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Abstract

:

This paper introduces fractional-order capacitors and fractional-order inductors into the conventional integer-order cascaded H-bridge multilevel static compensator (ICHM-STATCOM), thereby constructing the main circuit of the fractional-order cascaded H-bridge multilevel static compensator (FCHM-STATCOM). Mechanism-based modeling is employed to establish switching function models and low-frequency dynamic models for the FCHM-STATCOM in the three-phase stationary coordinate system (a-b-c). Subsequently, fractional-order rotating coordinate transformation is introduced to establish the mathematical model of the FCHM-STATCOM in the synchronous rotating coordinate system (d-q). Additionally, a fractional-order proportional-integral (FOPI)-based fractional-order dual closed-loop current decoupling control strategy is proposed. Finally, this paper validates the correctness of the established mathematical models through digital simulation. Moreover, the simulation results demonstrate that by appropriately selecting the order of fractional-order capacitors and fractional-order inductors, the FCHM-STATCOM exhibits superior dynamic and static characteristics compared to the conventional ICHM-STATCOM, and the FCHM-STATCOM provides a more flexible reactive power compensation solution for power systems.
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1. Introduction


Fractional calculus is a mathematical tool that is both ancient and novel [1,2]. With the rapid development and application of fractional-order calculus theory, the modeling, analysis, and control of fractional-order circuits have gradually become hot topics in research.



Capacitors and inductors are fundamental components of electrical circuits, and their performance significantly influences the operational characteristics of the circuits. Increasing research indicates that capacitors and inductors inherently possess fractional-order characteristics [3,4,5,6]. However, in conventional studies, they are modeled and analyzed as integer-order components, which may lead to significant discrepancies between theoretical analyses and actual characteristics. Meanwhile, scholars continue to propose methods for manufacturing capacitors and inductors with specific fractional orders, laying a solid foundation for the research of fractional-order circuits.



In recent years, scholars have applied fractional-order capacitors and inductors to power electronic converters, introducing fractional-order Boost converters, fractional-order PWM rectifiers, fractional-order PWM inverters, and other fractional-order power electronic converters. They have also conducted related research on fractional-order modeling, analysis, and control [7,8,9,10].



Considering the fractional-order capacitors and fractional-order inductors, Ref. [6] has established the fractional-order large-signal and small-signal models using the state-space averaging method and the Caputo–Fabrizio definition, respectively. Through transfer function simulation, it has been verified that fractional-order capacitors and fractional-order inductors have a significant impact on the steady-state characteristics of the Boost converter. Ref. [7] models a fractional-order Boost converter operating in continuous conduction mode (CCM) using the equivalent small parameter method and constructs a simulation model of the fractional-order Boost converter. It is found that the operating state of the fractional-order Boost converter is related to the order of the fractional-order capacitor and inductor.



Refs. [8,9] respectively constructed the fractional-order circuit topologies for single-phase and three-phase PWM rectifiers and established corresponding fractional-order PWM rectifier models based on the Caputo definition of fractional calculus. Simulation experiments conducted on this basis revealed that by appropriately configuring the orders of the fractional-order capacitors and inductors, superior dynamic and static performance could be achieved compared to integer-order PWM rectifiers. Furthermore, ref. [10] constructed the fractional-order circuit topology for a three-phase photovoltaic grid-connected inverter and established a corresponding fractional-order inverter model. Subsequently, simulation experiments demonstrated that the fractional-order photovoltaic inverter exhibited improved grid-connection performance.



The research findings on the aforementioned power electronic converters indicate that, compared to traditional integer-order modeling methods, fractional-order modeling approaches that consider the fractional-order characteristics of capacitors and inductors are able to more accurately describe the overall characteristics of the system. Utilizing fractional-order models for scientific research allows for a more realistic reflection of the actual operating conditions of the converters [11,12,13,14,15].



With the development of sustainable energy, the large-scale integration of renewable energy stations, represented by wind and photovoltaic stations, into the grid poses severe challenges to the power quality and stable operation of electrical systems [16,17,18]. Reactive power compensation is one of the methods to improve the power quality of the electrical power system and to maintain its stable operation [19]. Research and engineering practices have demonstrated that installing reactive power compensation devices at the common connection points of new energy stations significantly improves the quality of electrical power and enhances the stability of power systems [20,21,22]. The cascaded H-bridge multilevel static reactive power compensator (CHM-STATCOM) is a type of power electronic converter commonly used as a source of reactive power. The CHM-STATCOM is characterized by its simple structure, fast reactive power adjustment, desirable output performance, and transformer-less design. It is commonly used in high-voltage, large-capacity situations [23,24,25,26].



Currently, the fractional-order controllers commonly used in STATCOMs primarily include a fractional-order proportional integral (FOPI) controller and a fractional-order sliding mode controller. Ref. [27] introduces an FOPI controller to construct the control system for the STATCOM, and simulation experiments based on this have revealed that, compared with using traditional integer-order controllers, STATCOMs equipped with fractional-order controllers are more effective in reducing sub-synchronous oscillations in flexible DC transmission systems. Based on the Riemann–Liouville definition, ref. [28] constructs a fractional-order sliding mode controller. Simulation experiments conducted on this basis demonstrated that, compared to integer-order controllers, STATCOMs using fractional-order sliding mode controllers not only exhibit better dynamic performance but also further enhance the power quality of electrical systems. The research findings from references [26,27] indicate that, compared to STATCOMs utilizing traditional integer-order controllers, STATCOMs employing fractional-order controllers exhibit superior dynamic characteristics and are able to more flexibly meet the reactive power demands of the electrical power system.



Currently, research on fractional-order controllers primarily focuses on the domain of “integer-order controlled objects + fractional-order control”. There is less research concerning “fractional-order controlled objects + fractional-order control”. Therefore, this paper is based on the fractional-order characteristics of capacitors and inductors and primarily investigates the mechanism modeling and fractional-order control issues of the FCHM-STATCOM. The main contributions of this paper are as follows:




	
A new circuit topology of the FCHM-STATCOM is proposed in this paper.



