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Abstract

:

This article proposes a novel equivalent control method for voltage source inverters (VSI) with disturbance observers (DOB) to support the symmetric and asymmetric voltage requirements of a micro-grid (MG) while also matching the MG output power requirements. The method leverages the degrees of freedom (DOF) of the VSI under symmetric and asymmetric MG voltage conditions by utilizing the mean-point voltage of the MG, which is often overlooked in literature studies due to this being grounded. The method enables the three-phase inverter to generate voltages as needed by the MG inconsistently due to changing loads in the MG circuits or phases. The method is also insensitive to disturbances because of the DOB, being part of the controller. The proposed method is validated under both the balance and imbalance voltage demands of the MG. The mean voltage of the MG is used as a set-point to be corroborated as a mean voltage at the inverter’s output, in addition to active-reactive power references. The novel model is developed by augmenting the new, mean-point voltage as part of the system dynamics. The proposed method is simulated in MATLAB/Simulink® and is verified for its hardiness and effectiveness.
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1. Introduction


With the advent of modern applications and the expanding populations of cities, the demand for electricity is increasing unchecked. This demand is bringing a great deal of pressure on the already functioning power system’s infrastructure. Not restricted to the infrastructural issues only, power generation is also being constrained by the limited fossil fuels and changing trends towards clean and renewable energy options. The renewable energy sources (RES) have their own challenges because of their fluctuating nature, thus leading to open problems to be solved by the research and development community [1,2].



The smart grid (SG) is a modern paradigm of power systems, compared to its traditional version, due to having the state of the art of all engineering and scientific fields merged into one system. SG is a novel framework due to its bidirectional power flows, smart data acquisition methods, remote data operations, smart diagnostics, desirable monitoring, smart communications, distributed controllers, smart energy sharing, consumer participation, renewable energy integration, re-configurable capability and smart conversion functions [1,2,3]. SG is realized by the integration of MG units, while also connecting it to the upstream power network. MG is a local power system architecture and autonomously controllable power unit, which can function in isolation or in grid-connected modes. MG is generally formed by the integration of RES or by the integration of distributed generators (DGs), where every DG is either based on fuel cells, wind or solar energy. Every DG also functions in a self-controllable manner so as to optimize the energy generation and to meet the needs of the MG [4]. The structure of the MG composed of DGs, depending upon VSI, is given below in Figure 1 [5].



DG’s main causes of tripping from the MG are voltage variations (swell or sag), which are either due to fault conditions or impedance mismatches among the phase circuits of the MG. This tripping of DGs can cause a serious imbalance in the MG circuit, leading to total blackouts. For this reason, grid codes (GCs) suggest three demands [6]:




	
The DG must stay connected to the MG for up to 150 ms, even if the MG voltage drops to zero.



	
The DG must support voltage recovery by injecting a reactive current into the MG.



	
The DG must ramp up the active power to normal operation immediately after clearing the imbalance or fault.








Therefore, DGs are required by the GCs to maintain the MG voltage or MG frequency within the required range and is a matter of converter control. The role of power converters is very unique since the converters are the interfaces enabling the synchronization, voltage control, current control and power flow control in the MG and SG [5,7,8]. A number of studies can be found in the literature regarding the control of three-phase VSI, specifically in view of controlling the imbalance of power in the MG [9,10,11,12,13]. All of these established works offer complexity, since they are designed to maintain pure sinusoidal voltages as the output of the VSI, whose conception dates back to the 1980s due to the stringent supply requirements of the three-phase motors [14,15,16,17].



In order to supplement the compensations for the imbalances produced on the grid side, a number of research and control formulations have been applied to VSI. The sliding mode control (SMC) method has also been applied, considering that the converters have switching devices, which in nature are discontinuous and quite consistent with the adopted control technique [18,19]. However, all of these studies are found employing two-dimensional control, which results in the under-utilization of the capabilities of three-phase converters [20,21,22,23].



