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Abstract

:

This paper adopts the Modular Multilevel Converter Type Railway Power Conditioner (MMC-RPC) equipment to effectively manage the power quality of the high-speed railway traction power supply system including the reactive power and negative sequence component. Firstly, the single-phase model of the MMC was established to deduce the working characteristics of the MMC-RPC and its compensation principle for the traction power supply system with the v/v wiring transformer. Secondly, the adaptive VSG control strategy was adopted for the inverter of the MMC-RPC to provide dynamic inertial and damping support for the traction power supply system based on the virtual synchronous generator (VSG) control. Compared with the traditional double closed-loop (DCL) and VSG controls, it has better anti-disturbance and dynamic performance. The root locus analysis of control parameters based on a small signal model shows that VSG control can provide more stability margin. Furthermore, Differential Flatness Control (DFC) was used in the inner-loop controller to ensure the stable control of the inverter and the stability was verified by the Lyapunov stability analysis. For the rectifier of the MMC-RPC, a hierarchical three-level control strategy with system-level control, cluster-group voltage control, and inter-cluster voltage control for keeping the voltage balance was adopted. Finally, simulation results on the Matlab/Simulink platform verified the effectiveness and stability of the joint control applied in the MMC-RPC.
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1. Introduction


At present, China’s high-speed railway is developing rapidly and its operating mileage is increasing, which is currently close to forty thousand kilometers [1]. However, power quality management is still necessary for high-speed railways. For example, traction power supply systems with low loads are still affected by the large reactive power. With the increase in traffic volume, the negative sequence problems also become more and more serious. Furthermore, voltage unbalance perturbation in the power grid is mainly caused by the electric high-speed railway loads. In addition, the access of a large number of locomotive power electronic converters has caused new problems, such as the low-frequency oscillation related to the converters with weak inertia and damping characteristic. These problems make challenges for the safe and stable operation of the railway power supply system [2,3,4,5,6].



It is difficult for traditional power quality management equipment to realize all functions of harmonic suppression, power factor, inertia improvement, and negative sequence components elimination [7,8]. One study [9] used a special connected transformer and reactive devices to realize dynamic reactive power compensation; however, its effect of negative sequence compensation is limited. In [10] the authors adopted an active power quality compensator, which can realize the comprehensive compensation; however, it is only suitable for traction stations with balance transformers to maintain the effective working voltage, and there are certain limitations in the application. In the 1980s, Japanese scholars put forward the Railway Power Conditioner (RPC), which can realize comprehensive improvement of the power quality. At present, RPC has been studied extensively in China [11]; however, the traditional RPC equipment is connected back-to-back by means of a two-level voltage source converter, and the voltage at both ends is low. It needs to be connected to the traction power supply system through step-down transformer [12], which increases the cost and volume of the whole equipment. Therefore, some researchers have proposed the MMC type RPC by replacing the step-down transformers to modular converters with better economy and efficiency. Single-phase MMC is connected back-to-back to form the MMC-RPC system [13]. While managing qualities of harmonics, negative sequence currents, and the reactive power, it also increases voltage levels to further reduce harmonics produced by the equipment itself.



At present, the difference of MMC-RPC topologies mainly lie in the number of bridge arms corresponding to different DC voltage grades and control complexity. Common MMC-RPC systems include 2, 3, and 4 bridge arms [14]. This paper takes the 4arm MMC-RPC system as the study objective due to the low requirement to the DC voltage grades and moderate control complexity.



In order to realize a better power quality management effect through RPC equipment, scholars have carried out research on different control strategies. The authors of [15] adopted a comprehensive control strategy by combining voltage-current double closed-loop and hysteresis comparison controls for traditional RPC. However, the control is not applicable to MMC-RPC even if the reference quantity can be tracked in real time. In [16], a direct power control strategy without a phase-lock loop for MMC-RPC was adopted, which has fast power response and good stability. The authors of [17,18] used current compensation and power balance controls for the MMC-RPC; however, it cannot provide inertial and damping support for the traction power supply system. Maintenance of frequency stability is limited when the traction load changes abruptly. In [19], the virtual synchronous generator (VSG) control was established, which enhances inertial and damping support; however, its fixed damping and inertia parameters have certain limitations in suppressing power oscillation.



In this study, the adaptive VSG control for the MMC-RPC was used to simulate the external characteristics of synchronous generator dynamically under different working conditions. It provides optimal inertial and damping support to improve the stability of the joint system with the traction power supply system and the MMC-RPC. The Lyapunov stability analysis has shown that the control is stable when the differential flatness theory is satisfied. Therefore, Differential Flatness Control (DFC) was applied in the inner-loop controller to ensure the stable control of the MMC-RPC. Furthermore, three-level control was adopted for the DC voltage of the rectifier to ensure the voltage balance of submodules and the voltage stability of the DC link.



Taking the v/v wiring traction power supply system as an example, this paper adopted back-to-back connection of two single-phase MMCs, which are connected to the traction network to realize the management of power quality. This paper firstly analyzes the active and reactive power compensation of the traction power supply system, establishes the mathematical model of the MMC-RPC, and studies its operating characteristics. Then, the capacitive voltage equalization control [20,21] was used in the bottom control to ensure the stability of MMC-RPC. Furthermore, the joint control of the adaptive VSG control and the DFC are adopted in the upper control to provide inertial and damping support and make the MMC-RPC more stable. A small signal model of the VSG shows the system is stable when control parameters are in a certain range; however, it is hard to realize due to the variation in the working conditions. In addition, the Lyapunov stability analysis of the DFC is established to verify the control stability. Finally, simulation verification is carried out based on Matlab/Simulink platform to verify the effectiveness of the joint control.