	
This paper establishes the mathematical model of FCHM-STATCOM in both the three-phase stationary coordinate system and the synchronous rotating coordinate system. The models of STATCOMs are extended from the integer-order domain to the fractional-order domain.



	
This paper proposes an FOPI-based fractional-order dual closed-loop current decoupling control strategy for the FCHM-STATCOM that integrates fractional-order control with fractional-order circuits.



	
The digital simulation conducted in this paper demonstrates that the FCHM-STATCOM exhibits superior dynamic and static characteristics compared to the conventional ICHM-STATCOM.








The subsequent sections of this paper are organized as follows: Section 2 provides a brief introduction to the Caputo definition of fractional calculus, as well as fractional-order capacitors and inductors. In Section 3, the mathematical models of the FCHM-STATCOM under the three-phase stationary coordinate system (a-b-c) and the synchronous rotating coordinate system (d-q) are established. In Section 4, a fractional-order dual closed-loop current decoupling control strategy based on FOPI is proposed. In Section 5, a digital simulation is conducted to validate the correctness of the established mathematical models and analyze the impact of fractional-order capacitors and inductors on the operational characteristics of the FCHM-STATCOM. Section 6 provides a conclusion and an outlook for the FCHM-STATCOM.




2. A Brief Introduction of Caputo Fractional Calculus and Fractional-Order Com-Ponent


Due to the advantages of Caputo fractional calculus, such as low dependence on initial values, ease of Laplace transformation, the fractional derivative of a constant being zero, and simplicity in computation, Caputo fractional calculus is widely applied in the field of engineering research [1,29]. This paper will conduct research and analysis on the FCHM-STATCOM based on the Caputo fractional-order calculus definition.



For a function   y ( t )  , the definition of Caputo fractional differential is defined as follows [29]:


   D t α    t 0   C  y ( t ) =  1  Γ ( m − α )      ∫   t 0   t      y m  ( τ )     ( t − τ )   1 + α − m        d τ  



(1)




where t is an independent variable;    t 0    is the lower bound of t; D denotes fractional calculus operator; C denotes the Caputo fractional differential;  α  is differential order,   α ∈  R +   ;   m − 1 < α < m , m ∈ N  ;   Γ ( )   denotes the Gamma function [29].



The Caputo fractional integral of a function   y ( t )   is defined as [29]:


   D t  − γ     t 0   C  y ( t ) =  1  Γ ( γ )      ∫   t 0   t     y ( τ )     ( t − τ )   1 − γ        d τ  



(2)




where  γ  is integral order,   γ ∈  R +   .



Figure 1 shows the circuit topology of the fractional capacitor and fractional inductor. In Figure 1 C and L denote the capacitance and inductance values of fractional-order capacitors and fractional-order inductors, respectively.  β  and  α  denote the order of fractional-order capacitors and fractional-order inductors, respectively.



The mathematical models for the fractional-order capacitor and fractional-order inductor are given by:


  C    d β   u C    d  t β    =  i C   



(3)






  L    d α   i L    d  t α    =  u L   



(4)




where    u C    and    u L    denote the voltage of fractional-order capacitors and fractional-order inductors, respectively;    i C    and    i L    denote the current of fractional-order capacitors and fractional-order inductors, respectively. Specifically, when   β = α = 1  , fractional-order capacitors and fractional-order inductors behave equivalently to integer-order capacitors and inductors.




3. Modeling of FCHM-STATCOM


3.1. A Brief Description of the Circuit Topology of the FCHM-STATCOM


Figure 2 shows the topological structure of the FCHM-STATCOM. In Figure 2, the capacitors and inductors are both fractional-order components. Each phase of the converter arm consists of   k ( k = 1 , 2 , 3 ⋯ N )   H-bridge inverters (HBI) connected in series.    u  sa   ,  u  sb   ,  u  sc     denote the phase voltages of the three-phase power grid;    i a  ,  i b  ,  i c    denote the input current of FCHM-STATCOM;    u a  ,  u b  ,  u c    denote the output voltage of FCHM-STATCOM;    v   dcc 1    ,  v   dcc 2    ⋯  v  dccn     denote DC side capacitor voltage; R denotes equivalent loss resistance, which is used to modify the active power losses in the AC-side filter reactors and the FCHM-STATCOM during actual operation. L denotes the inductance value of the AC-side filter reactors. C denotes the capacitance value of DC side capacitors;  β  and  α  denote the order of fractional-order capacitors and fractional-order inductors, respectively;    T   k _ x      denotes the x-th IGBT of the k-th HBI;    D   k _ x      denotes the x-th freewheeling diode of the k-th HBI; O denotes the neutral point of the power grid;    O *    denotes the neutral point of FCHM-STATCOM (For more detailed explanations of the symbols in this paper, see Appendix A).



In the HBI circuit shown in Figure 2. The triggering signal of    T  k _ 1     is complementary to the triggering signal of    T  k _ 2    ; the triggering signal of    T  k _ 3     is complementary to the triggering signal of    T  k _ 4    . The relationship between    T  k _ 1    ,    T  k _ 2     and    T   k _ 3     ,    T  k _ 4     can be expressed as:


   {     s   T   k _ 1      =   s ˜    T   k _ 2           s   T   k _ 3      =   s ˜    T   k _ 4           



(5)




where    s   T   k _ 1      ~  s   T   k _ 4        denote the triggering signal of    T   k _ 1       ~ T     k _ 4     .



According to (5), the switching function of HBI can be expressed as:


   s  jk   =  {    1   (  T  k _ 1      is   on   ,   T   k _ 4       is   on  )     0       ( T    k _ 1       is   on   ,     T   k _ 3       is   on   or     T   k _ 2       is   on   ,   T   k _ 4       is   on  )     − 1   (  T   k _ 2       is   on   ,   T   k _ 3       is   on    )      



(6)




where   j = (  a , b , c  )   denotes the j-phase; k denotes the k-th HBI.



