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Abstract

:

This paper presents a fractional-order sliding mode control scheme based on an RBF neural network (RBFFOSMC) for a direct three matrix converter (DTMC) operating under unbalanced grid voltages. The RBF neural network (RBF NN) is designed to approximate a nonlinear fractional-order sliding mode controller. The proposed method aims to achieve constant active power whilst maintaining a near unity input power factor. First, an opportune reference current is accurately generated according to the reference power and the RBFFOSMC is designed in a dq reference frame to achieve a perfect tracking of the input current reference. An almost constant active power, free of low-frequency ripples, is then supplied from the grid after compensating for the output voltage. Simulation and experimental studies prove the feasibility and effectiveness of the proposed control method.
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1. Introduction


A matrix converter (MC) is a novel form of “full control” AC-AC converter that offers a variety of benefits, including a bidirectional energy flow, four-quadrant operation, sinusoidal input/output, low harmonic distortion, and an adjustable power factor [1]. In contrast to AC/DC-AC converters, matrix converters lack an intermediate DC structure and do not need large-capacity capacitors or inductors for energy storage. Thus, they have aroused a great deal of attention from researchers. Multilevel matrix converters, which combine the advantages of a matrix converter with a multilevel converter, have a broad range of applications. They may help to lower the total harmonic distortion (THD), voltage stress on switching devices, and common mode voltage of the output voltage [2,3,4].



Raju et al. presented a direct three-level matrix converter (DTMC) topology with a reduced THD and switching stress compared with a conventional MC design. When compared with multilevel AC/DC-AC converters, this configuration minimized the number of series switches in the conduction channel and, hence, minimized the switching power loss [5,6].



However, as with traditional grid-tied converters, the predicted performances (THD of line currents, THD of output voltages, and maximum voltage transfer ratio) of matrix converters drastically reduce when operating under unbalanced grid voltages. As seen in [7], an input voltage imbalance results in low-order harmonics in the output voltages and input current waveforms. Finally, low-frequency ripples are added to the waveforms of the instantaneous active power needed as well as the reactive power exchanged with the utility.



Numerous control techniques have been presented in the literature to improve the performance of single-stage/indirect matrix converters (IMCs) running under unbalanced grid voltages [8,9,10,11,12,13]. In [8], a unit power factor quasi-PR control of a two-stage matrix converter based on reconstructed vectors was proposed. This method has the advantage of being of low complexity and easy to implement, but the system was subject to large parameter interference and the response time was not fast enough. The optimized control system in the abc frame described in [12,13], which utilized a repetitive controller, had an excellent output voltage control performance for balanced and unbalanced loads. However, the source current was not directly regulated and was of poor quality. Another control approach is model predictive control [14,15,16,17], which has been used in inverters and matrix converters for power supply applications. However, using MPC to operate a 400 Hz GPU remains difficult owing to the inadequate ratio between the switching and output frequencies as well as the instability introduced by the input filter. A fractional-order sliding mode controller (FOSMC) can obtain a good tracking performance, which was proven in [18,19,20,21]. Although an FOSMC offers good performance, it requires the adjustment of many parameters and can only be achieved if the device parameters are constant, which is difficult to achieve in real life.



As neural networks (NNs) can fit arbitrary nonlinear functions, they are widely used in nonlinear systems [22,23]. Nowadays, NNs are mainly used in gas–oil–water three-phase flows [24], the mechanical properties of concrete [25], and aeronautical remote sensing stable platforms [26]. Motivated by the above studies, a fractional-order sliding mode controller using an RBF neural network (RBF NN) is proposed for the current control of an DTMC in this article. The proposed controller is intended to accomplish two primary objectives: (1) the converter should provide balanced output voltages and the grid must deliver practical low-frequency ripple active power (constant active power); and (2) the controller should have a good dynamic and steady-state performance.



The main modulation strategies of the DTMC contain the transfer function method, model predictive control method, and space vector pulse width modulation (SVPWM) [27,28,29,30]. The indirect SVPWM (ISVPWM) has the advantages of simple calculation, easy implementation, and good stability performance; therefore, it has been widely used. In this paper, the 3 × 3 matrix converter is theoretically equivalent to the combination of a virtual rectifier stage and a virtual inverter stage. The ISVPWM is used in the virtual rectifier stage. The modulation of the virtual inverter stage is the same as conventional inverters.