The unknown variables or the control constituents in any system are known as the degrees of freedom (DOF), which are two in the case of three-phase converters in the synchronous reference frame, meaning that the third degree is free for utilization [22]. The random nature of the loads in the distribution system connected to the MG introduces a demand for imbalance voltage generation or imbalance current compensation from the VSI. This asymmetric voltage generation demand from the VSI requires it to employ the full capabilities (DOF) of its switching matrix [24]. All three-phase converters have three independent control inputs but, in general, in all techniques, the desired outputs are defined either as control of current (orthogonal dq-/  α β  -frames) or control of power (active and reactive, power frames), resulting in 2D control requirements. Hence, the target is to use the third DOF to provide a much needed and desired output in addition to two orthogonal currents or powers.



In this article, the superfluous DOF available in the VSI’s switching matrix is used for the voltages’ asymmetry as an additional requirement to bring a balance between the MG (with loads) and the VSI source. The organization of the paper follows in a logical manner. First, the system’s novel model is developed, and then the novel control formulation is established, and finally the simulation results are described to demonstrate the method’s robust and vigorous performance.




2. System’s Modeling


The renewable energy system’s output can be modeled using a DC link capacitor, which, through a VSI, a 3-phase filter, and a 3-phase inductance (equivalence of transmission line), is connected to a 3-phase MG. The grid is considered to be working either in balance or in imbalance conditions due to the contingent nature of the real-time loads or the occurrence of faults. A generalized diagram of the VSI source connected to the three-phase MG is given in Figure 2.



The active and reactive or orthogonal powers can be evaluated at the MG end using expression (1).


       P g       Q g      =       v g T  ·  i g         v  g ⊥  T  ·  i g       =       v g T   i g         v  g ⊥  T   i g        



(1)




where


     v  g ⊥  T     =  vector orthogonal to MG voltage vector (  v  g  T  )       v g T     = [   v  g a     v  g b     v  g c    ] =  voltage vector of MG       i g T     = [   i  g a     i  g b     i  g c    ] =  current vector of MG .     











Taking the derivatives of power (1) yields


        P g  ˙        Q g  ˙      =        v ˙   g  T   i g  +  v  g  T    i g  ˙          v ˙   g ⊥  T   i g  +  v  g ⊥  T    i g  ˙        



(2)




Considering the   L g   values to be zero in Figure 2, Kirchhoff’s voltage law gives the grid current expression to be


   L g    d  i g    d t   =  v c  −  v g  −  R g   i g   



(3)




Now, substituting the grid current dynamics into Equation (2), the following dynamics of active/reactive powers are obtained.


        P g  ˙        Q g  ˙      =        v ˙   g  T   i g  −   L g  − 1    v  g  T   v g  +  L g  − 1    R g   v  g  T   i g           v ˙   g ⊥  T   i g  −   L g  − 1    v  g ⊥  T   v g  +  L g  − 1    R g   v  g ⊥  T   i g        +  L g  − 1        v g T       v  g ⊥  T       v c   



(4)




If the errors in the orthogonal powers’ exchange are denoted by   e  P g   ,   e  Q g    and the set-points for these powers are represented by   P  g   r e f   ,   Q  g   r e f   , then the dynamics of errors for these powers’ (   e ˙   P g   ,    e ˙   Q g   ) exchange can be given as below [24]:


        e ˙   P g         e ˙   Q g       =        P ˙   g   r e f   −    v ˙   g  T   i g  −  L g  − 1    v  g  T   v g  −  L g  − 1    R g   v  g  T   i g           Q ˙   g   r e f   −    v ˙   g ⊥  T   i g  −  L g  − 1    v  g ⊥  T   v g  −  L g  − 1    R g   v  g ⊥  T   i g        −  L g  − 1        v g T       v  g ⊥  T       v c   



(5)




where


     L g     =   diagonal MG inductance matrix of order  3 × 3       R g     =   diagonal MG resistance matrix of order  3 × 3       v c T     = [   v  c a     v  c b     v  c c    ] =   converter voltage vector .     