The mathematical models of the FCHM-STATCOM can be divided into three types: The switching function model, the average model, and the low-frequency dynamic model. By introducing switching functions, the switching function model is able to accurately describe the switching process of the FCHM-STATCOM. This model is typically utilized for analyzing the harmonic characteristics and selecting the modulation strategy of the FCHM-STATCOM. However, the complexity of the model leads to it being unsuitable for the design of controllers. The average model builds on the switching function model by approximating the switching function with a duty cycle. The role of the average model is similar to that of the switching function model. The low-frequency dynamic model, based on the switching function model, ignores the switching process and high-frequency components, retaining only the fundamental frequency components, making it directly applicable to controller design. This paper will establish both the switching function model and the low-frequency dynamic model for the FCHM-STATCOM.




3.2. The Switching Function Model of the FCHM-STATCOM


Based on Kirchhoff’s voltage (KVL) and current (KCL) laws, the mathematical model of the FCHM-STATCOM can be derived as follows:


   {    L    d α   i j    d  t α    + R  i j  =  u  sj   −  u j  −  u   O *  O        u j  =   ∑  k = 1  N    s  jk    v  dcjk         ( j =  a , b , c  )  



(7)




where    v  dcjk     denotes the DC-side capacitor voltage of the k-th HBI in phase j.    u   O *  O     denotes the voltage between the grid neutral point O and the FCHM-STATCOM neutral point    O *   .



There is no neutral wire connection between O and    O *   . When the FCHM-STATCOM is at a three-phase balanced condition at the point of common coupling (PCC), the grid voltages and input currents will present the following relationship:    i a  +  i b  +  i c  = 0  ,    u  sa   +  u  sb   +  u  sc   = 0  . Therefore, in (7),    u   O *  O     can be expressed as:


   u   O *  O   = −     ∑  k = 1  N    s  ak    v  dcak   +   ∑  k = 1  N    s  bk    v  dcbk   +   ∑  k = 1  N    s  ck    v  dcck          3   



(8)







Combining (7) and (8), the switching function model of the FCHM-STATCOM in the three-phase stationary coordinate system can be derived as follows:


   {    L    d α   i a    d  t α    + R  i a  =  u  sa   −  1 3  ( 2   ∑  k = 1  N    s  ak    v  dcak   −   ∑  k = 1  N    s  bk    v  dcbk   −   ∑  k = 1  N    s  ck    v  dcck         )     L    d α   i b    d  t α    + R  i b  =  u  sb   −  1 3  ( 2   ∑   k = 1   N    s  bk    v  dcbk   −   ∑  k = 1  N    s  ak    v  dcak   −   ∑  k = 1  N    s  ck    v  dcck         )     L    d α   i c    d  t α    + R  i c  =  u  sc   −  1 3  ( 2   ∑  k = 1  N    s  ck    v  dcck   −   ∑  k = 1  N    s  ak    v  dcak   −   ∑  k = 1  N    s  bk    v  dcbk         )       C    d β   v  dcak     d  t β    =  i a   s  ak       C    d β   v  dcbk     d  t β    =  i b   s  bk       C    d β   v  dcck     d  t β    =  i c   s  ck        



(9)







Under the condition of zero initial value, the Laplace transform of the Caputo fractional differential can be expressed as:


  ℒ  [   D t α   C  f ( t )  ]  =  s α  F ( s )  



(10)




where   F ( s ) = ℒ  [  f ( t )  ]   .



The Laplace expression of (9) has the form as follows:


   {     I a  ( s ) =    U  sa   ( s ) −  1 3   [  2   ∑  k = 1  N    S  ak   ( s )  U  dcak   ( s ) −   ∑  k = 1  N    S  bk    U  dcbk   ( s ) −   ∑  k = 1  N    S  ck    U  dcck         ( s )  ]    L  s α  + R        I b  ( s ) =    U  sb   ( s ) −  1 3   [  2   ∑  k = 1  N    S  bk   ( s )  U  dcbk   ( s ) −   ∑  k = 1  N    S  ak    U  dcak   ( s ) −   ∑  k = 1  N    S  ck    U  dcck         ( s )  ]    L  s α  + R        I c  ( s ) =    U  sc   ( s ) −  1 3   [  2   ∑  k = 1  N    S  ck   ( s )  U  dcck   ( s ) −   ∑  k = 1  N    S  ak    U  dcak   ( s ) −   ∑  k = 1  N    S  bk    U  dcbk         ( s )  ]    L  s α  + R        U  dcak   ( s ) =    I a  ( s )  S  ak   ( s )   C  s β         U  dcbk   ( s ) =    I b  ( s )  S  bk   ( s )   C  s β         U  dcck   ( s ) =    I c  ( s )  S  ck   ( s )   C  s β         



(11)




where    U  dcjk   ( s )   denotes the Laplace expression of    v  dcjk    .



According to (9) and (11), the structure of the switching function model for the FCHM-STATCOM in the three-phase stationary coordinate system (a-b-c) can be obtained, as shown in Figure 3.



To facilitate the construction of the control system, this paper proposes a method of fractional-order coordinate transformation. By incorporating Caputo-type fractional calculus into the Park transformation, the Park transformation matrix can be directly applied to fractional-order models.



For the convenience of analysis, it is assumed that the average value of the total DC voltage on the three-phase DC side can be expressed as [30]:


   u  dcm   =   (  |   u  dca    |  +  |   u  dcb    |  +  |   u  dcc    |  )  / 3   



(12)




where    u  dcm     denotes the average value of the total DC voltage on the three-phase DC side;    u  dca   ,  u  dcb   ,  u  dcc     denote the sum of the voltages on the individual DC sides of each phase which can be expressed as:    u  dcj   =   ∑   k = 1   N    s  jk    v  dcjk           ( j = a , b , c )  ,    |   u  dcj    |    denotes the amplitude of    u  dcj    .