The manuscript is organized as follows. Section 2 provides a topology and modulation algorithm of the DTMC. Section 3 provides a detailed definition of the instantaneous powers under unbalanced grid voltages and the corresponding output compensation. The proposed control method of the converter operating under unbalanced grid voltages is explained in Section 4. Finally, Section 5 presents many simulation and experimental data that serve to verify the suggested theoretical method.




2. The Topology and Modulation Scheme of the DTMC


2.1. Topology of the DTMC


The DTMC topology is shown in Figure 1. It consisted of an array of 4 × 3 switches, which included the 3 × 3 switches of the conventional matrix converter and another three additional switches for the neutral point connection on the output side.



Each switch comprised two unidirectional controlled power semiconductor devices. The switches within the red dotted box In Figure 1 represent the DTMC. The input of the DTMC was composed of the voltage port, input filter, and damping resistor; the output usually connected to inductive load was a current port. The input filter (within the blue dotted box in Figure 1) contained the inductor, Lf. The film capacitor, Cf, was mainly used for filtering out the harmonics in the current.




2.2. DTMC Modulation Algorithm


It can be seen from Figure 2 that the ISVPWM for the DTMC contained a virtual rectifier-level space vector modulation and a virtual inverter-level space vector modulation. The positive, neutral point, and negative terminals of the virtual inverter connected to up, un, and uo of the intermediate virtual DC voltage.



The virtual rectifier-level space vector modulation of the DTMC used an input phase current modulation with a zero vector. Figure 3 shows the space vector modulation of a virtual rectifier. In Figure 3, ui represents the space vector of the input phase voltage, φi represents the phase difference, and iiref represents the space vector of the desired input phase current.



The duty cycles dμ, dν, and d0 of the effective vectors and zero vectors could be obtained according to the volt-second balance principle and the sinusoidal theorem:


   {       d μ  =  m c  sin  (    60  °  −  θ  sc    )         d v  =  m c  sin  (   θ  sc    )         d 0  = 1 −  d μ  −  d v         



(1)






   m c  =  I  im   /  i  p , avg    



(2)




where mc is the input phase current space vector modulation factor and ip,avg is the average value of the virtual DC link current.



In summary, the voltage and current of the virtual DC link were constant with a zero vector modulation in the local state averaging; the virtual inverter was powered by a constant DC source at the same time. Therefore, the modulation strategy of the virtual inverter stage was the same as a conventional inverter.





3. Instantaneous Power and Voltage Compensation under Unbalanced Grids


3.1. Instantaneous Power of the DTMC


When the three-phase voltage source failed, the input voltage and current could be expressed as (ignoring the zero-sequence component):


   {       u  sa   =  U +  cos  (   ω i  t  )  +  U −  cos  (  −  ω i  t −  θ −   )         u  sb   =  U +  cos  (   ω i  t − 2 π / 3  )  +  U −  cos  (  −  ω i  t + 2 π / 3 −  θ −   )         u  sc   =  U +  cos  (   ω i  t + 2 π / 3  )  +  U −  cos  (  −  ω i  t − 2 π / 3 −  θ −   )         



(3)






   {       i  sa   =  I +  cos  (   ω i  t  )  +  I −  cos  (  −  ω i  t −  γ −   )         i  sb   =  I +  cos  (   ω i  t − 2 π / 3  )  +  I −  cos  (  −  ω i  t + 2 π / 3 −  γ −   )         i  sc   =  I +  cos  (   ω i  t + 2 π / 3  )  +  I −  cos  (  −  ω i  t − 2 π / 3 −  γ −   )         



(4)




where U+ (I+) and U− (I−) are the amplitude of positive and negative sequence voltages (currents), respectively; ωi represents the angular frequency; θ− is the initial phase angle of the negative sequence voltage; and γ− is the initial phase angle of the negative sequence voltage. The initial phase angle of the positive sequence voltage and current was assumed to be zero.



Combining Equations (3) and (4), the input instantaneous power of the DTMC was obtained.