It is obvious from Equation (5) that the converter output voltage components (  v s T  ) are independently affecting the orthogonal power exchange between the RES and the MG, since both the powers are reliant on the collinear vector of the MG voltage (  v g T  ) and the orthogonal vector of the MG voltage (  v  g ⊥  T  ). As seen in Equation (5), the vector of control (  v c T  ) has 3 constituents, while the vector of control error (  e  PQ  T  ) has 2 constituents. Consequently, there is a possibility to use the third available superfluous degree in the vector of control (  v c T  ) so as to enforce or satisfy a new requirement of the system, which will accomplish the utilization of the full control capabilities of the VSI. Writing Equation (5) in a compact form yields


        e ˙   P g         e ˙   Q g       =        P ˙   g   r e f   −  f P          Q ˙   g   r e f   −  f Q       −  L g  − 1        v g T       v  g ⊥  T       v c   



(6)




where


     f P     =   disturbance terms of active power of order   1 × 1       f Q     =   disturbance terms of reactive power of order   1 × 1 .     








Now, it is important to mention that in the case of a balanced or symmetric MG, the average of the 3-phase voltages equals zero, as denominated by point (  v  g n   ) in Figure 2. However, in the case of an imbalanced or asymmetric MG, the average of the 3-phase voltages results in an instantaneous, non-zero value due to the stochastic nature of the real-time loads connected to the MG. It is important to highlight again that this MG’s neutral value (  v  g n   ) is generally considered to be grounded in the literature [20,21,22,23] and negative sequence control schemes are used to compensate for the imbalances appearing in the form of a negative sequence in the MG. Contrarily, in this article, the mean voltage (  v  g n   ) of the MG is kept floating and also it is used as an additional requirement of the MG, which is reflected towards the generation side (or the RES-based VSI source side) as a desired additional reference value. In order to obtain the desired results, it is specified in the error dynamics form as given below in Equation (7):


   η ˙  =  f η  −  L g  − 1    b T   v c  =  v  g n   −  v  c n    



(7)




where


     f η     =   disturbance terms of mean MG voltage of order   1 × 1        v  g n   =  1 3   (  v  g a   +  v  g b   +  v  g c   )      =   mean voltage of MG of order   1 × 1        v  c n   =  1 3   (  v  c a   +  v  c b   +  v  c c   )      =   mean voltage of VSI of order   1 × 1       b T     = [   1 3    1 3    1 3   ] =   mean voltage magnitude vector of order   1 × 3 .     








where the novel variable dynamics   (  η ˙  )   show the rate of change for this contemporary voltage requirement   ( η )   of the MG to be produced by the VSI.



After augmenting the newly introduced dynamics (7) of the new requirement into the power control error dynamics (6), the final and complete control error dynamics are found to be


        e ˙   P g         e ˙   Q g        η ˙      =        P ˙   g   r e f   −  f P          Q ˙   g   r e f   −  f Q        f η      −  L g  − 1        v g T       v  g ⊥  T       b T       v c   



(8)




Further, in a more compact form, the errors of dynamical system (8) can be mentioned in matrix form as below:


    e ˙   P Q η   =  f  P Q η   +  B  P Q η    v c   



(9)




In Equations (8) and (9), the dimensions of the error vector (   e ˙   P Q η   ) are matched with those of the control vector (  v c  ) and, according to the basic control theory, the system (9) is now fully controllable because the distribution matrix of control (  B  P Q η   ) has full rank. Further, as the system (9) is not rank-deficient, a unique transformation (  x = T   e  P Q η    ) is now possible in such a way that the new system (   x ˙  =  f x  +  B x   v c   ) has a diagonal control distribution matrix (  B x  ). Hence, the new converted system is a dynamically decoupled system and has three first-order, decoupled sub-systems. One sub-system corresponds to the active power, the second to the reactive power and the third sub-system corresponds to the mean-point voltage of the MG, meaning that the system has been transformed into a one-on-one function system.



Now, the non-singularity of the control distribution matrix (  B  P Q η   ) completely depends upon the selection of the third row vector (  b T  ), since the first and second rows already have vectors, which are orthogonal. It means that the variable ( η ) has to be selected carefully so that it meets the requirements as defined above. It is now important to highlight that the zero-sequence voltage or zero-sequence current cannot exist in a balanced, 3-phase system, but these sequences do exist in an unbalanced, 3-phase system. Accordingly, the variable   (  η ˙  )   has been formulated in such a way as to make the zero-sequence voltage of the VSI output    v  c n   =  1 3   (  v  c a   +  v  c b   +  v  c c   )    to track the grid’s zero-sequence voltage    v  g n   =  1 3   (  v  g a   +  v  g b   +  v  g c   )   , and the three-phase output voltages   (  v c T  )   of the inverter are generated so as to meet the zero-sequence voltage   (  v  c n   )   of the VSI. Hence, in the system (8), selecting the third variable as    η ˙  =  v  g n   −  v  c n     will achieve the desired output voltages for the MG.