Combining (9) and (12), the switching function model in the three-phase stationary coordinate system is able to be equivalently represented in the following vector form:


   {    L  [       d α   i a    d  t α           d α   i b    d  t α           d α   i c    d  t α       ]  + R  [     i a       i b       i c     ]  =  [     u  sa        u  sb        u  sc      ]  −  [     s a   u  dca        s b   u  dcb        s c   u  dcc      ]      3 C    d β   u  dcm     d  t β    =  [       s a       s b       s c       ]   [     i a       i b       i c     ]       



(13)




where    s j  =   ∑   k = 1   N    s  jk           ( j =  a , b , c  )  .



The transformation matrix from the three-phase stationary coordinate system to the synchronous rotating coordinate system (Park transformation) is given by:


  P =  T   abc / dq 0    =  2 3   [      cos ω t     cos ( ω t −   2 π  3  )     cos ( ω t +   2 π  3  )       − sin ω t     − sin ( ω t −   2 π  3  )     − sin ( ω t +   2 π  3  )        1 2       1 2       1 2       ]   



(14)







Substituting (14) into (13), the result can be expressed as:


   {    L P  [       d α   i a    d  t α           d α   i b    d  t α           d α   i c    d  t α       ]  + R P  [     i a       i b       i c     ]  = P  [     u  sa        u  sb        u  sc      ]  − P  [     s a   u  dca        s b   u  dcb        s c   u  dcc      ]      3 C P    d β   u  dcm     d  t β    = P  [       s a       s b       s c       ]   [     i a       i b       i c     ]       



(15)







Given the differential criterion as:


  L P    d α   i  abc     d  t α    = L    d α  ( P  i  abc   )   d  t α    − L    d α  P   d  t α     i  abc   = L    d α  (  i  dq   )   d  t α    − L    d α  P   d  t α     P  − 1    i  dq    



(16)




where    i  abc   =    [       i a       i b       i c       ]   T    and    i  dq   =    [       i d       i q       ]   T   .



Based on the Caputo fractional-order differential definition, the fractional-order differential form of the Park transformation matrix presented in (14) can be expressed as follows:


     d α  P   d  t α    =  2 3   [       ω α  cos ( ω t +   α π  2  )     −  1 2   ω α  cos ( ω t +   α π  2  ) +    3   2   ω α  sin ( ω t +   α π  2  )     −  1 2   ω α  cos ( ω t +   α π  2  ) −    3   2   ω α  sin ( ω t +   α π  2  )       −  ω α  sin ( ω t +   α π  2  )      1 2   ω α  sin ( ω t +   α π  2  ) +    3   2   ω α  cos ( ω t +   α π  2  )      1 2   ω α  sin ( ω t +   α π  2  ) −    3   2   ω α  cos ( ω t +   α π  2  )      0   0   0     ]   



(17)







The Park inverse transformation matrix is given by:


   P  − 1   =  T   dq / abc    =  [      cos ω t     − sin ω t    1      cos ( ω t −   2 π  3  )     − sin ( ω t −   2 π  3  )    1      cos ( ω t +   2 π  3  )     − sin ( ω t +   2 π  3  )    1     ]   



(18)







Based on Equations (15)–(18), the switching function model of the FCHM-STATCOM in the synchronous rotating coordinate system can be derived as follows:


   {    L    d α   i d    d  t α    + ( R +  ω α  L cos   π α  2  )  i d  −  ω α  L sin   π α  2   i q  =  u  sd   −  s d   u  dcm       L    d α   i q    d  t α    + ( R +  ω α  L cos   π α  2  )  i q  +  ω α  L sin   π α  2   i d  =  u  sq   −  s q   u  dcm       C    d β   u  dcm   ( t )   d  t β    =  1 3  (  i d   s d  +  i q   s q  )      



(19)




where    i d   ,    i q    denote the d-q components of    i a   ,    i b   ,    i c   ;    u  sd    ,    u  sq     denote the d-q components of    u  sa    ,    u  sb    ,    u  sc    ;    s d   ,    s q    denote the d-q components of    s a   ,    s b   ,    s c   .



The Laplace expression of (19) has the form as follows:


   {    L  s α   I d  ( s ) + ( R +  ω α  L cos   π α  2  )  I d  ( s ) −  ω α  L sin   π α  2   I q  ( s ) =  U  sd   ( s ) −  S d  ( s )  U  dcm   ( s )     L  s α   I q  ( s ) + ( R +  ω α  L cos   π α  2  )  I q  ( s ) +  ω α  L sin   π α  2   I d  ( s ) =  U  sq   ( s ) −  S q  ( s )  U  dcm   ( s )     C  s β   U  dcm   ( s ) =  1 3   [   I d  ( s )  S d  ( s ) +  I q  ( s )  S q  ( s )  ]       



(20)







According to (20), the structure of the switching function model for the FCHM-STATCOM in the synchronous rotating coordinate system (d-q) can be obtained, as shown in Figure 4.




3.3. The Low-Frequency Dynamic Model of the FCHM-STATCOM


For the convenience of controller design, the low-frequency dynamic model ignores the switching process and high-frequency components, retaining only the fundamental frequency components.



When the AC side system is in a three-phase balanced state and the output voltage of each phase converter arm is also in a three-phase balanced state (with an equal number of HBIs conducting in each converter arm), it can be considered that    u   O *  O   = 0  . It is assumed that the fundamental frequency component of the switching function is expressed as:    ε a  ( t )  ,    ε b  ( t )  ,    ε c  ( t )  . Substituting the aforementioned conditions into (7), the low-frequency dynamic model of the FCHM-STATCOM can be derived as follows:


   {    L    d α   i j    d  t α    + R  i j  =  u  sj   −  u j      C    d β   v  dcjk     d  t β    =  i j   ε  jk          ( j = a , b , c )   



(21)







The Laplace expression of (21) has the form as follows:


   {     I j  ( s ) =    U  sj   ( s ) −  U j  ( s )   L  s α  + R        U  dcjk   ( s ) =    I j  ( s )  E  j k   ( s )   C  s β           ( j = a , b , c )   



(22)







According to (21) and (22), the structure of the low-frequency dynamic model for the FCHM-STATCOM in the three-phase stationary coordinate system (a-b-c) can be obtained, as shown in Figure 5.



