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Abstract

:

This paper proposes an improved feedback algorithm by binary particle swarm optimization (BPSO)-based nonsingular terminal sliding mode control (NTSMC) for DC–AC converters. The NTSMC can create limited system state convergence time and allow singularity avoidance. The BPSO is capable of finding the global best solution in real-world application, thus optimizing NTSMC parameters during digital implementation. The association of NTSMC and BPSO extends the design of classical terminal sliding mode to converge to non-singular points more quickly and introduce optimal methodology to avoid falling into local extremum and low convergence precision. Simulation results show that the improved technique can achieve low total harmonic distortion (THD) and fast transients with both plant parameter variations and sudden step load changes. Experimental results of a DC–AC converter prototype controlled by an algorithm based on digital signal processing have been shown to confirm mathematical analysis and enhanced performance under transient and steady-state load conditions. Since the improved DC–AC converter system has significant advantages in tracking accuracy and solution quality over classical terminal sliding mode DC–AC converter systems, this paper will be applicable to designers of relevant robust control and optimal control technique.
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1. Introduction


DC–AC converters have been widely applied in renewable energy systems, such as solar photovoltaic (PV) energy systems, wind turbine generator systems and fuel cell power generation systems. For example, a solar PV energy system can convert sunlight into usable electrical energy. The simplified solar PV systems include PV panels, DC–DC converters, DC–AC converters and loads. Such system can be designed to yield maximum power delivered to the load. There are two power conversion stages in this structure, so it can be considered a two-stage system. The DC–DC converter is used to handle maximum power point tracking (MPPT) and regulate the DC load voltage. At the same time as the grid connection occurs, the power is generated by the PV panel and converted to AC power by the DC–AC converter. Furthermore, the operation of DC–AC conversion and maximum power point tracking (MPPT) can be combined into a single-stage system using only one DC–AC converter. In various power converter topologies for renewable energy applications, inductor capacitor (LC) filter DC–AC converters are often used as an interface between renewable energy and the grid. The converter DC link is connected to the PV panel either directly or through an intermediate DC–DC power conversion stage. The LC low-pass filter eliminates higher harmonics in the converter’s pulse width modulation (PWM) output, enabling pure sine. Therefore, even under plant parametric variations and external load disturbances, the requirements of high-performance DC–AC converters must involve fast dynamic response and low total harmonic distortion (THD) of the output voltage. In order to meet these requirements, a proportional plus integral (PI) controller is frequently used; nevertheless, the controller may not be able to withstand severe disturbances, thereby degrading the performance of the system [1,2]. In order to obtain better tracking accuracy, the different control schemes are discussed in the research literature [3,4,5,6,7].



The repetitive control related to the H-infinity concept is proposed for the inductor-capacitor-inductor (LCL) grid-tied inverter to achieve near-zero steady-state error and reduce harmonic distortion of the output voltage caused by the nonlinear load. However, this method requires a complex control algorithm [3]. A simpler fractional repetitive method is developed for the voltage control of the microgrid to suppress the generation of harmonics. Although the structure is simple and exhibits a rapid dynamic response when the load suddenly changes, the steady-state response is not significantly improved [4]. A deadbeat control based on predictive model is proposed to control the grid-connected inverter. The proposed inverter with nonlinear load shows good steady state, but this method depends largely on the accuracy of the parameters. The transient performance is somewhat mediocre [5]. The improved direct deadbeat voltage control is applied to the closed-loop regulation of an island AC microgrid. This method is sensitive to changes in plant parameters, and even if the system exhibits a fast dynamic response, it may lead to non-zero steady-state errors [6]. Since the problem of parameter uncertainty and external disturbance can be reduced, it is recommended to combine mu-synthesis with the H-infinity method for island microgrid control; however, the mu-synthesis algorithm complicates the digital implementation and the resulting waveform has visible distortion, especially in strong nonlinear cases [7].