2. Principle of MMC-RPC


2.1. MMC-RPC Model


The power quality management scheme for high-speed railway traction power supply system based on MMC-RPC is shown in Figure 1, which is mainly composed of traction power supply system and back-to-back MMCs. The 220 kV three-phase voltage is transformed into 27.5 kV through a v/v wiring traction transformer, supplying power to the left and right traction power supply arms, respectively. The MMC-RPC is connected to the left and right traction power supply arms so as to realize energy transition on both sides and harmonic management through new control strategies. Furthermore, power control at the upper layer is applied on the inverter end, constant DC voltage control is applied on the rectifier end to ensure the stability of DC side voltage.



The topology of MMC-RPC can be obtained from Figure 1, and the left and right power supply arms are defined as α, β phase, and a and b are defined as two bridge arms in one phase, respectively. Structures and parameters of each phase and each bridge arm of the MMC-RPC are the same.



Where:



usk (k = α, β, which represents different phase) is the AC voltage of each phase;



isk is the AC current of each phase;



ukjp and ukjn (j = a or b, a and b represent different arms, and p and n represent the upper and lower bridge arms, respectively) are the voltage of upper and lower bridge arms of each phase;



ikjp and ikjn are the currents of upper and lower bridge arms of each phase;



ekj is the ground reference voltage of the AC port of the bridge arm;



R0 and L0 are the bridge arm resistance and inductance, respectively;



idc and udc are the DC current and voltage, respectively.



Figure 2 shows the topology of single-phase MMC (SP-MMC) on one side of the back-to-back MMC-RPC. The lower right-hand part of Figure 2 shows the MMC submodule structure, which is composed of switching devices and capacitors. The working mode of the submodule is controlled by the switching state of the power switching devices. Furthermore, the main working states of submodules can be divided into three types: input, removal, and locking. Among them, the submodule shows the locking mode only when the MMC system fails. According to the single-phase MMC topology, the AC side port equation of the single-phase MMC is:


   u  cq   =  e  k a   −  e  k b   =  u  sq   − R  i  sq   − L   d  i  sq     d t   − 2 ω L  i  sd   ,  



(1)







The DC side voltage equation of the MMC-RPC is:


  0  . 5   u  dc   =  u  k j p   +  L S    d  i  k j p     d t   +  R S   i  k j p   +  e j  ,  



(2)






  0  . 5   u  dc   =  u  k j n   +  L S    d  i  k j n     d t   +  R S   i  k j n   −  e j  ,  



(3)







By using simultaneous solution for Equations (2) and (3), the MMC-RPC voltage equations on both AC side and DC side can be obtained [22]:


   u  cq    = 0   . 5   (   u  k j n   −  u  k j p    )   + 0   . 5   L S    d  (   i  k j n   −  i  k j p    )    d t    + 0   . 5   R S   (   i  k j n   −  i  k j p    )  ,  



(4)






   u  dc   =  (   u  k j n   +  u  k j p    )  +  L S    d  (   i  k j n   +  i  k j p    )    d t    + 0   . 5   R S   (   i  k j n   −  i  k j p    )  ,  



(5)







According to Kirchhoff’s theorem, we have:


    i  k ap    = −   i  dc    / 2   −     i S    ,    i  k an    = −   i  dc    / 2   +     i S  ,   



(6)






    i  k bp    = −   i  dc    / 2   +     i S    ,    i  k bn    = −   i  dc    / 2   −     i S  ,   



(7)







According to the above equations, the current and voltage relationship among upper and lower bridge arms corresponding to each phase can be obtained: iap = ibn, ian = ibp, uap = ubn, and uan = ubp.




2.2. Compensation Principle


In order to realize the active power balance, the reactive power compensation, the elimination of the negative sequence current at the grid side, and the suppression of the harmonic components in the traction power supply system, it is necessary to provide compensation power references for the MMC-RPC. Figure 3 shows the power compensation phasor diagram of the system under the working condition with heavy load at the left supply arm and light load at the right supply arm of the traction substation, corresponding to different phases.



Where:



UA, UB, and UB are the three-phase voltages of the power grid;



PL, PR, QL, and QR are the active power and reactive power of the left and right supply arms, respectively;



PLref, PRref, QLref, and QRref are the reference compensation values of the active power and reactive power of each supply arm, respectively.



To achieve active power balance, MMC-RPC needs to transfer 0.5|PL − PR| power from the light load side to the heavy load side, so that the power of the supply arms on both sides is PL′ = PR′ after the transfer. According to Figure 3, the left and right supply arms compensate PL′tan30° + QL and PR′tan30° − QR reactive power, respectively, to eliminate the negative sequence current, and realize three-phase current balance on the primary side of the v/v traction transformer. Finally, the power reference components PLH, PRH, QLH and QRH are superimposed for the harmonic suppression, so as to obtain the MMC-RPC reference compensation values:


   P  Rref   =    P L  −  P R   2  −  P  RH   ,  



(8)






   P  Lref   =    P R  −  P L   2  −  P  LH   ,  



(9)






   Q  Rref   = −  Q R  −  P R ′  tan  π 6  −  Q  LH   ,  



(10)






   Q  Lref   =  Q L  −  P L ′  tan  π 6  −  Q  LH   ,  



(11)







In the actual power extraction link, the single-phase MMC-RPC has only a single degree of freedom since it is applied in the single-phase power supply system, which cannot separate the instantaneous active and reactive power through dq transformation such as the three-phase MMC. Therefore, this study constructed a virtual component orthogonal to the actual quantity with the help of an all-pass filter, which realizes the synchronous rotation coordinate transformation. The transfer function of the all-pass filter is:


     f β   ( s )     f α   ( s )    =   ω − s   ω − s   ,  



(12)







After constructing the virtual component, the active and reactive power of the single-phase system can be extracted:


   [    p     q    ]  =  1 2   [       u d       u q         u q      −  u d       ]   [     i d       i q     ]  ,  



(13)







As shown in Figure 3 and Figure 4, the phasor diagram and calculation block diagram of the overall expected compensation power can be obtained. However, the low-pass filter should be firstly used to filter harmonics in the voltage and current before they are input to the power calculation block.