Applying the fractional-order coordinate transformation method to (21), the low-frequency dynamic model of the FCHM-STATCOM in the synchronous rotating coordinate system can be derived as follows:


   {    L    d α   i d    d  t α    + ( R +  ω α  L cos   π α  2  )  i d  −  ω α  L sin   π α  2   i q  =  u  sd   −  u d      L    d α   i q    d  t α    + ( R +  ω α  L cos   π α  2  )  i q  +  ω α  L sin   π α  2   i d  =  u  sq   −  u q      C    d β   u  dcm     d  t β    =  1 3  (  i d   ε d  +  i q   ε q  )      



(23)




where    u d   ,    u q    denote the d-q components of    u a   ,    u b   ,    u c   ;    ε d   ,    ε q    denote the d-q components of    ε a   ,    ε b   ,    ε c   .



The Laplace expression of (23) has the form as follows:


   {    L  s α   I d  ( s ) + ( R +  ω α  L cos   π α  2  )  I d  ( s ) −  ω α  L sin   π α  2   I q  ( s ) =  U  sd   ( s ) −  U d  ( s )     L  s α   I q  ( s ) + ( R +  ω α  L cos   π α  2  )  I q  ( s ) +  ω α  L sin   π α  2   I d  ( s ) =  U  sq   ( s ) −  U q  ( s )     C  s β   U  dcm   ( s ) =  1 3   [   I d  ( s )  E d  ( s ) +  I q  ( s )  E q  ( s )  ]       



(24)







According to (24), the structure of the low-frequency dynamic model for the FCHM-STATCOM in the synchronous rotating coordinate system (d-q) can be obtained, as shown in Figure 6.





4. Fractional-Order Control Strategy of the FCHM-STATCOM


4.1. Current Inner Loop Design


From (23), it is evident that there is a coupling between the d-q axes. To decouple, variables      u  sd    *    and      u  sq    *    are introduced as follows:


   {       u  sd    *  =  u  sd   +  ω α  L sin   π α  2   i q  −  u d         u  sq    *  =  u  sq   −  ω α  L sin   π α  2   i d  −  u d       



(25)







Combining (23) and (25), the mathematical model for the decoupled FCHM-STATCOM can be expressed as:


   {    L    d α   i d    d  t α    + ( R +  ω α  L cos   π α  2  )  i d  =    u  sd    *      L    d α   i q    d  t α    + ( R +  ω α  L cos   π α  2  )  i q  =    u  sq    *       



(26)







The time-domain mathematical model of the FOPI controller can be expressed as:


  y ( t ) =  K P  x ( t ) +  K I    ∫  x ( t ) d  t λ      



(27)







Utilizing an FOPI controller to achieve zero steady-state error tracking for      u  sd    *    and      u  sq    *   , the inner current loop of the FCHM-STATCOM controller can be established, as shown in Figure 7:




4.2. Design of the Outer Voltage Loop and Reactive Power Outer Loop


By calculating the total average of the capacitor voltages across all HBI in the three-phase converter arms, the variable    u  dc     can be derived. By inputting the difference between      u  dc    ∗    (a variable representing the reference value of the DC voltage outer loop controller) and    u  dc     into the FOPI controller, the output      i d   ∗    can be obtained. In summary, the DC voltage outer loop of the FCHM-STATCOM controller can be derived, as shown in Figure 8.



According to the instantaneous reactive power theory, the power injected into the AC grid by the FCHM-STATCOM is expressed as follows:


  q = −  3 2   u  sd    i q   



(28)







According to (28), the reactive power outer loop of the FCHM-STATCOM controller can be derived, as shown in Figure 9.



Based on the above analysis, The completed fractional-order control strategy of FCHM-STATCOM is given in Figure 10. The fractional-order control strategy consists of the current inner loop control as shown in Figure 7, the DC voltage outer loop control depicted in Figure 8, and the reactive power outer loop control illustrated in Figure 9. The structure of the FCHM-STATCOM shown in Figure 10 is a simplified form of that depicted in Figure 2. A carrier-phase-shifted SPWM (CPS-SPWM) modulation strategy is adopted in this paper.





5. Simulations and Analysis


In order to verify the correctness of the established FCHM-STATCOM mathematical models and analyze the impact of the orders of fractional-order capacitors and fractional-order inductors on the operating characteristics of the FCHM-STATCOM, this paper constructs the fractional-order capacitor and the fractional-order inductor simulation components based on the MATLAB/Simulink 2020b simulation platform, utilizing the high-precision Caputo operator and the Oustaloup filter principle from the FOTF toolbox [31]. A complete mathematical model of the FCHM-STATCOM is established based on the constructed fractional-order components, and a closed-loop simulation of the established simulation model is conducted using an FOPI controller. (See Table 1).



To study the impact of the order of fractional-order capacitors and fractional-order inductors on the operating characteristics of FCHM-STATCOM (See Table 2), this section sets up three different simulation schemes.



Simulation Scheme I: Keep the order of the fractional-order inductors constant, change the order of the fractional-order capacitors, and analyze the impact of the order of fractional-order capacitors on the operating characteristics of the FCHM-STATCOM.



Simulation Scheme II: Keep the order of the fractional-order capacitors constant, change the order of the fractional-order inductors, and analyze the impact of the order of fractional-order inductors on the operating characteristics of the FCHM-STATCOM.



Simulation Scheme III: Based on Simulation Schemes I and II, identify the FCHM-STATCOM with the optimal dynamic and static performance, and compare its operating characteristics with those of the ICHM-STATCOM.



