 2 )     



(20)







This solution is proposed as an alternative to an analytical duty cycle calculation. The overall M2PC scheme is shown in Figure 5.




3.4. Improved Multi-Point DC Voltage Control Strategy


The proposed multi-step M2PC control strategy is mainly used on the inverter stations connected to the loads as a first control, while the multi-point voltage coordinated control strategy is used between these four stations to maintain the balance of active power and the stability of DC voltage as a secondary control.



Therefore, this paper further proposes a multi-point voltage coordinated control strategy based on M2PC and power balance, which is called Hybrid M2PC (HM2PC). HM2PC is integrated into the primary and secondary coordination control strategy, and its specifics are as follows:



(1) MTDC multi-point voltage coordination control requires the upper system-level controller to provide the active power reference signal to the converter station-level controller of each terminal converter station.



(2) In the upper system level controller, either the converter station with the largest converter capacity or the key converter station in the system is selected as the power balance converter station. The reference values for the active power of the remaining converter stations are taken directly from the power flow regulator system, while the reference values for the active power of the converter stations are calculated according to Equation (21), based on the reference values for the active powers of other converter stations. The variable n is the number of MTDC converter stations.


   P  B a l a n c e   = −  ∑  (  P  r e f 1   ,  P  r e f 2   , ⋯ ⋯ ,    P  r e f n - 1   )    



(21)







(3) The system level control system only updates the active power reference value to each converter station when changing the scheduling trend. At the other times, the converter stations are independently controlled according to the reference value calculated from the active power after the latest update, without much communication needs.




3.5. Implementation of the HM2PC Strategy


The execution of HM2PC includes the following steps:



(1) Sample and measure the relevant electrical parameters of the MMC-HVDC system at time kTs, including:    u  p j   ( k ) ,  u  s j   ( k ) ,  u  dc    ( k ) ,   and    i  s j   ( k )  .



(2) With the prediction model, improved multi-step prediction function, and prediction correction function, combined with the time sampling value kTs and the inverter switching state for different calculations, calculate the predicted value at the (k + 1)Ts moment (or (k + p)Ts moment, p = 1, 2).



(3) According to step (2) and the corresponding performance cost function, the predicted output of the traversing method is calculated as the inverter output in the prediction horizon from all possible combinations of the switch performance cost function and the corresponding values.



(4) The performance cost function values corresponding to each switch state are compared, and the minimum switching state gmin (i.e., the optimal switching state) is selected to generate switching signals, which are then driven and amplified to act on the inverter.



(5) Repeat step (1) to step (4) at the next sampling period.





4. Simulation Results and Analysis


In order to verify the effectiveness of the above predictive control algorithm, a simulation model of the VSC-MTDC system (Figure 1) in MATLAB/Simulink has been developed. The system parameters are listed in Table 1. In this study, the constant current control and constant reactive control strategy are adopted on the rectifier side of the VSC-MTDC system. On the inverter side, the traditional DCLC strategy, single-step predictive control strategy, and improved multi-step predictive control strategy (the number of predicted steps P is 3), which is added to the correction feedback, are simulated and compared.



4.1. MMC Converters Connected to the Load


In this simulation scenario the MMC1 stations maintain a voltage of 20 kV and the MMC3 stations maintain a power of 30 kW. Initially, the MMC4 station maintained a constant load of 40 MW. At 5 s, the load was reduced by 16 MW, and the load at 10 s increased by 16 MW, with the MMC3 station adjusting the amount of added power fluctuation.



In order to compare the static characteristics using a nonlinear load between the traditional control strategy and the adaptive modulated model predictive control strategy mentioned in this paper, several large frequency converters are connected to the low-voltage side of the passive network. The control frequency is 10 kHz and the corresponding AC current simulation results are shown in Figure 6.



