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Abstract

:

This paper presents a robust intelligent tracking-control technique which is subsequently applied to single-phase SPWM inverters. The proposed technique mixes advanced sliding mode control (ASMC) with grey-Markov model (GMM). The advanced sliding mode control allows the system state to converge quickly to the origin in a limited amount of time. Unfortunately, a chattering problem frequently occurs when the inverter suffers drastically from highly nonlinear or internal parameters changes. The large power losses and high harmonic distortion emerge in the inverter output. The role that the grey-Markov model plays is to reduce the chattering of the ASMC during system uncertainty overestimation, or to reduce the steady-state error caused by underestimation of system uncertainty. In conjunction with the GMM and the ASMC, fast transient response, low distortion of the sinusoidal output-voltage and reduced chattering can be obtained. Simulation results of the proposed single-phase SPWM inverter are carried out in MATLAB/Simulink. The experimental results have been validated through digital signal processors, enabling the single-phase SPWM inverter output to effectively improve the transient tracking speed and steady-state performance.
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1. Introduction


There is a growing interest in high quality and high performance single-phase SPWM inverters, which are also widely used to provide alternating current (AC) sinusoidal output voltages with low harmonic distortion, fast dynamic response and zero steady-state error [1,2,3,4]. These performance requirements can be established by closed-loop control schemes. In previous research, a number of techniques for controlling inverters have been published, for instance, the linear quadratic regulator (LQR) scheme, resonant approach, proportional integral (PI) controller, as well as H-infinity control. An LQR-based robust voltage controller can be applied to inverter design during system black start to achieve good stability. However, it is necessary to make a compromise between transient and steady-state response [5]. The photovoltaic micro-inverter using a power control scheme has been proposed. The developed scheme uses the resonant concept to achieve maximum power point tracking as well as to control total system active power. The inverter can produce a good performance, but the implementation circuit is a bit complicated [6]. The integration of a proportional–integral state-feedback controller and three-dimensional space vector modulation has been proposed to design grid inverters. This control method allows for quicker as well as more precise feedback of dynamic behavior, nevertheless the steady-state performance can be strengthened [7]. A control strategy with proportional resonance and proportional integral for single phase quasi-Z-source inverters is suggested. Such a methodology can effectively govern the control variables on both the direct current (DC) and AC sides, except for the sophisticated and time-consuming mathematical modeling [8]. A kind of new H-infinity control explores the stability problem of grid-connected inverters exposed to grid impedance fluctuations. Although a good dynamic response can be obtained, the steady-state performance still requires improvement [9]. Sliding mode control is known to be simple in structure, easy to design and insensitive to changes in internal parameters and external load disturbances [10,11,12,13]. In other words, the system behavior is robust to disturbances when sliding motion occurs. A great deal of published literature on sliding mode control demonstrates the effectiveness of its use in SPWM inverters [14,15,16,17,18,19,20]. However, the system state of conventional sliding mode control has a theoretically infinite, i.e., the time to convergence to the origin is not finite, and it suffers from frequent chattering problems. Advanced sliding mode control has robust and insensitive properties, a clear architectural design philosophy and good control effects [21,22,23,24,25,26,27,28]. It allows the system to retain its reliability as well as stability in the face of parametric uncertainties. More interestingly, the advanced sliding mode control permits a limited system state retraction time, i.e., when the plant is disturbed by uncertainty, the system movement can attain a sliding region for a limited time, and then generate a sliding motion leading to a rapid retraction to the origin. Even though the advanced sliding mode control described above has further improved the dynamic response of the system, the chatter may still persist. The chatter poses a challenge during implementation as it means excessive energy dissipation as well as high harmonic distortion voltage in the SPWM inverter output. In some instances, it may also provoke unmodelled high-frequency controlled field dynamics, which could lead to system instability. Despite the fact that they are capable of solving the problem of the chattering as well as strengthening transient response in the event of uncertainty, the mathematical complexity of these techniques is considerable and the calculations require a lot of time [29,30,31,32]. The grey model is distinguished by its computational simplicity, low information needs and the ability to model an arbitrary discrete series with high precision for short-term forecasts [33,34,35]. However, it provides a poorer approximation in long-term forecasting and highly volatile series. The Markov chain can remedy the deficiencies of the grey model and achieve more accurate predictions [36,37,38]. Hence, in the case of overestimation of system uncertainty, a simple mathematical and efficient grey-Markov model is available to mitigate chattering or to decrease the steady-state error caused by underestimation of system uncertainty. One may note that using a closed-loop controlled single-phase SPWM inverter in conjunction with ASMC and GMM results in a high quality AC output voltage. The proposed technique has remarkable contributions in terms of simplicity, ease of programming, quick convergence and elimination of chattering and steady-state errors. This causes a higher level of exact tracking control as well as a more stable and robust operation of the inverter. Both simulation and experimental results have been presented for verification purposes regarding the correctness of the theoretical analysis.