5.1. Simulation Scheme I


Scheme I maintains the order of the fractional-order inductor at 0.9, with the orders of the fractional-order capacitors being 0.9, 1, and 1.1 (See Table 3), respectively, to study the startup process and load disturbance process of the FCHM-STATCOM. The performance indicators verified by the simulation are the reactive power output (Q) of the FCHM-STATCOM, the output current (Ia) of phase A, and the average value of the DC-side voltage (Udc) of phase A.



From Figure 11 and Table 4, it can be observed that under similar control parameters, when the order of indicators remains constant:




	(1)

	
During the startup process and load disturbance process of the FCHM-STATCOM, as the order of capacitors increases, the settling time, steady-state value, and overshoot of Q and Ia remain essentially unchanged.




	(2)

	
During the startup process and load disturbance process of the FCHM-STATCOM, as the order of capacitors increases, the settling time of Udc decreases, the overshoot decreases, the static error decreases, the ripple peak-to-peak value of Udc significantly decreases, and the total harmonic distortion (THD) of Ia significantly decreases.









Therefore, it can be concluded that changes in the order of capacitors insignificantly affect the dynamic and static characteristics of Q and Ia, but primarily affect the dynamic and static characteristics of the DC side of the FCHM-STATCOM and the THD of Ia.




5.2. Simulation Scheme II


Scheme II maintains the order of the fractional-order capacitors at 0.9, with the orders of the fractional-order inductors being 0.9, 1, and 1.1, respectively, to study the startup process and load disturbance process of the FCHM-STATCOM. (See Table 5).



From Figure 12 and Table 6, it can be observed that under similar control parameters, when the order of capacitors remains constant:




	(1)

	
During the start-up process of the FCHM-STATCOM, as the order of inductors increases, the steady-state value of Q remains essentially unchanged, while the overshoot and settling time increase. During the load disturbance process of the FCHM-STATCOM, as the order of inductors increases, the steady-state value, overshoot, and settling time of Q remain essentially unchanged.




	(2)

	
During the start-up process of the FCHM-STATCOM, as the order of inductors increases, the static error and the overshoot of Ia decrease, the settling time of Ia slightly increases, the phase of Ia is delayed, and the total harmonic distortion (THD) of Ia decreases. During the load disturbance process of the FCHM-STATCOM, as the order of inductors increases, the static error, the overshoot, and the settling time of Ia increases, and the THD of Ia decreases.




	(3)

	
During the start-up process of the FCHM-STATCOM, as the order of inductors increases, the static error, the overshoot, and the ripple peak-to-peak value of Udc decrease, and the settling time of Udc remains essentially unchanged. During the load disturbance process of the FCHM-STATCOM, as the order of inductors increases, the static error, the ripple peak-to-peak value, and the overshoot of Udc decrease, but the settling time of Udc remains essentially unchanged.









Therefore, it can be concluded that changes in the order of inductors primarily affect the dynamic and static characteristics of the AC side of the FCHM-STATCOM. Additionally, changes in the order of inductors indirectly influence the dynamic and static characteristics on the DC side of the FCHM-STATCOM by affecting the dynamic and static characteristics of Ia.




5.3. Simulation Scheme III


Scheme III selects an inductor order of 0.9, at which the overshoot of reactive power is minimized and the response speed is the fastest. Building on this, to further enhance the response speed of the FCHM-STATCOM and reduce the fluctuation of the DC voltage, Scheme III chooses a capacitor order of 1.1, resulting in the smallest peak-to-peak ripple of the DC side voltage and the fastest response speed (See Table 7). In summary, Scheme III intends to employ the order combination from Condition 3 for a comparison with the ICHM-STATCOM.



From Figure 13 and Table 8, it is observed that, compared to the ICHM-STATCOM, the FCHM-STATCOM with an inductor order of 0.9 and a capacitor order of 1.1 has the following advantages:




	(1)

	
Faster reactive power response speed and lower overshoot.




	(2)

	
The DC voltage response speed is faster, the overshoot is lower, the static error is minimized, and the steady-state ripple peak-to-peak is smaller, which lowers the requirement for the voltage withstand level of the DC-side capacitors.




	(3)

	
The THD of the output current is lower and meets the standard of having a THD less than 4% for a 10 kV grid connection [32].









Considering the three simulation schemes mentioned above, it is evident that by selecting the appropriate order of fractional-order inductor and capacitor orders, an FCHM-STATCOM with superior dynamic and static characteristics compared to the traditional ICHM-STATCOM can be designed.





6. Conclusions


Based on the theory of fractional-order calculus, this paper considers the fractional-order characteristics of capacitors and inductors and employs a mechanism-based modeling approach to establish the switching function model and the low-frequency dynamic model of the FCHM-STATCOM in both the three-phase stationary coordinate system and the synchronous rotating coordinate system for the first time. Additionally, this paper proposes a fractional-order control strategy for the FCHM-STATCOM and designs the corresponding FOPI controller. The results of digital modeling and simulation experiments validate the correctness of the proposed modeling method and the established models. Research indicates that:




	(1)

	
Employing a fractional-order model can more accurately describe the operational characteristics of the CHM-STATCOM. The integer-order model of the CHM-STATCOM is merely a special case of the fractional-order model, while the fractional-order model represents the general form of the CHM-STATCOM model. Simplifying the CHM-STATCOM into an integer-order model by neglecting the fractional-order properties of inductors and capacitors can lead to significant deviations in the established model.




	(2)

	
Compared to the traditional integer-order models, the FCHM-STATCOM exhibits more flexible and diverse operational characteristics. By appropriately selecting the orders of the fractional-order capacitors and inductors, the FCHM-STATCOM can not only achieve superior dynamic and static performance but also provide the power system with reactive power support that is faster, contains fewer harmonics, and is of higher quality.