Sliding mode control (SMC) has inherent robustness to system uncertainty and is used as an effective technique in many different engineering fields [8,9,10]. The SMC system theory and its related sliding surfaces have been widely used in control design for the past 40 years, and the application fields are increasing (power system control, aerospace design problems, robot manipulator control) [11,12,13,14]. The primary purpose of the sliding behavior in the SMC direction allows the system state to tend to a predetermined desired hyperplane, i.e., a sliding surface or slip manifold defined in the state space. Once the state trajectory hits the sliding surface, it enters the sliding mode and stays there; after that, the system can achieve its control objectives and can suppress internal parameter changes and external load disturbances [15,16,17,18]. Of course, the controller of the DC–AC converter is also universally designed by SMC [19,20,21]. For the single-phase inverter, a fixed switching frequency sliding mode is proposed; the control design adopts the traditional sliding surface, which causes the output voltage distortion under non-linear load [19]. In order to retrieve the incomplete system dynamics of the grid-connected inverter, a sliding surface based on multi-resonance is designed. Although it can enhance the performance of steady state and transient, this algorithm is time-consuming calculation [20]. The improved SMC shows the ability to suppress uncertainty interference for voltage regulation in the microgrid, but it has complex hardware design and significant jitter [21]. As mentioned above, these classical SMC methods have problems with non-time-limited convergence and jitter.



In the case of a path tracking system, the invariant characteristics exhibited by the classical SMC are only maintained during the sliding phase, and the tracking trajectory may be affected by external load disturbances or changes in internal parameters of the arrival phase. Previous research efforts have attempted to reduce tracking errors and speed up arrival times. The observer can shorten the arrival time, but it uses a traditional reduced-order design, resulting in large jitter, which is not desirable in dynamic systems [22]. In order to eliminate the phase of arrival, a time varying sliding surface given by the constraint of zero error under initial conditions is applied to a rotary actuator system. However, it does not conform to the general situation because the initial conditions can be arbitrarily assigned in the actual system [23]. An indirect sliding mode power control method was developed to control the grid-connected power converter. Although this method allows the system to slide to the sliding surface in a suitable short time, there is a phenomenon of jitter around the sliding surface [24].



In recent years, an interesting series of SMC controllers, named nonsingular terminal sliding mode (NTSMC) has allowed finite time convergence, and overcome the singularity problem [25]. The NTSMC has been well applied in various fields [26,27]. Although the NTSMC can drive the system state to converge to the origin within a limited time while still retaining the robustness of the classical SMC, it has a jitter problem [28]. From a practical point of view, system parameter changes, external load disturbances, and unmodeled dynamics are difficult to know. If the system uncertainty limit is large or small, the jitter or steady-state error may occur, and the existence and invariance of the sliding mode cannot be guaranteed. Many studies have used adaptive control methods to tackle the effect of the jitter caused by boundary uncertainty. Such solutions effectively reduce the jitter and steady-state error, enhancing both transient and steady-state behavior [29,30,31,32,33,34,35,36,37,38]. In addition, the NTSMC has the difficulty in choosing optimal controller parameters particularly in face of large variations of model parameters and load changes.



In the upcoming era of artificial intelligence, the BPSO method has been widely applied in solving optimization problems due to its simplicity, fast execution and high-quality solution [39,40,41,42,43]. For this reason, the BPSO is used to find the optimal values of the NTSMC parameters, therefore significantly improving the control performance and avoiding the tedious trial and error tuning. This improved technique provides another option and potential recommendation as opposed to not adding optimal methodology in the classical terminal sliding mode or SMC. Although the final performance results of the improved system are not superior to the recent THD results of the previous work, it does improve the TSMC method and produces a systematic optimal tuning for the determination of the controller parameters. It may be noted that the association of the presented NTSMC and BPSO results in a closed loop feedback DC–AC converter system that has low THD under steady state load and a fast response under transient load. Finally, the efficacy of the improved technique is verified by the implementation of a digital signal processing (DSP)-based DC–AC converter system, and the improved system is also evaluated by MATLAB/Simulink software.