3. VSG Control


3.1. VSG Model


It is necessary to establish the mathematical model of the VSG control to apply it effectively in the MMC control. At present, the rotor motion equation and the stator electrical equation of the synchronous generator are used as the mechanical and electromagnetic links of the VSG, respectively. The excitation controller and turbine regulator of the synchronous generator are also introduced to regulate the frequency and voltage, respectively, according to the active and reactive power [23].



The mathematical model of VSG is:


   {     θ ¨  =  1 J   (   T m  −  T e  − D Δ ω  )  =  1 J   (     P m   ω  −  P ω  − D  (  ω −  ω g   )   )        d θ   d t   =  ω 0  + Δ ω     ,  



(14)




where:



J is the inertia;



D is the damping coefficient;



Tm and Te are the mechanical and electromagnetic torques, respectively;



ω, ωg, and ω0 are the angular velocity, network voltage angular velocity, and rated angular velocity respectively;



θ is the output angle.



The electrical equation of the VSG is:


   {     u d  =  E d  −  R s   i d  + ω  L s   i q       u q  =  E q  −  R s   i q  − ω  L s   i d      ,  



(15)




where:



ud, uq, id, iq, Ed, and Eq are the d-axis and q-axis components of VSG terminal voltage, stator current, and three-phase internal potential, respectively;



RS and LS are the VSG stator resistance and inductance, respectively.



With the help of the relationship between torque ω and power P, the turbine regulator link of the synchronous generator has been simulated, and it is adjusted as follows:


   T m  =    P  ref   −  k f   (  ω −  ω 0   )   ω  ,  



(16)




where:



Pref is the reference value of active power;



kf is the frequency modulation coefficient.



VSG excitation controller is:


      E d  =    E 0  +  (   k P  +    k I   s   )   (   Q  ref   − Q  )  −        k u   (   U  ref   −  U m   )     ,  



(17)




where:



E0 is the internal potential without load;



kP and kI are the reactive power proportional integral regulation parameters;



Qref is the reference value of reactive power;



Q is the reactive power;



ku is the voltage regulation coefficient;



Uref and Um are the rated terminal voltage and terminal voltage, respectively.




3.2. Design of VSG Controller


3.2.1. Power Loop Design


According to the VSG model in Section 3.1, the operating principle of synchronous generator can be applied in the MMC power loop as shown in Figure 5:



As shown in Figure 5, the active power controller adjusts the active power through adjusting the torque of the VSG turbine regulator according to the value difference between the actual power and the expected power. Moreover, the reactive power controller adjusts the VSG excitation and bridge arm voltages to adjust the reactive power.



The active power is fed back to the control link in the form of torque. Then the synchronous angular velocity ω is obtained so the output synchronous angle is θ after the integration. Inertia and damping parameters are introduced to simulate the characteristic of the synchronous generator to keep the stability of the frequency and power under the disturbance.




3.2.2. Inner-Current Loop Design


According to the Equation (15), the VSG stator internal potential E can be established according to reactive power and terminal voltage, which can be used to calculate the expected output current of the MMC-RPC, as shown in Figure 6:



The d-axis and q-axis components of the output current can be further decoupled to establish the voltage of each bridge arm of the MMC-RPC so that the switch order of each submodule is obtained. Since the β-axis component obtained by dq-αβ inverse transformation is virtual quantity, it can be ignored. Then the expected voltages of the upper and lower bridge arms corresponding to each phase are related with:


   {     u  kap   =  u  kbn        u  kan   =  u  kbp        u  kap   = −  u  kbp       ,  



(18)









3.3. Adaptive VSG Control


In traditional VSG control, the virtual inertia and damping coefficient of J and D are fixed values, which cannot reach optimal control with varied working conditions. Therefore, the adaptive VSG is applied in the MMC-RPC control. By using different values of the two coefficients, the regulation effect of the system is different, as follows:


  Δ ω =    T m  −  T e  − J d ω / d t  D  ,  



(19)






    d ω   d t   =    T m  −  T e  − D Δ ω  J  ,  



(20)







According to the above equations, when J is constant, the larger the D parameter is, the smaller the angular frequency deviation Δω is; when the D parameter is constant, the larger the J parameter is, the smaller the change rate dω/dt of angular velocity ω is. By adjusting J and D parameters, the change in Δω and dω/dt can be suppressed. However, the parameter values of J and D are inappropriate to affect the control stability under traditional VSG control when the system load changes.



As shown in Figure 7 and Figure 8, the power angle curve and transient angular frequency curve of VSG under power oscillation are shown, respectively. Take [t1, t2] time period as an example: at time t1, the load change leads to power oscillation, Δω remains unchanged at the initial time, resulting in a sudden increase in Jdω/dt. Since J is a fixed value, dω/dt increases, which leads to an increase in Δω.



Therefore, in this time period, it is necessary to increase J to suppress the frequency deviation and increase D to suppress overshoot of the angular frequency ω. Similarly, in other time periods, J and D parameters also need to be changed accordingly. Otherwise, too large J increases the overshoot of active power and power oscillation, resulting in slow response speed and poor stability of the system. Furthermore, if the value of J is too small, the sudden change in the angular frequency in the transient process cannot be effectively suppressed. Similarly, the value of D also affects the suppression effect of VSG on active power oscillation.