	(3)

	
When the fractional-order inductor order remains constant, effectively modifying the order of the fractional-order capacitor within a certain range can significantly improve the dynamic and static characteristics on the DC side of the FCHM-STATCOM. Conversely, when the fractional-order capacitor order is held constant, and the order of the fractional-order inductor is varied within a certain range, it can effectively enhance the dynamic and static characteristics on the AC side of the FCHM-STATCOM. Additionally, changes in the fractional-order inductor order also exert a certain degree of influence on the dynamic and static characteristics of the DC side of the FCHM-STATCOM.









Further research can be carried out from the following aspects (but not limited to):




	(1)

	
For the FCHM-STATCOM model established in this paper, further analysis of the design issues for the fractional-order controller needs to be conducted. Additionally, it is necessary to make a detailed comparison between the fractional-order controller and the integer-order controller.




	(2)

	
Based on (1), it is necessary to develop four types of closed-loop systems: “integer-order system + integer-order control”, “integer-order system + fractional-order control”, “fractional-order system + integer-order control”, and “fractional-order system + fractional-order control”. Additionally, a further comprehensive analysis of the impact of fractional-order elements and fractional-order controllers on the FCHM-STATCOM system needs to be conducted.
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Table A1. The characteristics of the electrical symbols.
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Characteristic

	
Electrical Symbols






	
AC component

	
    u  sj         ( j  =  a , b , c )    




	
    i j        ( j  =  a , b , c )    




	
    u j        ( j  =  a , b , c )    




	
    u   O *  O     




	
    u  dcj         ( j  =  a , b , c )    




	
DC component

	
    v  dcjk         ( j  =  a , b , c )       ( k = 1 , 2 , 3 ⋯ N )   




	
    u  dcm     




	
    i d  ,  i q    




	
    u  sd   ,  u  sq     




	
    u d  ,  u q    











 





Table A2. The symbols before and after applying Laplace transform.






Table A2. The symbols before and after applying Laplace transform.





	Symbols before Applying Laplace Transform
	Symbols after Applying Laplace Transform





	    u  sj         ( j  =  a , b , c )    
	    U  sj   ( s )       ( j  =  a , b , c )    



	    i j        ( j  =  a , b , c )    
	    I j  ( s )       ( j  =  a , b , c )    



	    u j        ( j  =  a , b , c )    
	    U j  ( s )       ( j  =  a , b , c )    



	    v  dcjk         ( j  =  a , b , c )       ( k = 1 , 2 , 3 ⋯ N )   
	    U  dcjk   ( s )       ( j  =  a , b , c )       ( k = 1 , 2 , 3 ⋯ N )   



	    s  jk         ( j  =  a , b , c )       ( k = 1 , 2 , 3 ⋯ N )   
	    S  jk   ( s )       ( j  =  a , b , c )       ( k = 1 , 2 , 3 ⋯ N )   



	    ε  jk         ( j  =  a , b , c )       ( k = 1 , 2 , 3 ⋯ N )   
	    E  jk   ( s )       ( j  =  a , b , c )       ( k = 1 , 2 , 3 ⋯ N )   



	    u  dcm     
	    U  dcm   ( s )   



	    i d  ,  i q    
	    I d  ( s ) ,  I q  ( s )   



	    u  sd   ,  u  sq     
	    U  sd   ( s ) ,  U  sq   ( s )   



	    u d  ,  u q    
	    U d  ( s ) ,  U q  ( s )   



	    s d  ,  s q    
	    S d  ( s ) ,  S q  ( s )   



	    ε d  ,  ε q    
	    E d  ( s ) ,  E q  ( s )   
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Figure 1. Fractional-order component. (a) Fractional capacitor. (b) Fractional inductor. 
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Figure 2. The main circuit topology of FCHM-STATCOM. 
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Figure 3. The structure of the switching function model for the FCHM-STATCOM in the three-phase stationary coordinate system (a-b-c). 
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Figure 4. The structure of the switching function model for the FCHM-STATCOM in the synchronous rotating coordinate system (d-q). 
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Figure 5. The structure of the low-frequency dynamic model for the FCHM-STATCOM in the three-phase stationary coordinate system (a-b-c). 
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Figure 6. The structure of the low-frequency dynamic model for the FCHM-STATCOM in the synchronous rotating coordinate system (d-q). 
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Figure 7. The inner current loop of the FCHM-STATCOM controller. 






Figure 7. The inner current loop of the FCHM-STATCOM controller.



[image: Fractalfract 08 00392 g007]







[image: Fractalfract 08 00392 g008] 





Figure 8. The DC voltage outer loop of the FCHM-STATCOM controller. 
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Figure 9. The reactive power outer loop of the FCHM-STATCOM controller. 
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Figure 10. The completed fractional-order control strategy of the FCHM-STATCOM. 
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Figure 11. Simulation results of Scheme I. (a) Simulation results of Q during the startup process. (b) Simulation results of Q during the load disturbance process. (c) Simulation results of Ia during the startup process. (d) Simulation results of Ia during the load disturbance process. (e) Simulation results of Udc during the startup process. (f) Simulation results of Udc during the load disturbance process. 
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Figure 12. Simulation results of Scheme II. (a) Simulation results of Q during the startup process. (b) Simulation results of Q during the load disturbance process. (c) Simulation results of Ia during the startup process. (d) Simulation results of Ia during the load disturbance process. (e) Simulation results of Udc during the startup process. (f) Simulation results of Udc during the load disturbance process. 
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Figure 13. Simulation results of Scheme III. (a) Simulation results of Q during the startup process. (b) Simulation results of Q during the load disturbance process. (c) Simulation results of Ia during the startup process. (d) Simulation results of Ia during the load disturbance process. (e) Simulation results of Udc during the startup process. (f) Simulation results of Udc during the load disturbance process. 
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Table 1. Main circuit parameter table of FCHM-STATCOM.
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	Parameter
	Value





	Rated reactive power
	12 Mvar



	Rated voltage
	10 kV



	Grid frequency
	50 Hz



	Cascaded number
	10



	DC side capacitor
	5800    μ F   



	Initial DC voltage
	980 V



	AC filter inductor
	6.2 mH



	Soft start resistor
	300  Ω 



	Loss simulation resistor
	0.5  Ω 










 





Table 2. Fractional order controller parameters (Note: The fractional-order control system in this paper is a per-unit value control system).
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	Controller Parameters
	KP
	KI
	λ
	References





	Parameters of reactive power outer loop
	240
	24,000
	1.2
	1 p.u.