2. Modeling of Single-Phase SPWM Inverter


Figure 1 gives an indication of a block diagram relating to a single-phase SPWM inverter. Both the LC (inductor capacitor) filter as well as the adopted load may be available to serve as a plant in a closed-loop dynamic system. It is allowed to be a resistance type of load, a stepped load and/or a full-wave diode rectifier load. This means that the single-phase inverter forms the circuit’s kernel, chopping the DC input as a sequence of SPWM pulses in response to the modulated signal. The purpose of the LC filter would be to eliminate the high frequency part of the chopped output voltage. Assuming that the switching frequency becomes sufficiently high to disregard the inverter dynamics, then in that case the inverter is modeled with a constant gain,    k  s p w m    . According to the small signal modeling theory of pulse-width-modulated switching power converters as well as the state-space averaging method [39,40,41], the inverter, LC filter and load can be derived as a linear time-invariant model.



Through the use of the proposed technique, the output voltage    v o    of a single-phase SPWM inverter is enforced to match a sine referenced voltage    v r   . When    e 1  =  v o  −  v r    and    e 2  =   e ˙  1    are defined, it is possible to derive the error dynamic state space equation as follows:


   [        e ˙  1          e ˙  2       ]  =  [     0   1      −  a 1      −  a 2       ]   [       e 1         e 2       ]  +  [     0     b     ]  u +  [     0     ϕ     ]   



(1)




where    a 1  =  1  L C    ;    a 2  =  1  R C    ;   b =    k  s p w m     L C    ;   L =  L 1  +  L 2   ;    k  s p w m     represents the gain equivalent to the single-phase SPWM inverter as well as   ϕ = −  a 1   v r  −  a 2    v ˙  r  −   v ¨  r    stands for systematic uncertainties. While the parameter    a 1    has been determined, there is no definition of the parameter    a 2   , which depends on the load circumstances. It is, in fact, impossible to forecast the loading situation, but the load variable extent is restricted by the design of the inverter. The parameter    a 2    shall therefore be specified in     a ¯  2  − δ  a 2  <  a 2  <   a ¯  2  + δ  a 2   , in which the bar on the character symbol signifies the nominative value and the symbol  δ  is the parameter change.



The control signal would be designed to make    e 1    as well as    e 2    converge towards zero. For this reason, as GMM is used to decrease the chattering, the ASMC is able to force the convergence of the system tracking error towards zero for a limited period of time, which guarantees the stability with a closed loop as well as yielding a higher performance in terms of AC output-voltage. With the introduction of GMM and ASMC, it will refine the conventional SMC to address the issues of unlimited time convergence and chattering.




3. Design of Control Technique


For the error state Equation (1), a sliding surface is required to ensure a quick time-limited convergence and absence of singularities, which could be formulated as follows:


  σ =  e 1  + η  e 2   β / α     



(2)




where   η > 0  , and both  α  and  β  are positively odd restricted to   1 <  β / α  < 2  . For quick entrance into the sliding surface, a sliding mode reaching law is designed as follows:


   σ ˙  = −  ρ 1     | σ |   γ  sgn ( σ ) −  ρ 2   | σ |    sinh   − 1   ( κ σ )  



(3)




where    ρ 1  > 0  ;    ρ 2  > 0  ;   κ > 0  ; and   0 < γ < 1  .



Depending on (1)–(3), the control law  u  of the ASMC gives:


  u = −  b  − 1   [  a 1   e 1  +  a 2   e 2  +  α  β η    e 2   β / α    +  ρ 1     | σ |   γ  sgn ( σ ) +  ρ 2   | σ |    sinh   − 1   ( κ σ ) ]  



(4)







Proof. 

The following is a candidate definition of the Lyapunov function:


  V = 0.5 ⋅  σ 2   



(5)







It is possible to obtain the time derivative  V  by using the tracking trajectory (1) as well as the control law (4) as follows:


     V ˙    = σ  σ ˙       = σ   (   e 1  + η  e 2   β / α     )  ′       ≤ − σ ⋅ [  ρ 1    | σ |  γ  sgn ( σ ) +  ρ 2   | σ |   sinh  − 1   ( κ σ ) ]    



(6)