By analyzing Figure 7 and Figure 8, we can obtain the selection rules of inertia J and damping coefficient D in different intervals, as shown in Table 1:



Combined with the selection rules shown in Table 1, according to the deviation of power, adaptive VSG control based on dynamical regulation of J and D parameters is designed, which is as follows [24]:


  J =  J 0  +  K 1   |  Δ P  |  ,  



(21)






  D =  D 0  +  K 2   |  Δ P  |  ,  



(22)




where:



J0 is the initial inertia;



D0 is the initial damping coefficient;



ΔP is the power deviation;



K1 and K2 are the regulating coefficients of J and D, respectively.



The power change curves under traditional VSG and adaptive VSG control are shown in Figure 9. J and D parameters are set as 3000 and 10, respectively, for both traditional and adaptive VSG controls in the beginning. The difference is that J and D of the traditional VSG control are unchanged during the whole period of time, and they are varied for the adaptive VSG control according to values derived from Equations (21) and (22). It can be seen from the figure that the power reaches the expected values quickly and smoothly under two controls when the MMC-RPC is put into operation. However, at 0.6 s, there is a power overshoot of about 3 MW under the traditional VSG control when the load power increases to around 15 MW. However, the power changes smoothly under adaptive VSG control with the dynamical regulation of two parameters of J and D. Furthermore, the response speed is faster, and the response time is reduced by 60% under the adaptive VSG control. It can be seen that J and D changed to 5000 and 20, respectively, at 0.6 s for the adaptive VSG.




3.4. Small Signal Analysis of VSG


Taking the small signal disturbance of the variables in Equation (14) and adding them to the steady-state variables shown in Figure 5, the VSG small signal analysis model can be obtained in Figure 10.



For each variable of the VSG, small signal disturbance is taken near the steady-state value, and the following equations can be obtained:


   {    P =  P 0  +  p ^       P m  =  P  m 0   +   p ^  m      Q =  Q 0  +  q ^      ω =  ω 0  +  ω ^      δ =  δ 0  +  δ ^      E =  E 0  +  e ^       T m  =  T   m 0    +   T ^  m       T e  =  T   e 0    +   T ^  e      ,  



(23)




where P0, Pm0, Q0, ω0, δ0, E0, Tm0, and Te0 are the steady-state variables and superscript ^ indicates the disturbance variables. Substituting the equation into the VSG mathematical model, ignoring the steady-state component and the disturbance components above the second order on both sides of the equation, and then performing the Laplace transform, the following equations can be derived:


   {    J ω s Δ ω =   p ^  m  −  p ^  − D  ω ^      Δ E = −  k  P I    q ^        δ ^   =  ω ^   / s        p ^   =   T ^  e   ω 0      ,  



(24)







Figure 11 shows the VSG model under small signal disturbance:



In combination with Equation (24), the transfer function of the VSG small signal analysis model can be obtained when the active power of VSG acts alone, in which ΔPm is the input, and ΔP is the output [25]. Note here, ωg = ωn in steady state.


     G  ( s )  =   Δ P   Δ  P m    =          E  U s    E  U s    +   J  (  ω L  )   ω n   s 2    +   D  (  ω L  )   ω n  s      ,  



(25)







According to the transfer function, the root locus diagrams with different damping coefficients D and inertia J can be obtained, which is shown in Figure 12.



According to the stability criterion, all eigenvalues in the left half plane of the imaginary axis indicate that the system is stable. It can be seen from Figure 12a that with the continuous increase in J parameter the characteristic root approaches the virtual axis and the conjugate poles gradually deviate from the real axis, resulting in the increase of system oscillation. Although the power regulation is accelerated, the system stability is reduced, so the value of J cannot be too large. It can be seen from Figure 12b that with the gradual increase in D, the system characteristic root is far away from the virtual axis and close to the real axis, the damping increases, the system oscillation decreases, and the system is in a stable operation state. Therefore, the increase in D can improve the system stability to a certain extent.





4. Inner-Loop Control Based on DFC


4.1. Theory of DFC


Differential Flatness Control (DFC) is a kind of nonlinear control. Since the system under this control has the advantages of small output fluctuation and good dynamic performance, DFC has often been used in the control of power electronic equipment in recent years. The following equation can be satisfied for a certain nonlinear system for the DFC:


    x ˙   = f  (   x , u   )  ,  



(26)







It is assumed that the output of the system can be expressed as:


  z  ( t )  = h  (   x , u ,    d u   d t   , ⋅ ⋅ ⋅ ,    d k  u   d  t k     )  ,  



(27)







The input u, state x, output z, and their finite derivative variables compose a vector space. If the output vector can express all input and state vectors of the system, which is shown in Equation (28), then the basis vectors composed of these vectors can be unfolded into several hyperplanes, respectively. The hyperplane is linear, and there is no warping and bending caused by nonlinearity. Therefore, the system is a flat system; the system is differential flat for the output, the output vector is called a flat output vector.