    S =  P s  + j  Q s      =  3 2   {       U +   I +  cos  φ +  +  U −   I −  cos  (   γ −  −  θ −   )        +  [   U +   I −  cos  φ −  +  U −   I +  cos  θ −   ]  cos  (  2  ω i  t  )        +  [  −  U +   I −  sin  φ −  −  U −   I +  sin  θ −   ]  sin  (  2  ω i  t  )       }  +        j   3 2   {      −  U +   I +  sin  φ +  −  U −   I −  sin  (   γ −  −  θ −   )        +  [   U +   I −  sin  φ −  +  U −   I +  sin  θ −   ]  cos  (  2  ω i  t  )        +  [   U +   I −  cos  φ −  +  U −   I +  cos  θ −   ]  sin  (  2  ω i  t  )       }      =  P  s 0   +     P   s 2 sin    cos ( 2 ω t ) +  P  s 2 cos   sin ( 2 ω t )  ⏟   S e c o n d   h a r m o n i c   o f    active   power    +        Q  s 0   +     Q  s 2 sin   cos ( 2 ω t ) +  Q  s 2 cos   sin ( 2 ω t )  ⏟   S e c o n d   h a r m o n i c   o f    reactive   power       



(5)




where Ps (or Qs) is the input active (or reactive) power, Ps0 and Qs0 are the fundamental components of the input power, and Ps2 and Qs2 are the second harmonics of the input power.



According to the principle of power conservation, by ignoring switching losses, the input power of the DTMC should equal the power consumed by the load. To ensure the balance of the three-phase output voltage, the second harmonic of the input power should be eliminated. Therefore, when the input voltage is unbalanced, the output voltage should be compensated.




3.2. Output Voltage Compensation


When the ISVPWM with a zero vector was used, the average of the virtual DC link voltage upn,avg during each cycle could be expressed as:


   u  pn , avg   =  3 2   m c   U  im   cos  φ i  .  



(6)







From the virtual inverter-level modulation, the modulation coefficient could be expressed as:


   m v  =  3   U  om   /  u  pn ,    avg       



(7)




where Uom is the amplitude of the output voltage, Uim is the amplitude of the input voltage, and mv is the space vector modulation factor of the output voltage.



When the input voltage was unbalanced, Uim and Uom were not constant, which led to unbalanced output voltages. Therefore, the value of mv was adjusted according to Equation (7) to compensate for the output voltage and to achieve a balance.





4. RBF Neural Network Fractional-Order Sliding Mode Controller


4.1. Mathematical Models of the DTMC


According to Kirchhoff’s laws, the mathematical model of the DTMC on the input side (as shown in Figure 1 and Figure 2) could be obtained as:


   {       u  sa   −  R f   i  sa   −  L f    d  i  sa     d t   −  u a  = 0        u  sb   −  R f   i  sb   −  L f    d  i  sb     d t   −  u b  = 0        u  sc   −  R f   i  sc   −  L f    d  i  sc     d t   −  u c  = 0        



(8)






   {       i  sa   −  C f    d  u a    d t   −  i a  = 0        i  sb   −  C f    d  u b    d t   −  i b  = 0        i  sc   −  C f    d  u c    d t   −  i c  = 0        



(9)







Transforming Equations (8) and (9) into dq coordinates, we could obtain:


   {        d  i  sd     d t   = −    R f     L f     i  sd   +  ω i   i  sq   +  1   L f     u  sd   −  1   L f     u d          d  i  sq     d t   = −    R f     L f     i  sq   −  ω i   i  sd   +  1   L f     u  sq   −  1   L f     u q          d  u d    d t   =  1   C f     i  sd   +  ω i   u q  −  1   C f     i d          d  u q    d t   =  1   C f     i  sq   −  ω i   u d  −  1   C f     i q         



(10)




where usj and isj (j = a, b, c, d, q) represent the grid voltages and grid currents, respectively; uj and ij are the input voltage and current of the DTMC, respectively; and Rf is the damping resistor.



To ensure that the grid voltage and current could achieve a unity power factor, we controlled the impedance angle. The impedance angle could be described as:


   φ i  = arctan  (     i q     i d     )  .    



(11)







To ensure the reliability of the electricity, when the reference signals of the reactive power changes, the active power should be stable. Therefore, from Equation (11), the impedance angle could be controlled by iq, which could ensure that the active power was constant. The input side of the DTMC based on the q-axis could be described as:


    d  i  sq     d t   = −    R f     L f     i  sq   −  ω i   i  sd   +  1   L f     u  sq   −  1   L f     u q   



(12)






    d  u q    d t   =  1   C f     i  sq   −  ω i   u d  −  1   C f     i q  .  