2. Modeling of DC–AC Converter


Figure 1 depicts a commonly used DC–AC converter consisting of a full-bridge switching element with MOSFETs (metal-oxide-semiconductor field-effect transistors), an LC filter and a resistive load. The DC bus voltage Vs is expressed by the output voltage vc, and the load R is represented by the output current io. In the case of a situation x1=vc and x2=v˙c defined as a state variable, the state equation of the system can be written as


x˙=Ax+Bu



(1)




where x=[x1x2]T, A=[011/LC1/RC], B=[0KPWM/LC]T, and u is the control signal. When the switching frequency is much higher than the fundamental frequency of the AC output, it can be considered as the proportional gain KPWM of the PWM full-bridge switching element and is consistent with Vs/v^tr; v^tr represents the amplitude of the triangular wave vtr in the PWM. According to (1), the output voltage vc must follow a sinusoidal reference voltage vr. Therefore, the tracking request vc(t)→vr(t) as t→∞ is maintained and the design problem of the DC–AC converter will be the trajectory tracking control problem. The tracking errors e=[e1e2]T is defined as


e=x−xr



(2)




where xr=[vrv˙r]T.



It can be seen from (1) and (2) that the error state equation of the DC–AC converter can be expressed as


{e˙1=e2e˙2=−1LCe1−1RCe2+KPWMLCu−N



(3)




where N=1LCvr+1RCv˙r+v¨r is the disturbance.



From (3), the control signal u must be designed so well that the tracking error e can converge to zero. In fact, the NTSMC is a fine control method with nonsingular fast convergence characteristics. The system (3) using NTSMC will achieve fast finite time convergence, strong robustness and infinite stability. However, when the load on a DC–AC converter is a large step change or uncertainty or even a severe nonlinear environment, a global optimization algorithm for the systematic and optimal choice of NTSMC parameter values is becoming more important. Based on such a motivation, and the practical application of artificial intelligence method is rapidly becoming a hot topic in engineering and science, it is a good idea to introduce an optimal methodology in the NTSMC design, providing an alternative reference for researchers. Therefore, NTSMC with BPSO method is proposed to improve the transience and steady-state behaviors of the classical TSMC to provide more accurate tracking. A DC–AC converter using this improved control design can produce a higher performance AC output voltage.




3. Proposed Control Technique


3.1. Problem Statement


First, a brief summary of the problem statement for a nonlinear system using the classical TSMC, is summarized and an improved technique is then designed. Consider the second-order uncertain nonlinear dynamic systems below:


x˙1=x2x˙2=f(x)+g(x)+b(x)u



(4)




where the system state is x=[x1x2]T, f(x) and b(x) stands for a smooth nonlinear function x, g(x) denotes parameter uncertainty and external disturbance and u represents the control input.



To achieve finite time convergence of the system state, the following first-order terminal sliding variable can be defined as


s=x2+μx1γ



(5)




where μ>0 is the design constants and 0<γ=γ1/γ2<1 (γ1 and γ2 are positive odd integers).



An SMC law u=u+(x), u−(x) for s>0, s<0 can be used, which is expressed as driving s to the sliding mode s=0 for a limited time. Therefore, system dynamics can be controlled by the following differential equations:


x2+μx1γ=x˙1+μx1γ=0



(6)







The limited time ts from the initial state x1(0) to zero can be determined by




ts=|x1(0)|1−γμ(1−γ)



(7)





This indicates the convergence of the two system states x1 and x2 the convergence of zero in a finite time in the NTSMC manifold. Considering the Jacobian matrix J, the system state converges to zero gain in a finite time around the equilibrium x1=0.


J=∂x˙1∂x1=−μγx1(1−γ)/γ



(8)







From (8), we can obtain the eigenvalues of the first-order approximation matrix as follows.