   {    x  ( t )  =  h x   (  z ,   d z   d t   , ⋅ ⋅ ⋅ ,    d k  z   d  t k     )      u  ( t )  =  h u   (  z ,   d z   d t   , ⋅ ⋅ ⋅ ,    d k  z   d  t k     )      ,  



(28)







According to the differential flatness theory, a DFC system is designed for the MMC-RPC, and it can be obtained by combining Equations of (1) and (28):


   {     u  cd   =  e  k a   −  e  k b   =  u  sd   −  R 0   i  sd   −  L 0    d  i  sd     d t   + 2 ω  L 0   i  sq        u  cq   =  e  k a   −  e  k b   =  u  sq   −  R 0   i  sq   −  L 0    d  i  sq     d t   − 2 ω  L 0   i  sd       ,  



(29)







The output vector of the system is:


  y =    [   y 1  ,  y 2   ]   T  =    [   i  sd   ,  i  sq    ]   T  ,  



(30)







The input vector of the system is:


  u =    [   u 1  ,  u 2   ]   T  =    [   u  cd   ,  u  cq    ]   T  ,  



(31)







The system state variables are:


  x =    [   x 1  ,  x 2  ,  x 3   ]   T  =    [   i  sd   ,  i  sq   ,  u  dc    ]   T  ,  



(32)







Assuming that the DC side equivalent capacitance is Ceq, without considering the converter loss and energy exchange within the inductor, the DC side dynamic equation is:


   C  eq    u  dc     d  u  dc     d t   = 0.5  u d   i  sq   −    u  dc  2   R  ,  



(33)







The solution of the Equation (33) can be expressed as:


   u  dc    ( t )  = k  e  − t /  (  R  C  eq    )    +   0.5 R  u  sd    i  sd     ,  



(34)




where k is related to the initial state and stable state of the DC voltage.



According to the differential flattening theory, the input and the state variables can be expressed as:


   {     x 1  =  i  sd   =  y 1       x 2  =  i  sq   =  y 2       x 3  =  u  dc   = k  e  − t /  (  R  C  eq    )    +   0.5 R  u  sd    i  sd         ,  



(35)






  E  (   e  11   ,  e  12   ,  e  21   ,  e  22    )  = 0.5  (   e  11  2  +  e  12  2  +  e  21  2  +  e  22  2   )  ,  



(36)







From Equations (35) and (36), it can be seen that the output variables and its finite order derivatives can represent all input variables and state variables of the MMC-RPC. Therefore, the MMC-RPC control corresponds with the differential flattening theory, and the output variables are also flat for the flat system.




4.2. Stability Analysis of DFC


The following equation can be obtained according to Equation (29):


   {     L 0    y ˙  1  = −  u 1  +  u  sd   −  R 0   y 1  + 2 ω  L 0   y 2       L 0    y ˙  2  = −  u 2  +  u  sq   −  R 0   y 2  − 2 ω  L 0   y 1      ,  



(37)







It can be seen from Equation (37) that when the output variables y1 and y2 reach the expected value, the expected trajectory of u1 and u2 can be gradually tracked.



Construct Proportional Integral (PI) error of output variables y1 and y2:


   {     e  k 1   =  y k *  −  y k       e  k 2   =    ∫ 0 t    (   y k *   ( x )  −  y k   ( x )   )     d x     ,  



(38)







Aiming at the global asymptotic stability of the system, the positive definite energy equation of the MMC-RPC is designed as follows:


  2 E  (   e  11   ,  e  12   ,  e  21   ,  e  22    )  =  e  11  2  +  e  12  2  +  e  21  2  +  e  22  2  ,  



(39)







When the above equation satisfies the initial conditions (when e = 0, E(0) = 0; when e ≠ 0, E > 0), the derivative of (39) can be obtained:


   E ˙   (   e  11   ,  e  12   ,  e  21   ,  e  22    )  =  e  11     e ˙   11   +  e  12    e  11   +  e  21     e ˙   21   +  e  22    e  21   ,  



(40)







Equation (37) is substituted into Equation (40) to obtain the following equation:


      E ˙   (   e  11   ,  e  12   ,  e  21   ,  e  22    )  = −  e  21    (  −   y ˙  2 ∗  −    u 2     L 0    +    u  sq      L 0    −    R 0     L 0     y 2  − 2 ω  y 1  −  e  22    )  +      e  11    (    y ˙  1 ∗  +    u 1     L 0    −    u  sd      L 0    +    R 0     L 0     y 1  − 2 ω  y 2  +  e  12    )     ,  



(41)







For the differential flat system of the MMC-RPC, when e ≠ 0 and E > 0, the first derivative of    E ˙    needs to be <0, so that when ||e|| tends to 0, and E tends to 0. Moreover, it can ensure that the total energy of the system is reduced to global stability along the desired trajectory. In order to ensure    E ˙    < 0, it can be deduced that:


   {     u 1  =  L 0   (  −   y ˙  1 ∗  −    u  sd      L 0    −    R 0     L 0     y 1  + 2 ω  y 2  −  e  12   −  k 1   e  11    )       u 2  =  L 0   (  −   y ˙  2 ∗  −    u  sq      L 0    −    R 0     L 0     y 2  − 2 ω  y 1  −  e  22   −  k 2   e  21    )      ,  



(42)







By introducing Equation (42) into Equation (41), it can be deduced that:


   E ˙   (   e  11   ,  e  12   ,  e  21   ,  e  22    )  = −  k 1   e     11    2  −  k 2   e     21    2  ≤ 0 ,  



(43)









5. System Control Strategy Design of MMC-RPC


5.1. Adaptive VSG-DFC Control on Inverter Side


In this study, the differential flatness theory is introduced into the MMC-RPC closed-loop control. By proving the stability of the DFC system, the Lyapunov Equation (41) is established, and the inner-loop controller Equation (42) is derived. At the same time, the DFC inner loop is combined with the adaptive VSG control. As for the outer loop, the VSG generates the output components required by the DFC. Then, through the inner-loop control based on the differential flattening theory, the voltage of each bridge arm of the MMC-RPC is established to obtain the switch order of each submodule, as shown in Figure 13.