One sees from (6) that it is not equal to zero with respect to  σ  and    e 2   , resulting in   V ˙   being less than zero. The (4) represents a time-constrained convergence of the system states. Nevertheless, (4) has an sgn function and if the load is a large stepped change/high-level of non-linearity, there will be a chatter problem. The operation of the GMM to address such issues is illustrated below. The GMM is employed to predict output voltage. Based on the five latest output-voltage values, the GMM is derived to forecast the next output voltage state. □





Step 1: It is necessary to assume that the original data sequence    χ  ( 0 )     (output voltage values) is denoted as follows:


   χ  ( 0 )   =  {   χ  ( 0 )   ( 1 )   ,    χ  ( 0 )   ( 2 ) ,   ⋅ ⋅ ⋅ ,    χ  ( 0 )   ( n )  }   



(7)




where  n  refers to the amount of data. Typically, a sequence can be built to depict the output-voltage information changes by using fewer (at least four) original data points; if the choice of  n  is greater than five, then more calculations are required.



Step 2: Consider the following expression for accumulated generating operation (AGO)


   χ  ( 1 )   ( k ) =   ∑  m = 1  k    χ  ( 0 )   ( m )    



(8)




where   k = 1 ,    2 ,    ⋅ ⋅ ⋅  ,    n  .



Step 3: By means of a first-order differential grey model through    χ  ( 1 )    , it is possible to obtain as follows:


    d  χ  ( 1 )     d t   + Ψ  χ  ( 1 )   = Γ  



(9)




where both  Ψ  and  Γ  indicate the model factors required to be decided.



The data sequence to achieve the grey background values is derived by adopting the mean generation operation on    χ  ( 1 )     as follows:


   Ζ  ( 1 )   ( k ) =   [  χ  ( 1 )   ( k − 1 ) +  χ  ( 1 )   ( k ) ]  / 2   



(10)




where   k = 1 ,    2 ,    ⋅ ⋅ ⋅  ,    n  .



Writing the (10) as a discrete sequence, it can be expressed as follows:


   χ  ( 0 )   ( k ) + Ψ  Ζ  ( 1 )   ( k ) = Γ  



(11)







Using the least square method to find  Ψ  and  Γ , we obtain:


  Ξ =  [     Ψ     Γ     ]  =   (  λ T  λ )   − 1    λ T  υ  



(12)




where   λ =  [      −   [  χ  ( 1 )   ( 1 ) +  χ  ( 1 )   ( 2 ) ]  / 2     1      −   [  χ  ( 1 )   ( 2 ) +  χ  ( 1 )   ( 3 ) ]  / 2     1     ⋅   ⋅        ⋅     ⋅         ⋅     ⋅         −   [  χ  ( 1 )   ( n − 1 ) +  χ  ( 1 )   ( n ) ]  / 2     1     ]   , and     υ =  [       χ  ( 0 )   ( 2 )        χ  ( 0 )   ( 3 )      ⋅        ⋅     ⋅          χ  ( 0 )   ( n )      ]   .



Putting the values of  Ψ  and  Γ  into the (11) gives the following forecast output:


    χ ^   ( 1 )   ( k + 1 ) = (  χ  ( 0 )   ( 1 ) −  Γ Ψ  )  e  − Ψ k   +  Γ Ψ   



(13)







Step 4: The prediction output can be calculated at   ( k + 1 )   with the inverse accumulated generating operation (IAGO):


    χ ^   ( 0 )   ( k + 1 ) = ( 1 −  e Ψ  ) ⋅ [  χ  ( 0 )   ( 1 ) −  Γ Ψ  ]  e  − Ψ k    



(14)







Step 5: Based on the tendency curve     χ ^   ( 0 )   ( k )  , the zone is partitioned into a number of strips parallel to the tendency curve. Each zone constitutes one state, i.e., a non-stationary random sequence     χ ^   ( 0 )   ( k )   conforming to the characteristics of the Markov chain is divided into  n  states, any of them being:


   Λ i  = [  A  1 i ,    A  2 i    ]     



(15)




where    A  1 i   =   χ ^   ( 0 )   ( k ) +  ς i   ;    A  2 i   =   χ ^   ( 0 )   ( k ) +  ξ i   ; the upper limit    ς i    and lower limit    ξ i    of the striped zone are     (  χ  ( 0 )   ( k ) −   χ ^   ( 0 )   ( k ) )   u p p e r     and     (   χ ^   ( 0 )   ( k ) −  χ  ( 0 )   ( k ) )   l o w e r    , respectively.



Step 6: The state transfer probability matrix can be calculated as follows:


   p  i j  m  =    M  i j  m   /   M i     



(16)




where    M  i j  m    is the number of original data samples transferred from state    Λ i    to state    Λ j    in  m  steps;    M i    stands for the number of original data samples of the system at state    Λ i   .