	Parameters of DC voltage outer loop
	980
	9800
	1.1
	1 p.u.



	Parameters of current inner loop
	280
	2800
	1.3
	










 





Table 3. Simulation condition for Scheme I.
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	Simulation Condition
	Condition 1
	Condition 2
	Condition 3





	Order of inductors  α 
	0.9
	0.9
	0.9



	Order of capacitors  β 
	0.9
	1.0
	1.1










 





Table 4. The performance indicators of Scheme I. (Note: The format for listing performance indicators is as follows: startup process metrics/load disturbance process metrics. Unless otherwise specified, this format will be used throughout the text.).






Table 4. The performance indicators of Scheme I. (Note: The format for listing performance indicators is as follows: startup process metrics/load disturbance process metrics. Unless otherwise specified, this format will be used throughout the text.).





	
Performance Indicator

	
Condition

	
Steady-State Value

	
Overshoot

(%)

	
Settling Time

(s)

	
Ripple Peak-to-Peak Value of Udc

(V)

	
THD of Ia

(%)






	
Q (Mvar)

	
Condition 1

	
12/12

	
8.7/0.29

	
0.0792/0.004

	
—

	
—




	
Condition 2

	
12/12

	
8.7/0.28

	
0.07930.004

	
—

	
—




	
Condition 3

	
12/12

	
8.7/0.24

	
0.0792/0.004

	
—

	
—




	
Ia (A)

	
Condition 1

	
698/698

	
48.4/2.15

	
0.072/0.0186

	
—

	
0.68/0.69




	
Condition 2

	
697/697

	
48.4/2.15

	
0.0775/0.0184

	
—

	
0.22/0.35




	
Condition 3

	
697/697

	
48.4/2.15

	
0.0793/0.0182

	
—

	
0.2/0.2




	
Udc (V)

	
Condition 1

	
990/990

	
7.7/2.4

	
0.183/0.139

	
412.74/412.74

	
—




	
Condition 2

	
982.2/982.2

	
5.1/2.4

	
0.155/0.133

	
207.11/207.11

	
—




	
Condition 3

	
980.8/980.8

	
1.2/2.3

	
0.126/0.129

	
105.73/105.73

	
—











 





Table 5. Simulation Condition for Scheme II.






Table 5. Simulation Condition for Scheme II.





	Simulation Condition
	Condition 1
	Condition 4
	Condition 5





	Order of inductors  α 
	0.9
	1.0
	1.1



	Order of capacitors  β 
	0.9
	0.9
	0.9










 





Table 6. The performance indicators of Scheme II.






Table 6. The performance indicators of Scheme II.





	
Performance Indicator

	
Condition

	
Steady-State Value

	
Overshoot

(%)

	
Settling Time

(s)

	
Ripple Peak-to-Peak Value of Udc

(V)

	
THD of Ia

(%)






	
Q (Mvar)

	
Condition 1

	
12/12

	
8.7/0.29

	
0.0792/0.004

	
—

	
—




	
Condition 4

	
12/12

	
12/0.3

	
0.08/0.004

	
—

	
—




	
Condition 5

	
12/12

	
13/0.43

	
0.0812/0.0035

	
—

	
—




	
Ia (A)

	
Condition 1

	
698/698

	
48.4/2.15

	
0.072/0.0186

	
—

	
0.68/0.69




	
Condition 4

	
694.8/694.8

	
40.4/2.5

	
0.0793/0.0204

	
—

	
0.43/0.41




	
Condition 5

	
692.8/692.8

	
34/2.7

	
0.0792/0.0208

	
—

	
0.39/0.37




	
Udc (V)

	
Condition 1

	
990/990

	
7.7/2.4

	
0.183/0.139

	
412.74/412.74

	
—




	
Condition 4

	
988.3/988.3

	
7/2.7

	
0.19/0.141

	
358.6/358.6

	
—




	
Condition 5

	
984.7/984.7

	
3/2.7

	
0.182/0.114

	
270.9/270.9

	
—











 





Table 7. Simulation condition for Scheme III.






Table 7. Simulation condition for Scheme III.





	Simulation Condition
	Condition 3
	Condition 6





	Order of inductors  α 
	0.9
	1.0



	Order of capacitors  β 
	1.1
	1.0










 





Table 8. The performance indicators of Scheme III.






Table 8. The performance indicators of Scheme III.





	
Performance Indicator

	
Condition

	
Steady-State Value

	
Overshoot

(%)

	
Settling Time

(s)

	
Ripple Peak-to-Peak Value of Udc

(V)

	
THD of Ia

(%)






	
Q (Mvar)

	
Condition 3

	
12/12

	
8.7/0.24

	
0.082/0.004

	
—

	
—




	
Condition 6

	
12/12

	
12/0.3

	
0.0792/0.004

	
—

	
—




	
Ia (A)

	
Condition 3

	
697/697

	
48.4/2.15

	
0.072/0.0186

	
—

	
0.2/0.2




	
Condition 6

	
693/693

	
35/2.4

	
0.0793/0.0182

	
—

	
0.28/0.27




	
Udc (V)

	
Condition 3

	
980.8/980.8

	
1.2/2.3

	
0.111/0.132

	
105.73/105.73

	
—




	
Condition 6

	
982.1/982.1

	
18.5/2.3

	
0.095/0.115

	
152.3/152.3

	
—
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