J→−∞ when x1→0



(9)





It is inferred that the eigenvalue has a tendency of negative infinity at the equilibrium point, that is, the speed of the system trajectory to the equilibrium becomes infinite, resulting in limited time accessibility.



Thus, for error dynamics (3), the finite-time terminal sliding function can be expressed as




s=e˙1+μe1γ



(10)





Using the (10), the s=0 and e1 arrive within a limited time. The control law can be designed to ensure that TSM occurs as follows.


u=ue+us



(11)




with


ue(t)=b−1[a1e1+a2e2−μ(γe1γ−1⋅e2)]



(12)






us(t)=−b−1[Ksgn(s)] ,K>|N(t)|



(13)




where a1=1/LC, a2=1/RC, b=KPWM/LC, and ue called the equivalent control component, control undisturbed plants, such that s=0 and s˙=0. The named sliding control component suppresses system uncertainty. Therefore, the state trajectory will reach the sliding mode s=0 and perform a limited system state convergence time. However, it is worth noting that there are the following problems in the equivalent control component: (i) If e2≠0 when e1=0 and 0<γ<1, the ue(t) with e1γ−1e2 may result in a singularity. This singularity causes the control law to produce an unbounded control signal, resulting in an unstable closed loop system. (ii) An imaginary number e1γ−1 can be generated in a given situation 0<γ<1.




3.2. Control Design


To overcome the singularity problem, the (10) is reconstructed into


s=e1+1λe2qp



(14)




where λ>0 and p, q are positive odd numbers (p<q<2p). Then, a sliding-mode reaching equation s˙=−η1s−η2|s|1−γsgn(s) is employed. The control law can be expressed as


u(t)=unft(t)+us(t)



(15)




with


unft(t)=b−1[a1e1+a2e2−λpqe22−qp]



(16)






us=−b−1[η1s+η2|s|1−γsgn(s)], η1, η2>0, 0<γ<1



(17)




where there is no negative index equivalent control unft, which results in non-singularity, and us represents the sliding control for compensating the influence of the disturbance. Therefore, the system state will be forced to arrive s=0 and converge in a limited time.



Proof. 

Choose Lyapunov candidate as


V=12s2



(18)







Along the dynamic system trajectory (3) and the control law (15), and use (14), the time derivative V is given as


V˙=ss˙=s(e˙1+1λqpe2qp−1e˙2)≤−s(1λqpe2qp−1(η1s+η2|s|1−γ)sgn(s))



(19)







Since e2q/p−1>0, V˙≤0, the surface of the NTSMC in (19) is allowed to converge to equilibrium in a limited time. Once s=e1+λ−1e2q/p, the state of system (3) will also converge to equilibrium within a finite time. However, the load may be a large load disturbance that provides inaccurate tracking performance in the system (3), i.e., the output voltage of the DC–AC converter is not exactly equal to the desired sinusoidal waveform. It is thus important to find out the optimal values of the NTSMC parameters in the (15) to maintain satisfactory performance of the DC–AC converter. To avoid tedious, time-consuming trial-and-error calculations, and obtain global best solutions, the BPSO method is employed to get the optimal value of NTSMC parameters. Finally, the combination of the DC–AC converter in (3) with BPSO method and NTSMC is asymptotically stable, and then achieves finite-time convergence to zero of tracking errors. The BPSO algorithm can be used illustrated in (20) and (21). The (20) and (21) show the evolution models of a particle. The speed and position of each particle can be renovated while flying toward aim.