By comparing and calculating the current error of the traditional control strategy and the strategy proposed in this paper, the current signal Total Harmonic Distortion (THD) values are 9.88% and 1.83%, respectively. It can be seen that when large-capacity nonlinear loads are connected to the grid system the quality of the power supply using the traditional control strategy is significantly reduced, while the proposed method can still maintain acceptable static performance. Therefore, in the face of large-scale renewable energy integration into the distribution network, the proposed control strategy has great advantages in ensuring the quality of the power supply.



The simulation results in Figure 7a,b compare the inhibition of circulation current in a MMC converter using M2PC with the improved multi-step M2PC. At 0.25 s, the circulation suppression function is enabled separately. As can be seen, the circulation current contains some DC and low harmonic components. After the function is enabled, the circulation current under both control methods is rapidly reduced. The difference is that the improved multi-step M2PC is able to further reduce the size of the circulation current and lower the amplitude of the pulse in the circulation current.




4.2. Regulation Station Supplemental Power During Load Fluctuation


In this simulation scenario, the MMC1 stations maintain their voltage at 20 kV and the MMC3 stations maintain their power at 30 kW. Initially the MMC4 station maintained a constant load of 40 MW. At 5 s, the load was reduced by 16 MW, the load at 10 seconds increased by 16 MW, and the MMC3 station adjusted the amount of added power fluctuation.



The comparison of the active power transmitted by the MMC2 station and the MMC4 station in each coordinated control mode is shown in Figure 8, and the comparison of the DC voltage at each end of the MTDC system is shown in Figure 9.



In this simulation, FCS-MPC is faster than the other two control strategies. However, as the ability to adjust the load fluctuation depends entirely on the master station, the controller should balance the active power and the voltage control a ring DC grid. Furthermore, deficiencies in single point voltage control cause large voltage fluctuations, with the maximum fluctuation threshold reached 5 times. Thus, voltage and power fluctuations as well as the steady state error are the largest of the three kinds of control.



The HM2PC strategy proposed in this paper is faster than DCLC FCS-MPC. The DC voltage under control shows almost no fluctuation under load fluctuation, and the voltage fluctuation and power fluctuation in steady state are the smallest among the three control modes.




4.3. Aimulating the Exit of the Main Control Station Due to Failure


In this simulation scenario, the MMC1 station and the MMC4 station maintain a constant load of 10 MW and 40 MW, respectively. Initially, the VSC1 station and the VSC3 station respectively issue 20 MW and 30 MW of active power. At 5 s, the main control station MMC1 exited due to a failure. At this time, the MMC3 station became the new main control station and simultaneously delivered power to the MMC2 station and the MMC4 station.



The comparison of the active power transmitted by the MMC2 station and the MMC4 station in each coordinated control mode is shown in Figure 10, and the comparison of the DC voltage at each end of the MTDC system is shown in Figure 11.



In this simulation scenario involving a large disturbance where one end completely withdraws from the four-terminal system, all three coordinated controls can still achieve three-terminal power balance. However, the lack of voltage control capability in the master-slave control method causes an overshoot of active power to almost reach the upper limit of the master station control. If the limit is exceeded, it may cause a change in the control master station, thereby forcing the MMC4 station to maintain the DC voltage by reducing the load power. The power adjustment speed of the multi-point voltage control strategy based on an active power balance proposed in this paper performs better than voltage drop control, achieving the minimum voltage fluctuation and power fluctuation in the steady state.





5. The Scheme of Experimental Verification


In order to further verify the effectiveness of the proposed control strategy, a real-time controller hardware-in-the-loop test platform based on RT-LAB (11.1, OPAL-RT technologies Inc, Montreal, QC, Canada) can be built, as shown in Figure 12. The network frame model of MTDC system is built in the upper computer software of RT-LAB. Its main topology is put in the high performance real-time simulator OP5600 (OPAL-RT technologies Inc, Montreal, QC, Canada) and the high frequency power electronic devices are placed in the nanosecond real-time simulator OP7020 (OPAL-RT technologies Inc., Montreal, QC, Canada) containing FPGA, which are connected to the external controller through the I/O interface and communication protocol. Then, the control strategy proposed in this paper can be rewritten into the form of C language and fed into the external controller (usually Digital Signal Processor (DSP)). In addition, it can test different running scenarios by dynamically adjusting the reference values of state quantities in the control subsystem of OP5600 in real time. In a nutshell, experimental verification is the next research focus that needs to be overcome.