5.2. DC Voltage Three-Level Control on Rectifier Side


Since each MMC submodule has an independent capacitor, it is necessary to balance and stabilize the capacitor voltage of the submodule, which is the prerequisite for the reliable operation of the MMC system. According to the characteristics of the MMC rectifier, a hierarchical control strategy including the system-level control, cluster-group voltage control, and inter-cluster voltage control was applied, and it was combined with carrier Phase-Shift Modulation (PSM). The capacitor voltage of the MMC submodule can be balanced and the DC link voltage can be stabilized.



5.2.1. System-Level Control on Rectifier Side


In order to ensure the reliable operation of the MMC-RPC, the constant DC bus voltage control is adopted on the rectifier side, and the DC link voltage is stabilized through PI adjustment. The specific control is shown in Figure 14:




5.2.2. Cluster-Group Voltage Control


The voltage sharing control takes the individual voltage of each phase as the control objective. For the total capacitance voltage of the upper and lower bridge arms of each phase, its average value is adjusted through the outer voltage loop, and the current is adjusted by the inner current loop. The capacitor voltage of each submodule can accurately track the expected value. The specific control is shown in Figure 15:




5.2.3. Inter-Cluster Voltage Control


This voltage stabilizing control takes the capacitor voltage of single submodule as the control objective. According to the difference between the actual value and the expected value of the capacitor voltage of each submodule, the capacitor voltage is tracked by proportional control. Moreover, the correction component is superimposed in the modulation waveform so as to realize the stable control of the submodule voltage between bridge arms. The specific control is shown in Figure 16:






6. Simulation Analysis


In this study, the MMC-RPC based on improved VSG-DFC control is established on the Matlab/Simulink platform to verify the stability and effectiveness of this management scheme.



6.1. Verification of the Adaptive VSG-DFC


It is assumed that there is 10 MW traction load on the left power supply arm of the traction network, which suddenly changes to 20 MW at 0.5 s. The adaptive VSG-DFC control and the traditional direct power control are respectively adopted on the inverter side of the MMC-RPC.



As shown in Figure 17, under the condition of sudden change in traction load, the output frequency of MMC-RPC system under the traditional control fluctuates largely, which is caused by the lack of damping and inertia support. At 0.5 s, the load changes suddenly, and then the maximum frequency fluctuation amplitude reaches 2 Hz for nearly 0.1 s, thus affecting the stability of traction power supply system. Under the adaptive VSG-DFC control, the frequency response is more stable and faster when the MMC-RPC system is put into operation, and the regulation time is reduced by 25%. In addition, the output frequency is nearly unaffected by the sudden change in the traction load. Both cases show the adaptive VSG-DFC has better stability and dynamic performance.



As shown in Figure 18, traction load changes suddenly at 0.5 s. There is a power overshoot power of 1 MW when the load is changed at 0.5 s under the traditional double closed-loop control. Furthermore, there is the power fluctuation of about 0.1 MW under the traditional control, when reaching the desired power at about 0.46 s. Moreover, the adaptive VSG-DFC control has no sudden change in the process of power transfer, which is smoother and more stable. Moreover, the power fluctuation is smaller. The VSG-DFC strategy avoids the reduction in power quality, has better power regulation effect and higher stability.



Figure 19 and Figure 20 show the voltage and current waveform under VSG-DFC control when traction load changes suddenly at 0.5 s. The inverter side current remains stable when the traction load changes suddenly. Similarly, the capacitor voltage of submodules on one bridge arm can be stabilized at the expected value of 5500 V. The voltage of each submodule remains the same, and the voltage ripple is less than 1%.



Figure 21 shows the capacitor voltages of submodule under two controls. The capacitor voltage fluctuation of submodule is smaller under the adaptive VSG-DFC control. By comparison, the joint control of VSG with current decoupling inner loop has more voltage fluctuation.




6.2. Verification of Management Effect under Adaptive VSG-DFC Strategy


On the simulation platform, under the traction load of 15 MW on the left arm and 1 MW on the right arm in the traction network, MMC-RPC is put into operation at 0.8 s to verify the power quality control effect.



Figure 22 shows the management capability under VSG-DFC, which illustrates the power quality management capability of the MMC-RPC in the traction power supply system. The MMC-RPC is put into use at 0.8 s in the traction power supply system. It can be seen from Figure 22 that the three-phase current at the power grid side is unbalanced. After the MMC-RPC system transferred active power and compensated reactive power, the three-phase current is gradually balanced. Figure 23 shows the current of traction power supply arm. Due to the imbalance of locomotive load, the current imbalance on both sides is large. Then, the current balance on both sides is realized through MMC-RPC, and the negative sequence current is well-managed.





7. Conclusions


Aiming at the power quality problems of the traction power supply system with a v/v wiring transformer in a high-speed railway, this paper proposes a new power quality management scheme based on the MMC-RPC. This paper firstly analyzed the mathematical model and control strategy of the MMC-RPC to compensate the active and reactive power in the system. The adaptive VSG control is more stable compared with traditional VSG control. Then this paper proposed a joint control by combining the adaptive VSG and the DFC. Small signal analysis and simulation on Matlab/Simulink platform were carried out and results verify the effectiveness of the control. Based on the analysis results, the following conclusions were obtained:




	(1)

	
According to the frequency deviation and frequency derivative of the response, the J and D parameters were adaptively adjusted in the improved VSG control. In the case of sudden change in traction load, the MMC-RPC under the adaptive VSG control has better stability. The small signal analysis verified the stability of VSG control. Adaptive VSG can make the parameters change dynamically, stay away from the unstable region, and maintain the control with more margin. Besides the improved stability, the response speeds of both frequency and power are faster compared with traditional VSG and double closed-loop control, when the MMC-RPC is put into operation or the traction load is suddenly changed;




	(2)

	
The DFC has good response speed and stability, which ensures the stable and effective operation of the MMC-RPC. Furthermore, the DFC control on the rectifier side is used to stabilize the DC side voltage. The stability of DFC control was confirmed by stability analysis. By applying the DFC into the inner loop of the adaptive control, both the AC and DC dynamic responses were improved;




	(3)

	
Under the adaptive VSG-DFC, the MMC-RPC can realize the bi-directional power control for power supply arms of different phases. Overall, the adaptive VSG-DFC can realize the active power balance, reactive power compensation, and negative sequence current suppression. In addition, it can ensure the current and voltage balance, and realize the comprehensive management of power quality.