Step 7: The system is calculated to be at state    Λ k    which is estimated by:


   Χ ^  ( k ) =  χ  ( 0 )   ( k ) + 0.5 × (  ς i  +  ξ i  )  



(17)







Therefore, the control method of (4) adds a GMM term (   u  g m m    ) to remove the chattering as follows:


   u  g m m   ( k ) =  {     0      H  σ ^  ( k ) sgn ( σ ( k )  σ ^  ( k ) )          ,     |   σ ^  ( k )  |  < ε        ,     |   σ ^  ( k )  |  ≥ ε        



(18)




where  H  denotes a constant;    σ ^  ( k )   represents the forecast value of   σ ( k )  ; and  ε  stands for system boundary.




4. Simulation and Experimental Results


Based on the mathematical model of the single-phase SPWM inverter, the parameters are shown in Table 1.



Figure 2 and Figure 3, respectively, depict the simulated output waveforms of the single-phase SPWM inverter with a fully resistive load for the conventional SMC and the proposed technique. As the load is a linear resistive load without dynamic changing, the output voltages of both the conventional and the proposed inverter approach very closely to sine waves. A detailed inspection of the two output-voltage waveforms shows that there are only quite short transient phenomena at the beginning of the waveforms, after which the steady-state reactions remain nearly distortion-free. The simulated output voltage of the single-phase SPWM inverter operated by the conventional SMC under a stepped load (no load to full load) is displayed in Figure 4. With the corresponding load case, Figure 5 depicts the simulated output voltage of the proposed single-phase SPWM inverter. It can be detected from Figure 5 that the proposed single-phase SPWM inverter not only obtains less transient voltage degradation, but also rapidly remedies the voltage drop back to the reference voltage value. While the conventional SMC makes the instantaneous voltage sink to about one hundred voltages and then recover to close to the reference voltage, the proposed technique not only results in a lower voltage drop and shorter recovery time, but also completely brings the voltage to the required sine wave voltage. Figure 6 shows the simulated output voltage of the conventional sliding mode-controlled single-phase SPWM inverter as the filter parameters are varied. Figure 7 plots the simulated output voltages of the proposed single-phase SPWM inverter subject to fluctuations in the filter parameters. The proposed single-phase SPWM inverter exhibits significant insensitivity, having an approximately sinusoidal output voltage, whereas the conventional sliding mode-controlled single-phase SPWM inverter suffers from a high level distortion in the output voltage waveform. The proposed technique features high robustness against changes in internal parameters providing a superior steady state, whereas the conventional SMC easily affects the waveform even with the minor changes in internal parameters, leading to severe distortion and deformation. The proposed algorithm and the SPWM module are designed in MATLAB (version 6.1, MathWorks Inc., Natick, MA, USA)/Simulink (version 4.1, MathWorks Inc., Natick, MA, USA) software. Real Time workshop auto-generates the C code, which is permitted to run on the hardware (dSPACE digital signal processor). The implementation in the hardware is depicted in Figure 8, which illustrates the inference circuit between the digital signal processor as well as the single-phase SPWM inverter. There are four optocouplers (PC923) taken to provide the isolation among the control as well as the power circuits. The power MOSFET used is the IRF460. The voltage sensor employed is an AD202 isolation amplifier. Figure 9 and Figure 10 show the experimental steady-state output voltages of the single-phase SPWM inverter using the conventional SMC and proposed technique at full resistive loads. Both output voltages have good regulation with low harmonic distorted AC waveform. Because the load is linear without any variation or non-linearity, pure sine waveforms can be obtained with either the conventional SMC or the proposed technique. The experimental waveform achieved with the conventional SMC, under a stepped load from no load to full load at a 90 degree firing angle presented in Figure 11, contains a major voltage droop with a delayed restoration period. When a conventional SMC inverter is operated during no load condition, the output voltage maintains a good sinusoidal steady state. Once it suddenly becomes full-load operation, the output voltage drops to nearly one hundred voltages and cannot quickly return to the required sine wave output-voltage amplitude during the transient conversion. Conversely, Figure 12 reveals the experimental waveform acquired using the proposed technique under a stepped load of 90 degree ignition angle from no load to full load. A satisfactory transient can be observed along with a little voltage droop after which the voltage waveform comes back to a good level of steady-state precision. The proposed technique uses a non-linear sliding function and GMM predictive compensation, resulting in minor output voltage drop along with a faster recovery to one hundred and ten voltages (root-mean-square value). For a single-phase SPWM inverter with a resistance of 12 ohms, the values of the LC filter parameters are supposed to be between 50% and 100% of the nominal value. Figure 13 and Figure 14 display the experimental output voltage waveforms of a single-phase SPWM inverter which is separately managed by the conventional SMC and proposed technique. The proposed technique is less sensitive to parametric variations as well as loading perturbations as compared to the conventional SMC. The filter of the inverter is the important element for filtering harmonics, which can detect the effectiveness of the designed control method in the case of changing filter parameters. The proposed technique clearly has a good steady-state output behavior for filter parameter variations, while the conventional SMC produces distorted sine wave with high %THD. The proposed technique yields desirable steady-state and dynamic reactions as well as exhibiting noticeable enhancement in terms of decreasing output-voltage distortion subject to filter parametric variations. Table 2 shows the simulated and experimental voltage droop and %THD. In the final conclusion, the voltage THD needs to be less than 5% as recommended by the IEEE standard 519-1992. In addition, according to the recommendation of Institute of Electrical and Electronics Engineers (IEEE) standard 1159-1995, the voltage drop should be the reduction in root-mean-square voltage/current at the source frequency from 0.5 cycles to one minute period; normal values of voltage drop vary in the range of 0.1 and 0.9 per unit. Both the simulation and experimental results indicate that the proposed technique meets the above IEEE standards.