(13)







From a derivative of Equation (12) and a combination with Equation (10), we could obtain:


       d 2   i  sq     d  t 2    =    ω r 2   i q  −    R f     L f     d  d t    i  sq           −  ω r 2   i  sq   −  ω i   d  d t    i  sd   +  1   L f     d  d t    u  sq   +    ω i     L f     u d     



(14)




where    ω r 2  = 1 /  (   L f   C f   )   .




4.2. Fractional-Order SMC


The order of calculus is usually an integer order. The fractional-order calculus extends the calculus procedures to a more general form in which the order of the derivative is a fraction.



The fractional-order calculus is defined as:


    a   D t α   {         d α    d  t α        α > 0      1    α = 0          ∫ a t     ( d τ )  α         α < 0        



(15)




where      a   D t α    is the symbol of the fractional-order calculus, a and t are the upper and lower boundaries of the operation, and α is the order of the fractional-order calculus, respectively.



We used the Caputo fractional-order for the proposed control method. The Caputo fractional-order was defined as:


   D α  f ( t ) =  1  Γ ( n − α )      ∫ 0 t      f  ( n )   ( τ )     ( t − τ )   α − n + 1        d τ , n − 1 < α < n  



(16)




where Γ (·) is a gamma function, Γ  ( γ ) =  ∫ 0 ∞   e  − t    t  γ − 1   d t  , and n is a positive integer. Here, n = 1.



Defining    x 1  =  i  s q     and    x 2  =   d  i  s q     d t    , Equation (14) could be transformed into a state-space representation:


   {        x ˙  1  =  x 2          x ˙  2  =  x 1   (     R f 2     L f 2    −  ω i 2  −  ω r 2   )  +  i  sd    (    2  ω i   R f     L f     )  −  u  sd    (     ω i     L f     )          −  u  sq    (     R f     L f 2     )  +  u d   (    2  ω i     L f     )  +  u q   (     R f     L f 2     )  +  1   L f      d  u  sq     d t   +  ω r 2   i q         



(17)







The reference current of the q-axis was defined as isqref and the current tracking error was defined as   e =  i  sqref   −  i  sq   =  x  1 ref   −  x 1   .



We defined the fractional-order sliding surface as:


  s =  c 1   D  1 − μ   e +  c 2  e +  c 3   D  α − 1   e  



(18)




where c1 and c2 are constants, Dα−1e is the α − 1 order integration of the error, D1−μe is the 1 − μ order derivative of the error, 0 < α, and μ < 1.



To compensate for the effect of the lumped uncertainties, we designed an exponential reaching law as follows.



In order to reduce the high frequency jitter of the SMC, the saturation function, sat (·), was used instead of the sign function, sgn (·), in the ideal sliding mode (called the quasi-sliding mode). The exponential reaching law was designed as follows:


   s ˙  ( t ) = − ε sgn ( s ( t ) ) − q s ( t ) = − ε s a t ( s ( t ) ) − q s ( t )  



(19)




where ε and q are positive constants.



From a derivative of Equation (18) and a combination with Equation (19), we could obtain:


     c 1   D  2 − μ   e +  c 2   e ˙  +  c 3   D α  e   =  c 1   D  − μ    e ¨  +  c 2   e ˙  +  c 3   D α  e         = − ε s a t ( s ( t ) ) − q s ( t )    



(20)







By substituting Equation (20) into Equation (17), the following FOSMC control law of the q-axis current was obtained:


   i q  =  1   ω r 2     [       i  s q    (   ω i 2  +  ω r 2  −    R f 2     L f 2    +  K 1     R f     L f    −  K 2   )  +        i  sd    (  −   2  R f     L f    +  K 1   ω i   )  +  u  sd      ω i     L f    +  u  sq    (     R f     L f 2    −    K 1     L f     )       +  u d   (    − 2 ω  L   )  +  u q   (  −    R f     L f 2    +    K 1     L f     )  +  K 2   i  sqref       + q    c 3   D  a − 1      c 2     (   i  sqref   −  i  sq    )  +  ε   c 1   D  − μ     s a t ( S ( t ) )     ]   



(21)




where    K 1  =    c 2     c 1   D  − μ     + q   and    K 2  =    c 3   D a     c 1   D  − μ     + q    c 2     c 1   D  − μ      .