In the subsequent research, the hardware in the loop simulation of low-power MMC-RPC will be carried out through dsPace platform to verify the effectiveness of the system.







Author Contributions


All the authors contributed to the research in the paper. Conceptualization, Y.S.; Methodology, Y.S.; Simulation, Y.S.; Validation, Y.S. and T.L.; Formal analysis, Y.S.; Writing—original draft preparation, Y.S.; Writing—review and editing, T.L.; Supervision, T.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Xu, S.; Chen, C.; Lin, Z.; Zhang, X.; Dai, J.; Liu, L. Review and prospect of maintenance technology for traction system of high-speed train. Transp. Saf. Environ. 2021, 3, stdab017. [Google Scholar] [CrossRef]

	



Yu, K. Electric Railway Power Supply and Power Quality; China Electric Power Press: Beijing, China, 2011. [Google Scholar]

	



Wang, H.; Li, Q.; Zhang, Y.; Jin, L.; Xie, S.; Zan, X. Comprehensive compensation method and control strategy of negative sequence and harmonic for electrified railway with Dd transformer and SVG. In Proceedings of the 16th IET International Conference on AC and DC Power Transmission (ACDC 2020), Xi’an, China, 2–3 July 2020; pp. 442–447. [Google Scholar]

	



Wei, Y.; Jiang, Q.; Zhang, X. An optimal control strategy for power capacity based on railway power static conditioner. In Proceedings of the APCCAS 2008—2008 IEEE Asia Pacific Conference on Circuits and Systems, Macao, China, 9 January 2009; pp. 236–239. [Google Scholar]

	



Burchi, G.; Lazaroiu, C.; Golovanov, N.; Roscia, M. Estimation of voltage unbalance in power systems supplying high speed railway. Electr. Power Qual. Utilisation. J. 2005, 11, 113–119. [Google Scholar]

	



Brenna, M.; Foiadelli, F.; Roscia, M.; Zaninelli, D. Harmonic analysis of a high speed train with interlaced four quadrant converters. In Proceedings of the 2008 IEEE Power and Energy Society General Meeting–Conversion and Delivery of Electrical Energy in the 21st Century, Pittsburgh, PA, USA, 20–24 July 2008; pp. 1–6. [Google Scholar]

	



Danwen, Y.; Guanglei, L.; Weixu, W.; Qingyu, W. Power quality pre-evaluation method considering the impact of electrified railway. In Proceedings of the 2021 6th Asia Conference on Power and Electrical Engineering (ACPEE), Chongqing, China, 8–11 April 2021; pp. 1556–1559. [Google Scholar]

	



Ghassemi, A.; Maghsoud, I.; Farshad, S.; Fazel, S.S. Power quality improvement in Y/Δ electric traction system using a Railway Power Conditioner. In Proceedings of the 2013 12th International Conference on Environment and Electrical Engineering, Wroclaw, Poland, 5–8 May 2013; pp. 489–494. [Google Scholar]

	



Sun, Y.; Dai, C.; Li, J. A hybrid compensation method for electric railway’s power quality improvement. In Proceedings of the 2015 5th International Conference on Electric Utility Deregulation and Restructuring and Power Technologies (DRPT), Changsha, China, 26–29 November 2015; pp. 2287–2292. [Google Scholar]

	



Kaleybar, H.J.; Kojabadi, H.M.; Brenna, M.; Foiadelli, F.; Fazel, S.S. An active railway power quality compensator for 2×25kV high-speed railway lines. In Proceedings of the IEEE International Conference on Environment & Electrical Engineering & IEEE Industrial & Commercial Power Systems Europe IEEE, Milan, Italy, 6–9 June 2017; pp. 1–6. [Google Scholar]

	



Hu, S.; Zhang, Z.; Yong, L. An LC-Coupled Electric Railway Static Power Conditioning System. Trans. China Electrotech. Soc. 2016, 31, 199–211. [Google Scholar]

	



Luo, A.; Wu, C.; Shen, J.; Shuai, Z.; Ma, F. Railway Static Power Conditioners for High-speed Train Traction Power Supply Systems Using Three-phase V/V Transformers. IEEE Trans. Power Electron. 2011, 26, 2844–2856. [Google Scholar] [CrossRef]

	



Tanta, M.; Barros, L.A.; Pinto, J.G.; Martins, A.P.; Afonso, J.L. Modular Multilevel Converter in Electrified Railway Systems: Applications of Rail Static Frequency Converters and Rail Power Conditioners. In Proceedings of the 2020 International Young Engineers Forum (YEF-ECE), Costa da Caparica, Portugal, 3 July 2020; pp. 55–60. [Google Scholar]

	



Deng, W.; Dai, C.; Chen, W.; Zhang, H. Research Progress of Railway Power Conditioner. CSEE 2020, 40, 4640–4655 + 4742. [Google Scholar]