5. Conclusions


This paper illustrates a single-phase SPWM inverter governed by a digital signal processor to demonstrate the proposed technique. Contrasting with a conventional SMC, the ASMC features a fast state convergence time of the system, which creates a better reaction in both transient and steady state. In addition, the GMM contributes to the cancellation of the chattering arising in the ASMC in case the load becomes a heavily non-linear ambience. The proposed single-phase SPWM inverter is able to deliver a high-quality AC output voltage when coupled with the ASMC and GMM. As the simulation and experimental results showed, the proposed controlled single-phase SPWM inverter allows for low total harmonic distortion, fast transience, removal of chattering as well as steady-state errors under different operating load requirements. In future studies, the proposed single-phase SPWM inverter can be combined with a non-inverting buck–boost DC–DC converter (as shown in Figure 15) to extend its application in photovoltaic systems [42,43,44,45,46].
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Figure 1. Block diagram of a single-phase SPWM inverter. 
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Figure 2. Simulated output voltage with the conventional SMC under full load. 
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Figure 3. Simulated output voltage with the proposed technique under full load. 
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Figure 4. Simulated output voltage with the conventional SMC under stepped load. 
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Figure 5. Simulated output voltage with the proposed technique under stepped load. 
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Figure 6. Simulated output voltage with the conventional SMC under LC parametric variations. 
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Figure 7. Simulated output voltage with the proposed technique under LC parametric variations. 
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Figure 8. Circuits of hardware implementation. 
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Figure 9. Experimental output voltage with the conventional SMC under full load. 
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Figure 10. Experimental output voltage with the proposed technique under full load. 
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Figure 11. Experimental output voltage with the conventional SMC under stepped load. 
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Figure 12. Experimental output voltage with the proposed technique under stepped load. 
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Figure 13. Experimental output voltage with the conventional SMC under LC parametric variations. 
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Figure 14. Experimental output voltage with the proposed technique under LC parametric variations). 
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Figure 15. Circuit structure of a non-inverting buck-boost DC–DC converter. 
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Table 1. Parameters of the single-phase SPWM inverter.
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	Parameters
	Values





	DC supply voltage (   V s   )
	200 V



	Sine output voltage (   v o   )
	  110  2    Vmax



	Frequency of sine output voltage
	60 Hz



	Filter inductor ( L )
	1 mH



	Filter capacitor (  C )  
	20 Microfarad



	Resistive load ( R )
	12 Ohm



	Switching frequency
	30 kHz
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Table 2. Simulated and experimental voltage droop and %THD.
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Methods

	
Testing Conditions

	
Values






	
Conventional SMC

(Simulations)

	
Full resistive load (%THD)

	
0.02%




	
Stepped load (Voltage droop)

	
50.79 Vmax




	
LC parametric variation (%THD)

	
21.43%




	
Proposed

Technique

(Simulations)

	
Full resistive load (%THD)

	
0.01%




	
Stepped load (Voltage droop)

	
16.83 Vmax




	
LC parametric variation (%THD)

	
0.09%




	
Conventional SMC

(Experiments)

	
Full resistive load (%THD)

	
0.03%




	
Stepped load (Voltage droop)

	
50.46 Vmax




	
LC parametric variation (%THD)

	
19.76%




	
Proposed Technique

(Experiments)

	
Full resistive load (%THD)

	
0.04%




	
Stepped load (Voltage droop)

	
21.17 Vmax




	
LC parametric variation (%THD)

	
0.08%
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