3. Control Formulation


As found in the above section, the variable  η ’s selection is constrained by the need that the distribution matrix of control (  B  P Q η   ) must not be rank-deficient. As per the literature, the third variable ( η ) can help to generate balance voltages in converters for ac machines by using any non-linear control technique [18]. On the other hand, the zero-sequence voltage or current exists for the imbalance scenario, i.e., the reference for  η  does exist, which means that the zero-sequence voltage of the MG (  v  g n   ) can be tracked by the zero-sequence voltage of the inverter (   v  c n   =  1 3   (  v  c 1   +  v  c 2   +  v  c 3   )   ). This can be achieved by selecting    η ˙  =  v  g n   −  v  C n    . Hence, it leads the control formulation to lie within the   ( P , Q , η )  -frame of reference (FOR), in contrast to   ( P , Q )  /  ( d , q )  -FOR present in most of the literature [20,21].



Accordingly, the choice of the control variable from (9) can be made as below:


   v c  = −  B  P Q η   − 1      f ^   P Q η   +  K  P Q η    e  P Q η     



(10)




where    f ^   P Q η    depicts the estimation of the   f  P Q η   , yielding closed-loop error dynamics to be


    e ˙   P Q η   +  K  P Q η    e  P Q η   =   f  P Q η   −   f ^   P Q η     



(11)




It is obvious from (11) that the control errors will diminish to zero and the references will be tracked provided that the estimation of   f  P Q η    is such that     f ^   P Q η   →   f  P Q η    , ∀    K  P Q η   > 0  .



Considering the pair    e  P Q η   ,  v c    calculable, having (  f  P Q η   ) as an input, which is undecided but fulfilling (    f ^   P Q η   = 0  ), then the dynamics of the new system (  z =  f  P Q η   − L  e  P Q η    ), where   L > 0   can be mentioned as    z ˙  = − L  z + L  e  P Q η   +  B  P Q η    v c    . This system helps to calculate  z , thus estimating the unknown input as     f ^   P Q η   = z + L  e  P Q η    . Then, taking suitable values of   L > 0   will separate the dynamics of the observer from the closed-loop dynamics, resulting in     f ^   P Q η   →   f  P Q η     and thus    e  P Q η   →  0  . Hence, the selection    v c  = −  B  P Q η   − 1      f ^   P Q η   +  K  P Q η    e  P Q η      confirms the power control and maintains the additional, novel requirement   η →  0  . Notice that   v c   is continuous.



Further, in order to complete the control design, the kinetics of the inductor currents and capacitor voltages may be evaluated from Figure 2 as given in the equations below:


   d  d t        i  L f a        i  L f b        i  L f c       = −  L f  − 1        v  c a        v  c b        v  c c       +  L f  − 1        v A       v B       v C       



(12)






   d  d t        v  c a        v  c b        v  c c       = −  C f  − 1        i  g a        i  g b        i  g c       +  C f  − 1        i  L f a        i  L f b        i  L f c        



(13)






   d  d t     v  d c    = −  C  d c   − 1     i  R E S   −  i  Lf  T  s  ;   s T  =    s 11    s 12    s 13     



(14)






       v A  =  v  d c     s 11         v B  =  v  d c     s 12         v C  =  v  d c     s 13       



(15)






   s  1 k   =      1 ,      if the switch   (  s  1 k   )  is closed and the switch  (  s  2 k   )   is open        0 ,      if the switch   (  s  1 k   )  is open and the switch  (  s  2 k   )   is closed        



(16)