It can be seen from Equation (21) that the FOSMC control law contained the device parameters Rf, Lf, Cf, and ωi and the controller parameters c1, c2, c3, ε, q, α, and μ. However, parametric variations caused by aging inductors and capacitors are a nonlinear function and ωi is related to the grid frequency in practical applications. In addition, it can be difficult to adjust the controller parameters. Therefore, an RBF NN was proposed to fit Equation (21). The nonlinear function was described as:


   i q  = F  (   i  s q   ,  i  sd   ,  u  sd   ,  u  sq   ,  u d  ,  u q  , s  )  .  



(22)








4.3. RBF Neural Network


The input layer, hidden layer, and output layer are the three layers of a forwarding structure in an RBF NN. A basic RBF NN is shown in Figure 4.



As shown in Figure 4, the input of the RBF NN was:


  x =    [   x 1  ,  x 2  , …  x j   ]   T  , j = 1 , 2 , … , 7 .  



(23)







The output of the input layer was:


   O j  ( 1 )   = x ( j ) , j = 1 , 2 , ... , 7 .  



(24)







The input of the hidden layer was:


    net  i  ( 2 )   = x , x = ( x ( 1 ) , x ( 2 ) , ..... , x ( 7 ) ) .  



(25)







The output of the hidden layer was:


   O i  ( 2 )   ( k ) = g  (    net  i  ( 2 )   ( k )  )  , i = 1 , 2 … 8 .  



(26)







To distinguish across the layers, superscripts 1, 2, and 3 were used to denote the input, hidden, and output layers, respectively. The Gauss function was g(x).


  g ( x ) = exp  (  −      ‖  x −  c i   ‖   2    2  b i 2     )   



(27)




where    c i  =  [   c  i 1   , … ,  c  i n    ]   , which was the center vector of the ith hidden layer neuron. The width vector of the Gauss function was    b i  =    [   b 1  ,  b 2  , … ,  b m   ]   T   .



The input of the NN output layer was:


    net  i  ( 3 )   ( k ) =   ∑  i = 1  8    w i  ( 3 )      O i  ( 2 )   ( k ) .  



(28)







The output of the NN was as follows:


   i q  =  O i  ( 3 )   ( k ) = f  (    net  l  ( 3 )   ( k )  )  , l = 1  



(29)




where    w  l i    ( 3 )      is the weight of the hidden layer to the output layer. The activation function of the output layer was:


  f ( x ) =    e x     e x  +  e  − x     .  



(30)







The performance function of this NN was as follows:


  E ( k ) =  1 2     (   i  qref   −  i q   )   2   



(31)




where iqref is the set value of iq, which was related to the reactive power. In this article, iqref = 0.



The network weight was adjusted using the gradient descent approach. An inertia term was included in the formula to improve the convergence speed.


  Δ  w  l i   ( 3 )   ( k ) = − η   ∂ E ( k )   ∂  w  l i   ( 3 )     + α Δ  w  l i   ( 3 )   ( k − 1 )  



(32)




where η is the learning rate and α is the inertial coefficient.



In summary, the weight adjustment formula of the RBF NN was Equation (32) and the parameters and the number of neurons was as follows.



(1) Number of neurons: When the control system was confirmed, the number of the input and output neurons was also determined. In this paper, the input and output layers w 2 and 1, respectively. There is no currently no uniform formula to determine the number of middle layer neurons. According to Table 1 and Figure 5, the best results were obtained when the number of neurons in the middle layer was 8. The input and output layers were 2 and 1, respectively.



(2) Parameter Setting: The settings of ai and bi also affected the output of the RBF NN. When the input was close to ai, the value of the Gauss function was sensitive and bi was the mapping range of the Gauss function. In this paper, ai was 0 and bi was 1.





5. Simulation and Experiment Results


5.1. Simulation


To show the validity of the suggested controller, we built a model in MATLAB/Simulink according to Figure 6. The parameters of the simulation are listed in Table 2. The average reactive power reference was set to zero (Qref = 0).