6. Conclusions


A hybrid modulated model predictive control (HM2PC) strategy for modular-multilevel-converter (MMC) multi-terminal direct current (MTDC) systems supplying power to passive networks or weak AC systems was developed to improve the control performance of maintaining the DC voltage and power balance of the proposed system. The proposed method, on the basis of fully preserving the superiority of the traditional model predictive control method, reduces the amount of control operations and has the characteristics of flexible structure, good robustness, and strong scalability.



Next, an improved multi-point DC voltage control strategy based on active power balanced control is proposed, which is proved to have a fast transient response and includes the control target directly in the cost function minimization algorithm. It has the further advantage of including a suitable modulation scheme inside the cost function minimization algorithm, in order to maintain a constant switching frequency equal to half the sampling frequency.



Finally, the MMC-MTDC system supplying power to passive networks or weak alternating current systems under different operating conditions is simulated to analyze and demonstrate the feasibility and effectiveness of the proposed control strategy. Besides, the scheme of experimental verification is mentioned in detail.
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Figure 1. System configuration of a modular multilevel converter based multi-terminal direct current (MMC-MTDC) system for supplying passive networks. 
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Figure 2. Circuit diagram of MMC: (a) Circuit diagram of the inverter side of a three-phase MMC; (b) Circuit diagram of Sub-Module (SM). 
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Figure 3. Principle of one step Modulated Model Predictive Control (M2PC). 
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Figure 4. Principle of proposed optimized multi-step M2PC. 
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Figure 5. Overall M2PC block scheme for the control of MMC converters. 
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Figure 6. The simulation results of AC current: (a) Traditional control strategy; (b) The strategy proposed in this paper. 
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Figure 7. The simulation results of circulation current: (a) M2PC; (b) Improved multi-step M2PC. 
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Figure 8. Simulation waveforms of load fluctuation: (a) The active power of the receiving end controlled by double closed-loop control (DCLC); (b) The active power of receiving end controlled by an MPC method based on a finite control set (FCS-MPC); (c) The active power of the receiving end controlled by the hybrid modulated model predictive control (HM2PC). 
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Figure 9. Simulation waveforms of load fluctuation: (a) The DC voltage controlled by DCLC; (b) the DC voltage controlled by FCS-MPC; (c) the DC voltage controlled by the HM2PC. 
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Figure 10. Simulation of the operation during an exit of an input converter station: (a) The active power of the receiving end controlled by DCLC; (b) the active power of the receiving end controlled by FCS-MPC; (c) the active power of the receiving end controlled by HM2PC. 
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Figure 11. Simulation of the operation during an exit of the input converter station: (a) The DC voltage controlled by DCLC; (b) the DC voltage controlled by FCS-MPC; (c) the DC voltage controlled by HM2PC. 
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Figure 12. A schematic diagram of the real-time controller hardware-in-the-loop test platform. 
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Table 1. Parameters for the Study System of Figure 1 (Sub-Module (SM)).
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	Quantity
	Value





	AC sources system nominal Voltage
	35 kV



	Nominal DC voltage
	±10 kV



	Rs
	0.1 Ω



	Ls
	5 mH



	Rp
	0.02 Ω



	L2
	1.3 mH



	C2
	200 μF



	DC capacitance Cdc
	4700 μF



	DC line length
	10 km



	AC load system nominal voltage
	20 kV



	The number of stations
	4



	Arm inductance L
	1 mH



	Arm resistance R
	0.2 Ω



	SM capacitor C
	1.2 mF



	The number of SMs
	10
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