Here,


     i  R E S      = current to/from RES       v  d c      = DC-bus voltage       C  d c      = DC-bus capacitor       L f     = filter inductance diagonal matrix       C f     = filter capacitance diagonal matrix       i  Lf  T     = [   i  L f a     i  L f b     i  L f c    ] =  inductor/converter o/p current vector       i g T     = [   i  g a     i  g b     i  g c    ] = converter o/p current vector supplied to grid       v  c  T     = [   v  c a     v  c b     v  c c    ] = o/p voltage vector at PCC       v  s  T     = [   v A    v B    v C   ] = voltage vector at o/p of switching matrix        s  T     = [   s 11    s 12    s 13   ] = converter switching vector     








   s  T   is the switching vector, which is used to determine the condition of the switches within the switching matrix. If the voltages (  v A  ,   v B  ,   v C  ) are taken as control inputs, then the dynamics (10)–(16) constitute discontinuous inputs of control, and the voltages (  v  c a   ,   v  c b   ,   v  c c   ) are controlled outputs. As given in Equation (10), the already evaluated voltage (  v c  ) is to be used to maintain the wanted power flow, so it can be employed to determine the set of three-phase voltages (  v A  ,   v B  ,   v C  ). Though the controller design for three-phase systems may be formulated in different FORs subject to the skills of designers; however, it is advantageous to carry this out in a synchronous frame, mainly due to enabling smaller control gains’ selection, possible without any additional benefit.



To attain the desired output voltages (  v c  ) based on the converter’s filter dynamics (12)–(16), the switching pattern for the VSI can either be determined by applying sliding-mode control directly or by averaging the system and using any suitable PWM technique. The second approach is actually a well-known and practical approach for such systems compared to the sliding-mode control. Further, in order to complete the design, a cascaded layout with an exterior loop to evaluate the currents required to adjust the needed voltages (  v c  ) and in the internal loop to compute the voltages inevitable to maintain the desired currents have been adopted. Now, the switching pattern is determined by using a PWM method.



By using Equation (10) as a reference for the output voltage of the converter, the kinetics of the control error of the inverter’s voltage (   e vC  =  v c ref  −  v c   ) can be given as below in Equations (17) and (18):


        e ˙   v C a         e ˙   v C b         e ˙   v C c       =       v ˙   C a   r e f         v ˙   C b   r e f         v ˙   C c   r e f       −  C f  − 1        i  g a        i  g b        i  g c       −  C f  − 1        i  L f a        i  L f b        i  L f c        



(17)




In a compact form,


    e ˙  vC  =  f vC  −  C f  − 1    i Lf   



(18)




Similar to the selection of (10), here, the choice of the control variable (  i Lf  ) can be made as follows:


   i Lf  =  C f     f ^  vC  +  K vC   e vC   ;  K vC  > 0  



(19)




Hence, the error dynamics have the form,


    e ˙  vC  +  K vC   e vC  =   f vC  −   f ^  vC    



(20)




Here, the error in control converges to zero at a rate set by the gains   K vC   provided that a suitable observer design is shaped for an unknown input (  f vC  ). After having found the reference for inductor currents (   i  Lf  ref  =     i  L P   r e f     i  L Q   r e f     i  L η   r e f     T   ), the converter o/p voltage (  v s  ) and switching pattern of the converter can be based on the dynamics (12). Further projecting these dynamics (12) into the FOR   ( P , Q , η )   and making use of the transformations (   x P  =   v g T   v g T    x abc   ;    x Q  =   v  g ⊥  T   v g T    x abc   ;    x η  =   b T   v g T    x abc   ), the current control error (   e iLf  =  i  Lf  ref  −  i Lf   ) dynamics can be evaluated by


   d  d t        e  L P        e  L Q        e  L η       =  d  d t        i  L P   r e f        i  L Q   r e f        i  L η   r e f       +  L g  − 1    C f  − 1    v g       v  C P        v  C Q        v  C η       −  L g  − 1    C f  − 1    v g       v  S P        v  S Q        v  S η        



(21)




and in a compact form,


    e ˙  iLf  =  f iLf  −  L g  − 1    C f  − 1    v g T   v s   



(22)




where


     v g T     =     v  g P     v  g Q     v  g η     T  =  voltage vector of MG       v s T     =     v  s P     v  s Q     v  s η     T  =  output vector of switching matrix     