5.1.1. Imbalance Analysis


As shown in Figure 7a, the performance of the suggested control method was assessed with a 10% reduction in the phase amplitude. The nonlinear loads connected to the grid led to distortions observed in the grid voltage waveforms. Figure 7b shows the waveforms of the DTMC input voltage. We observed that the high switching frequency current harmonics flowing into the filter capacitors were the primary cause of high frequency distortion.




5.1.2. Output Compensation Analysis


Figure 8a,b illustrates the output voltage fundamental waveform of the DTMC. The cut-off frequency of the filter was 50 Hz. Although the grid voltage was imbalanced, the DTMC could produce three-phase balanced and sinusoidal voltages after the voltage compensation proposed in the article, as shown in Figure 8b. Conversely, the uncompensated waveform suffered from three-phase imbalance and distortion.



Figure 9 shows the waveform of the output voltage modulation coefficient, mv. From Figure 8, it can be seen that mv fluctuate between 0.9 and 0.96. When the input voltage amplitude was at maximum, mv was minimum so the output voltage could reach a balance, which was consistent with the theoretical analysis of Section 3.2.



Figure 10a,b illustrates the power waveform of the DTMC. In Figure 10a, it can be seen that there were twice the frequency components and active power drops with no compensation. According to Section 3, the output active power was a constant value after compensation. It can be seen in Figure 10b that the overshoot and fluctuations of the reactive power were smaller after compensation.




5.1.3. Controller Performance Analysis


To verify the effectiveness of the controller proposed in the article, the reactive power was increased abruptly from 0 var to 1000 var at 0.2 s and was compared with a conventional PI control as well as a sliding mode controller based on an RBF NN (RBFSMC).



Figure 11 shows the grid and load current of phase A. As can be seen in Figure 11, the RBFFOSMC took about 0.005 s to reach stability by the controller proposed in the article, which was better than the PI control and RBFSMC. The load currents had an excellent dynamic and steady performance under the RBFFOSMC. When the set value changed suddenly, the output current did not fluctuate at 0.2 s. The PI control took about 30 ms and the RBFSMC took about 5 ms to become stable whereas the RBFFOSMC immediately reached stability. Table 3 shows the FFT analysis of the grid current of Phase A. As can be seen in Table 3, the FFT was over 5% under the RBFSMC and PI control. According to IEEE Std 519, the FFT of the grid current should be less than 5%. The FFT under the RBFSMC fulfilled this requirement.



Figure 12 shows the reactive power controlled by the RBFFOSMC, RBFSMC, and PI control. When the reactive power rose at 0.2 s, the proposed controller in this article could immediately track the set value whereas the overshoot was larger and the setting time was longer when controlled by the PI control and the RBFSMC. Figure 13 shows the tracking performance of iq. It could track the iqref without any delay whereas it took about 20 ms under the PI control and 10 ms under the RBFSMC to track the iqref. In addition, iq fluctuated more frequently under the PI controller at 0 s.





5.2. Experiment


In this paper, the hardware in the loop simulation platform based on an RT-LAB was built. This platform included a DSPTMS32F28335 as the main control device and RT-LAB equipment was used to build the hardware model. The platform is shown in Figure 14.



The RT-LAB obtained a PWM control signal from the DSP, which was the gate signal of the IGBT in the DTMC. Each converter output the voltage and current under the control of the corresponding PWM signal. The switching frequency of the IGBT was 20 kHz. According to Shannon’s theorem, the sampling frequency must be greater than 40 kHz. In this experiment, the sampling frequency was set to 1 MHz. The experimental parameters were consistent with the simulation.



As shown in Figure 15, as with the simulation, the amplitude of usa decreased by 10%. The line currents remained sinusoidal and in phase with their corresponding grid voltages. Therefore, the unity input power factor operation was also achieved before the reactive power changes. When the grid voltage was imbalanced, the converter was required to inject reactive power into the grid. In order to ensure the reliability of the power supply, when the reactive power changed, the active power should not change. As a result, the active power needed to be compensated and the output of the converter was no longer a unit power factor. These results confirmed that the RBFFOSMC and voltage compensation operated perfectly even under these unfavorable conditions of grid voltages.