	



Maghsoud, I.; Ghassemi, A.; Farshad, S.; Fazel, S.S. Current balancing, reactive power and harmonic compensation using a traction power conditioner on electrified railway system. In Proceedings of the 2013 21st Iranian Conference on Electrical Engineering (ICEE), Mashhad, Iran, 14–16 May 2013; pp. 1–6. [Google Scholar]

	



Song, P.; Lin, J.; Li, Y.; Wu, J. Direct Power Control Strategy of Railway Static Power Conditioner Based on Modular Multilevel Converter. Power Syst. Technol. 2015, 39, 2511–2518. [Google Scholar]

	



Zhao, L.; Chen, F.; Jiang, Y. Research on Topology and Control Strategy of Railway Power Regulator Based on MMC. In Proceedings of the 2020 5th International Conference on Power and Renewable Energy (ICPRE), Shanghai, China, 12–14 September 2020; pp. 6–15. [Google Scholar]

	



Song, S.; Liu, J.; Ouyang, S.; Chen, X. A modular multilevel converter based Railway Power Conditioner for power balance and harmonic compensation in Scott railway traction system. In Proceedings of the 2016 IEEE 8th International Power Electronics and Motion Control Conference (IPEMC-ECCE Asia), Hefei, China, 22–26 May 2016; pp. 2412–2416. [Google Scholar]

	



Song, P.; Zhou, Z.; Dong, H.; Wen, F. Modeling and Control of Virtual Synchronous Generator Based on MMC-RPC. Control. Inf. Technol. 2018, 01, 26–32. [Google Scholar]

	



Dong, S.; Chen, Y.C. Adjusting Synchronverter Dynamic Response Speed via Damping Correction Loop. IEEE Trans. Energy Convers. 2016, 32, 608–619. [Google Scholar] [CrossRef]

	



Ma, F.; Xu, Q.; He, Z.; Tu, C.; Shuai, Z.; Luo, A.; Li, Y. A Railway Traction Power Conditioner Using Modular Multilevel Converter and Its Control Strategy for High-Speed Railway System. IEEE Trans. Transp. Electrif. 2016, 2, 96–109. [Google Scholar] [CrossRef]

	



Pinggang, S.O.; Jiatong, L.I.; Yunfeng, L.I. Circulating Current Analysis and Suppressing Controller Designing of the MMC Based on Railway Static Power Conditioner. High Volt. Eng. 2016, 42, 3539–3547. [Google Scholar]

	



Meng, X.; Liu, Z.; Liu, J.; Wang, S.; Liu, B.; An, R. Comparison between inverters based on virtual synchronous generator and droop control. In Proceedings of the 2017 IEEE Energy Conversion Congress and Exposition (ECCE), Cincinnati, OH, USA, 1–5 October 2017; pp. 4077–4084. [Google Scholar]

	



Dong, J.; Wang, L. Study on an Adaptive Virtual Synchronous Generator Control Strategy for Distributed Generators. Electr. Drive 2019, 49, 78–81 + 89. [Google Scholar]

	



Jun, F.; Meng, J. Modeling and Parameter Design of Marine Micro-grid Virtual Synchronous Generator. In Proceedings of the 2021 IEEE 4th Advanced Information Management, Communicates, Electronic and Automation Control Conference (IMCEC), Chongqing, China, 8–20 June 2021; pp. 122–127. [Google Scholar]








[image: Energies 15 05205 g001 550] 





Figure 1. Topology of MMC-RPC. 
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Figure 2. Topology of SP-MMC. 
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Figure 3. Phasor diagram. (a) Voltage phasors at primary and secondary sides; (b) phasor diagram of power compensation. 
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Figure 4. Calculation block diagram of expected power. 
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Figure 5. Control chart of virtual synchronous generator. 
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Figure 6. Stator electrical equation. 
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Figure 7. VSG active power and virtual frequency curve. 
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Figure 8. Transient angular frequency curve. 
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Figure 9. Output power of the MMC-RPC under two VSG controls. 
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Figure 10. VSG small signal analysis model. 
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Figure 11. VSG small signal analysis model under disturbance. 
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Figure 12. Root locus. (a) Root locus under J parameters change; (b) root locus under D parameters change. (The direction of the arrow indicates that the parameter is increased). 
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Figure 13. Control chart of VSG-DFC. 
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Figure 14. System-level control diagram. 
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Figure 15. Cluster-group voltage control chart. 
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Figure 16. Inter-cluster voltage control chart. 
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Figure 17. Output frequencies of MMC-RPC under two control methods. Partial diagram of output frequencies by setting: (a) MMC-RPC is put into operation, (b) sudden load change. 
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Figure 18. Output power of MMC-RPC under two control methods. 
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Figure 19. Current waveforms on inverter side. 
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Figure 20. Upper arm capacitor voltages in one leg. 
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Figure 21. Capacitor voltage of submodule under two controls. 






Figure 21. Capacitor voltage of submodule under two controls.



[image: Energies 15 05205 g021]







[image: Energies 15 05205 g022 550] 





Figure 22. Primary side current waveforms before and after the VSG control adopted. 
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Figure 23. Current of power supply arms before and after the VSG control adopted. 
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Table 1. Selection rules of J and D.
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	Section
	Δω
	dω/dt
	Δω (dω/dt)
	J
	D





	[t1, t2]
	>0
	>0
	>0
	enlarge
	enlarge



	[t2, t3]
	>0
	<0
	<0
	reduce
	enlarge



	[t3, t4]
	<0
	<0
	>0
	enlarge
	enlarge



	[t4, t5]
	<0
	>0
	<0
	reduce
	enlarge
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