It was mentioned earlier that the the distribution matrix of control is diagonal; hence, the mathematical model of the system is constituted of three systems of the first order. Two orthogonal set-points of powers with the mean MG voltage are used for the PW modulation. This design is based on the combination of applying elementary disturbance observers with the basic controllers. The observers’ design in the first-order systems is a simple estimation of inputs, which are undetermined. This enables the utilization of nested loops and similar structures for controllers. The added advantage of the model formulation and controller design selection lies in choosing the supplemental control requirement to be able to use the full DOF of the switching matrix to compensate for the asymmetries of the MG-connected system. The proposed control structure for the VSI connected to the MG is given below in Figure 3.




4. Simulation Results


The proposed control method’s formulation is ascertained with the help of simulating the proposed arrangement of the grid-connected VSI-based source. Two of the grid cases, the balanced grid and the imbalanced grid, have been taken into account one-by-one for simulation in order to obtain the results in the following subsection.



4.1. Case A: VSI Source Results with the MG in Balance Condition


The grid voltage for each phase of the balanced grid is set at 100 Volts, as seen in Figure 4a. Figure 4b depicts the respective current injections to the grid as per the requirements of active (or) and reactive powers seen in Figure 4c,d. Figure 4e shows the average voltage (or the neutral voltage) requirement of the MG and the corresponding mean voltage of the VSI source. For the symmetric or balanced grid case, the designed controller is able to keep the required mean voltage to zero at the output of the converter. It is quite evident that the designed control procedure is maintaining the desired injections of orthogonal powers to the MG, as seen in Figure 4c,d.



Further, the locus plots of the MG voltages, inverter’s output voltages and MG currents are all shown in Figure 5, which validates the hardiness of the control structure for the balanced MG circuit.



Finally, the disturbance estimation results are given in Figure 6, showing the results of the output of the controller (or the inverter’s voltage outputs), which are clearly in symmetric form as per the requirement of the balanced MG. The changes are visible around 0.05 s, 0.1 s, 0.15 s and 0.2 s since these are the instants where the power’s set-points are rendered. Figure 6c shows the respective disturbance estimations for the imbalanced MG voltage conditions.




4.2. Case B: VSI Source Results with the MG in Imbalanced Condition


In the case of imbalanced MG requirements, the converter’s controlled results are given in Figure 7, Figure 8 and Figure 9. The step-wise response of the orthogonal powers and the corresponding voltages and currents of the MG are given in Figure 7. A deliberate 10% voltage reduction in phase b is introduced in the MG for the entire duration of the simulation to depict the converter’s controller response for the case of the imbalanced MG.



In Figure 7, the first row shows the imbalance grid voltages, the second row shows the corresponding grid current requirements, the third and fourth rows show the power’s step response requirements of the grid and the last row shows the corresponding average/neutral voltages, with all the average voltages displaying clearly non-zero values corresponding to the grid’s imbalance demands. During intervals 0.05–0.1 s and 0.15–0.2 s, a step variation in the reference powers (Pg, Qg) was introduced and the corresponding power injections by the three-phase inverter can be seen to be in line with the reference values, with very few oscillations compared to the balanced MG case, as in Figure 4.



The VSI source results with the imbalanced grid from Figure 7 have also been depicted by corresponding locus plots in Figure 8. The locus plots of the output voltages, the MG voltages and the MG currents all have been plotted alongside each other to highlight the efficacy of the controller’s capability to enforce the desired output voltages of the inverter, which are seen to be oval, confirming the matching with the imbalance requirements.



Finally, Figure 9 shows the results of the controller output (or the inverter’s output voltages), which are obviously imbalanced as per the requirement of the imbalanced grid. The transients can be noticed around 0.05 s, 0.1 s, 0.15 s and 0.2 s since these are the instants where the power’s set-points are rendered. Figure 9c shows the respective disturbance estimations for the imbalanced MG voltage conditions.



The values used for different parameters and control gains in the simulation are tabulated in the following Table 1.