The load current illustrated in Figure 16 shows clearly that converter was also able to provide balanced currents to the load despite the imbalanced grid. There were no fluctuations when the reactive power changed, which guaranteed the reliability of the power on the load side. In addition, an FFT analysis of the load current of phase A was performed by MATLAB. The result is shown in Figure 17. This value was close to the simulation result, which verified the validity of the simulation. The DTMC could output perfect waveforms under the proposed controller.



Figure 18 shows the active and reactive power waveforms. It could be observed that the average value of the reactive power was very close to zero. The active power could provide electricity stably to the load without fluctuation after the compensation. The converter remained operating at a near unity input power factor before the reactive changes. When the set value changed, the reactive power immediately tracked the value and the active power compensation was added at the first time. Therefore, the active power was not affected by an abrupt increase in the reactive power. It could still supply the load with the same energy as well as meet the demand of the reactive power of the grid.





6. Conclusions


To produce balanced output voltages and currents as well as achieve a near unity input power factor operation, this article developed an advanced controller for a DTMC under unbalanced grid voltages. The RBFFOSMC proposed in this paper did not require the actual hardware parameters in the industrial field. Therefore, the RBFFOSMC could be used on other equipment rather than a DTMC with the same parameters in this article and does not require the adjustment of the relevant controller parameters. The experimental and simulation results showed that the controller worked efficiently and could drive the converter with a near unity input power factor under unbalanced grids. In addition, the active power did not change when reactive power was supplied to the grid. An ISVPWM was used, which could provide stable active power; it may also reduce hardware requirements.
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Figure 1. DTMC topology. 
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Figure 2. ISVPWM equivalent circuit diagram. 
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Figure 3. Space vector modulation of a virtual rectifier: (a) input phase current vector distribution; (b) input phase current vector synthesis. 
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Figure 4. Basic RBF NN. 
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[image: Sustainability 14 03193 g004]







[image: Sustainability 14 03193 g005 550] 





Figure 5. Track error under 8 neurons. 
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Figure 6. Control block diagram of the proposed method. 
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Figure 7. Voltages of input side: (a) grid voltage; (b) input voltage. 






Figure 7. Voltages of input side: (a) grid voltage; (b) input voltage.



[image: Sustainability 14 03193 g007]







[image: Sustainability 14 03193 g008a 550][image: Sustainability 14 03193 g008b 550] 





Figure 8. Fundamental waveforms of output voltage: (a) no compensation; (b) compensation. 
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Figure 9. The mv waveform. 
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Figure 10. Output power waveforms: (a) active power; (b) reactive power. 
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Figure 11. Current waveforms of phase A: (a) grid current; (b) load current. 
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Figure 12. Active power waveforms under Qref changes. 
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Figure 13. Waveforms of iq and iqref. 






Figure 13. Waveforms of iq and iqref.



[image: Sustainability 14 03193 g013]







[image: Sustainability 14 03193 g014 550] 





Figure 14. Hardware in loop simulation experiment platform. 
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Figure 15. Grid voltages and line currents ((usa, isa), (usb, isb), and (usc, isc)) obtained under 10% decrease in usa. 
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Figure 16. Steady-state load currents ia, ib, and iC obtained under 10% decrease in usa. 
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Figure 17. FFT of load current ia. 
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Figure 18. Instantaneous active and reactive powers. 
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Table 1. MSE with different number of neurons.
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	Number of Neurons in the Middle Layer
	4
	8
	16





	MSE
	3.336 × 10−5
	1.0259 × 10−6
	5.0258 × 10−6
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Table 2. Simulation parameters.
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	Parameters
	Values





	Grid voltage usj/V
	311



	Filter capacitors Cf/μF
	12



	Filter inductors Lf/mH
	2



	Damping resistors Rf/Ω
	2



	Load resistors RL/Ω
	10



	Load inductors Lf/mH
	10



	Output frequency f0/Hz
	25



	Active power Pref/W
	5000



	Modulation factor mc, mv
	0.8, 0.9



	RBF hidden layer nodes
	8



	Learning rate η
	0.5



	Inertial coefficient α
	0.05



	Switching frequency fs/kHz
	20
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Table 3. FFT analysis of grid current of Phase A.
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	Grid Side Current
	RBFFOSMC
	RBFSMC
	PI





	FFT Analysis
	2.29%
	5.46%
	5.66%
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