υit+1=σ0υit+σ1k1(χipb−χi)+σ2k2(χigb−χi)



(20)






χit+1={0 , if rand≥Sig(υit+1)1 , if rand<Sig(υit+1)



(21)




where σ0, σ1 and σ2 denote variables, and k1, k2 indicate random numbers, υi is present flying speed, χi stands for present position, χipb is local best position, χigb represents global best position, and Sig symbolizes sigmoid function that converts the particle velocity into the probability 1/1+e−υit+1. □







4. Simulation and Experimental Results


In order to test the performance and robustness of the improved technique, the simulation and experimental results of the improved technique were compared to those obtained using the classical TSMC. The system parameters are as follows: The system parameter are listed as follows: Vs=200 V, vc=110 Vrms, fo=60 Hz, vr(t)=2⋅110⋅sin(2π⋅60⋅t), fs=15 kHz, L=0.12 mH, C=2 μF, rated load=12 Ω. Under the abrupt load change from no load to 12 ohm, the simulated results obtained using the improved technique and classical TSMC are shown in Figure 2 and Figure 3, respectively. Compared to classical TSMC, the improved technique exhibits a slight voltage drop and allows for fast output voltage recovery to verify its limited time accessibility. Due to the optimal tuning of the BPSO, after an instantaneous voltage dip (7 Vrms), the output voltage with the improved technique can be restored to the sinusoidal reference voltage, but the classical TSMC results in a large voltage dip (22 Vrms). Figure 4 shows that the improved technique can allow random variations in filter parameters L and C from 10% to 200% and 10% to 200% of the nominal value under a 12 ohm resistive load, respectively; however, the classical TSMC shown in Figure 5 yields the significant oscillations and leads to a descent in system robustness. Table 1 shows the simulated comparison of the voltage drop and %THD of the output voltage for step load and LC variation. A prototype of the DC–AC converter depicted as Figure 6 is constructed. Figure 7 illustrates the experimental waveform obtained using the improved technique under the step load from no load to 12 ohm at a 90 degree firing angle.



After the fast transient response with a voltage slump, the voltage waveform still keeps high tracking precision. Reversely, the experimental waveform obtained using the classical TSMC plotted in Figure 8 appears a large voltage slump and has a slow recovery time. In other words, the output voltage of the improved system due to the action of the BPSO can reach the 110 Vrms reference sine wave after the 8 Vrms small voltage slump, but the output-voltage slump with the classical TSMC is close to 36 Vrms, yielding an unsatisfactory performance in transience. The experimental system performance under the value of filter parameter (L and C) be assumed to undergo a random variation, i.e., 10% ~ 200% of nominal value at a 12 ohm resistive load, is investigated. As can be seen, the output-voltage of the Figure 9 obtained using the improved technique provides the robust ability of greater parameter variation tolerance. However, it is worth noting that a long-time distortion with the sensitivity at the beginning of the waveform exists in the output-voltage with the classical TSMC as shown in Figure 10. Table 2 lists the experimental output-voltage slump and THD values under step load and LC variation.




5. Discussion and Future Research


The improved technique has been proposed for reducing jitter, steady-state error attenuation and greater interference rejection resulting in good system performance. However, in order to advance future research, we have reviewed a large amount of literature on sliding modes, especially in high-order SMC (HOSMC) and adaptive SMC [30,31,32,33,38]. The adaptive SMC not only reduces the jitter and steady-state error but also avoids nominal knowledge requirement of the system. The HOSMC method [44,45] reported on a topic of recent interest in SMC theory. For example, in the rth-order HOSMC, the derivative of the (r−1)th control input becomes continuous, and both the sliding plane and its high-order derivative need to be zero. Therefore, the HOSMC retains the original features of the traditional SMC while producing less jitter and better convergence accuracy. The HOSMC method has been used to control DC–AC converter related systems [46,47,48,49]. The grid-connected wind energy conversion system is designed by multiple input multiple output HOSMC, so it can adjust active and reactive power, and even develop a switching control scheme based on voltage grid measurement. This approach yields attractive benefits such as robust robustness to system uncertainty, reduced jitter, and finite time convergence of system states to sliding surfaces [46]. A reverse-threshold HOSMC strategy is proposed for grid-connected distributed generation (DG) units. It provides excellent regulation of the inverter output current and provides a perfect sinusoidal balanced current for the grid, resulting in a distributed generator system with good performance against model uncertainties, parameter variations and unmodeled dynamics as well as external disturbances [47]. HOSM observers are effectively introduced into the control design of single-phase DC–AC inverter systems to suppress multiple sources of interference/uncertainty, including parametric perturbations, complex nonlinear dynamics, and external disturbances. Based on the Lyapunov function criterion, the stability of the whole system and the effectiveness of the high-order sliding mode observer are rigorously proved [48]. In addition, an improved HOSM observer is proposed for use in a proton exchange membrane fuel cell system based on excess oxygen ratio, which provides an observation of unmeasurable system conditions. Even under the influence of measurement noise, modeling error, parameter uncertainty and strong external interference, the method still has good robustness and fast convergence, and has limited time stability [49]. As mentioned above, HOSMC produces high-order derivative constraints on the sliding surface while preserving the main advantages of traditional SMC; it is undeniable that HOSMC eliminates jitter effects and produces more accurate control performance. Therefore, HOSMC will promote further research in this area of the DC–AC converter.