5. Conclusions


The simulation results have proven the capability of both the proposed mathematical model of the MG-connected DG structure by augmenting the MG mean error voltage, and the relevant disturbance observer-based controller design, in the effective utilization of the full DOF of VSI under imbalanced MG voltage conditions. The proposed method has proven to be a generic method to satisfy both the symmetric and asymmetric conditions of the MG. The proposed method has successfully achieved this goal by enabling the VSI filter’s mean voltage to track the MG’s mean voltage and the switching inverter to generate output voltages to satisfy the VSI’s filter’s mean voltage. The proven controller can also be named the (P,Q,0) or (d,q,0) controller, due to mean voltage or zero sequence being part of the novel mathematical model and controller design. The results have also proven that the proposed methodology enables the three-phase inverter to generate the voltages and currents necessary to meet the required active and reactive powers at the end of the MG, irrespective of the symmetric and asymmetric MG voltage requirements. The proposed structure also works effectively irrespective of the level of disturbance, due to the DOB included as part of the control structure. The future plan is to augment the mean voltage of the MG in the MG-connected VSI model in the double synchronous frame or the model based on symmetrical components so as to explore whether it can provide even better results in terms of a fast response to imbalance requirements.
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	PCC
	Point of Common Coupling



	PWM
	Pulse Width Modulation
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	Sliding-Mode Control



	FOR
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Figure 1. The structure of the MG composed of DGs based on VSI [5]. 
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Figure 2. Interconnecting structure of RES and the MG [24]. 






Figure 2. Interconnecting structure of RES and the MG [24].



[image: Symmetry 15 00865 g002]







[image: Symmetry 15 00865 g003 550] 





Figure 3. Novel control structure of VSI supported MG. 
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Figure 4. Power step responses of the symmetric MG connected VSI source. (a) Grid voltages (   v g   [ V ]   ), (b) Grid currents (   i g   [ A ]   ), (c) Active power (   P g   [ W ]   ), (d) Reactive power (   Q g   [ V A R ]   ), (e) Neutral/mean voltages (   v n   [ V ]   ). 
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Figure 5. Locus plots of Grid voltages (   v g   [ V ]   ), Converter output voltages (   v c   [ V ]   ), and Grid currents (   i g   [ A ]   ) for power step response with symmetric MG conditions. 
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Figure 6. Disturbance estimation results for Pg, Qg and   v  n c    with symmetric MG. (a) Grid voltage (   v g   [ V ]   ), (b) VSI output voltages (   v c   [ V ]   ) and (c) Disturbance estimations (    f ^   P Q η    [ V ]   ). 
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Figure 7. Power step responses of the asymmetric MG connected VSI source. (a) Grid voltages (   v g   [ V ]   ), (b) Grid currents (   i g   [ A ]   ), (c) Active power (   P g   [ W ]   ), (d) Reactive power (   Q g   [ V A R ]   ), (e) Neutral/mean voltages (   v n   [ V ]   ). 






Figure 7. Power step responses of the asymmetric MG connected VSI source. (a) Grid voltages (   v g   [ V ]   ), (b) Grid currents (   i g   [ A ]   ), (c) Active power (   P g   [ W ]   ), (d) Reactive power (   Q g   [ V A R ]   ), (e) Neutral/mean voltages (   v n   [ V ]   ).
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Figure 8. Locus plots of Grid voltages (   v g   [ V ]   ), Converter output voltages (   v c   [ V ]   ), and Grid currents (   i g   [ A ]   ) for power step response with asymmetric MG conditions. 
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Figure 9. Disturbance estimation results for Pg, Qg and   v  n c    with asymmetric MG. (a) Grid voltage (   v g   [ V ]   ), (b) VSI output voltages (   v c   [ V ]   ) and (c) Disturbance estimations (    f ^   P Q η    [ V ]   ). 
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Table 1. Parameter values and control gains for VSI-based MG.
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	Quantity (Symbol)
	Magnitude Units





	Grid Voltage (  v g  )
	100-Volts



	Grid Inductance (  L g  )
	50-mH



	Filter Inductance (  L f  )
	22-mH



	Filter Capacitance (  C f  )
	220- μ F



	Grid Resistance (  R g  )
	100-m Ω 



	Control Gains (  K P  ,   K Q  )
	55



	Observer Gains (L)
	1200
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