6. Conclusions


In this paper, a BPSO optimized NTSMC for a DC–AC converter is described that is capable of producing low THD and fast transients. The importance of the NTSMC is limited system state convergence time and no singularities. Also, the parameters of the NTSMC should be chosen well to obtain optimal performance. These parameters are traditionally determined by a trial and error method, which is very tedious, laborious to implement, and time-consuming. Therefore, the BPSO is used to optimize the NTSMC parameters, yielding better transient and steady-state response. The Lyapunov method is used to analyze the stability of the improved technique. The finite time accessibility of the sliding surface, the asymptotic stability of the closed-loop system and the finite time convergence of the tracking error are proved. Therefore, we believe that the improved technique will contribute to the control design of future artificial intelligence related systems. Simulations and experiments have been developed on prototypes of DC–AC converters using DSP to verify the applicability of the improved technique.
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Figure 1. Structure of DC–AC converter. 
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Figure 2. Simulated waveforms under step load change (load suddenly turn on) for the improved technique (50 V/div; 10 A/div). 
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Figure 3. Simulated waveforms under step load change (load suddenly turn on) for the classical TSMC (50 V/div; 10 A/div). 
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Figure 4. Simulated waveform under LC (inductor capacitor) variation for the improved technique (50 V/div; 10 A/div). 
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Figure 5. Simulated waveforms under LC variation for the classical terminal sliding mode control (TSMC) (50 V/div; 10 A/div). 
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Figure 6. Improved algorithm for DSP (digital signal processing)-based implementation. 
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Figure 7. Experimental waveforms under step loading from no load to full load with the improved technique (100 V/div; 20 A/div; 5 ms/div). 
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Figure 8. Experimental waveforms under step loading from no load to full load with the classical TSMC (100 V/div; 20 A/div; 5 ms/div). 
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Figure 9. Experimental output-voltage under LC variation with the improved technique (100 V/div; 5 ms/div). 
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Figure 10. Experimental output-voltage under LC variation with the classical TSMC (100 V/div; 5 ms/div). 
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Table 1. Simulated output-voltage slump and %THD under step loading and LC variation.
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Simulations






	
Improved technique

	
Step loading (Voltage Slump)

	
7 Vrms




	
LC variation (%THD)

	
0.23%




	
Classical TSMC

	
Step loading (Voltage Slump)

	
22 Vrms




	
LC variation (%THD)

	
15.98%
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Table 2. Experimental output-voltage slump and %THD under step loading and LC variation.






Table 2. Experimental output-voltage slump and %THD under step loading and LC variation.





	
Experiments






	
Improved technique

	
Step loading (Voltage Slump)

	
8 Vrms




	
LC variation (%THD)

	
0.41%




	
Classical TSMC

	
Step loading (Voltage Slump)

	
36 Vrms




	
LC variation (%THD)

	
11.43%
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