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Abstract

:

This paper applies modified feedback technology to carry out the exact steady-state and fast transient in a high-performance alternating current (AC) power supply. The presented scheme displays the virtues of a finite-time convergence control (FTCC) and a discrete grey prediction model (DGPM). The FTCC, derived from a terminal sliding-mode (TSM) design principle, can produce the finite system-state convergence time and evade the singularity. It is noteworthy that the chattering/steady-state error around the FTCC may occur because of the overestimated or underestimated uncertainty bound. The DGPM with the bound estimate ability is integrated into the FTCC to cope with internal parameter variations and external load disturbances. The less chattering and steady-state error can be obtained, providing more robust performance in the AC power supply. The combination of the FTCC and the DGPM extends the standard TSM design for the purpose of faster singularity-free convergence, as well as introducing the grey modeling method in the case of a more exact uncertainty estimate. The modified control technology has a high-precision tracking performance and a fast convergent speed. Simulated and experimental results point out that the modified control technology can effectuate low total harmonic distortion (THD) and fast dynamic response in the presence of rectifier loads and abrupt step load changes.
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1. Introduction


Alternating current (AC) power supplies have been employed as an important unit for power conversion systems, such as uninterruptible power systems, solar photovoltaic systems, and wind turbine generating systems [1,2]. A high-performance AC power supply should comprise the following: (1) low harmonic distortion for linear/nonlinear loads. The IEEE standard 519-1992 suggests that the voltage total harmonic distortion (THD) is below 5%. (2) As applied to abrupt load changes, the dynamic response with smaller voltage sag and faster transient recovery time. According to IEEE standard 1159-1995, the voltage sag specifies a decrease in RMS (root mean square) voltage/current at the power frequency for durations from 0.5 cycles to one minute. The values of normal voltage sags are between 0.1 and. 0.9 per unit. (3) Nearly zero steady-state tracking errors. Sliding mode control (SMC) can provide the insensitivity to system uncertainties [3,4]; a number of SMCs presented for the AC power supply have been performed [5,6,7]. A fixed switching frequency sliding mode is applied to uninterruptible power supplies. The standard SMC is employed and the distorted output-voltage yields under nonlinear loading [5]. To enhance the system performance of the AC power supply, a standard SMC with an adaptive method is designed. Although the good performance in the steady-state and the transient can be obtained, the presented algorithm is complicated [6]. The combination of the standard SMC and the sensor number reduction is developed for three-phase inverters. The sophisticated hardware design is improved, but the chattering phenomenon still exists [7]. As previously mentioned, these standard SMC approaches display linear sliding surfaces, leading to a non-finite-time convergence. To raise the convergence speed, a finite-time convergence control (FTCC) is used with the nonlinear sliding surface in this paper. By appropriately designing the FTTC parameters, the system states will reach the sliding surface and converge to the equilibrium within a finite time, yielding a stable closed-loop system [8,9,10]. Nevertheless, the chattering will appear in the AC power supply output if a highly nonlinear load is applied. The chattering brings a high harmonic distortion and thermal breakdown in transistors, thus leading to instability and unreliability of the AC power supply system. Several approaches, such as observer methodology and adaptive control, for removing the chattering have strived to estimate the bounds of system uncertainties. These approaches indeed reduce the chattering, but the control designs incur long tracking times [11,12,13]. Since the 1980s, the discrete grey prediction model (DGPM) has tempted broad research interests because of its efficient and fast computation [14,15]. The DGPM just needs a few sampled data to depict the tendency of the time-series data from the anterior system dynamics, acquiring the dependable and acceptable forecast accuracy [16,17,18,19]. The DGPM is thus employed to lessen the chattering when the dynamic system with uncertainty bounds is overestimated. Using the modified control technology, the tracking errors can be minimized and the AC power supply creates the low distorted harmonics, the fast dynamics, the chattering reduction, and the steady-state error mitigation. Though the eventual performance results of the modified control system do not top the THD results of recent former research, the reinforcement of the FTCC methodology has produced a robust and more exact estimate of the uncertainty bounds. As can be noticed, the presented association of the FTCC and the DGPM contributes to a closed-loop feedback AC power supply with the small steady-state distortion and fast response under different load cases. The competence of the modified control technology is ratified via a digital implementation on a digital signal processing (DSP)-based AC power supply and the modified control system is also simulated using MATLAB/SIMULINK software.




2. System Modeling


Figure 1 illustrates the system block diagram of the AC power supply, which comprises transistor switches, an LC (inductor capacitor) filter, and a load. The vo denotes the output-voltage, vd stands for the desired sine wave, e1=vo−vd is the voltage error, and R represents the load. Using a high switching frequency, the AC power supply and its PWM (pulse width modulation) are frequently modeled as a constant gain Kpwm. Therefore, the error dynamics can be formulated as


{e˙1=e2e˙2=−a1e1−a2e2+bu−H,



(1)




where a1 represents 1/LC, a2 stands for 1/RC, b is Kpwm/LC, and H=vd/LC+v˙d/RC+v¨d signifies the system uncertainty. It is noteworthy that the component values for the LC filter of the AC power supply can be chosen by the suggested methods as follows [20,21,22]. (i) Choose the switching frequency [21,22]—to decrease the size of the filter, a high enough switching frequency between 3 kHz to 15 kHz is frequently selected for IGBT (insulated gate bipolar transistor) switches. (ii) Choose a factor related to the cut-off frequency of the LC filter [20]—if the factor is lager, there is a great degradation and a small magnification in the switching frequency and the fundamental frequency, respectively. The minimum of the factor can be computed while the modulation value is recommended below 0.95. (iii) Choose a factor related to both switching frequency and inductor ripple current [22]—the inductor ripple current from 20% to 40% is an advisable range. Then, from (8), (20), (25), and (26) in the work of [20], the factor can be selected, and L and C component values are computed.



The control signal u in (1) has to be designed adequately, so as to coerce e1 and e2 to zero. Namely, the FTCC impels the system tracking behavior to converge to the origin in a finite time. Nevertheless, the load condition of the AC power supply may be a sudden large step change or a severe nonlinearity, the FTCC system effortlessly has the chattering or steady-state error, incurring in an aberrant tracking. As described in the introduction section, considerable studies have been conducted to reveal a diminution in the amount of the chattering or to make the steady-state error as small as possible. Recently, the practical application of the prediction methods has swiftly become a hot topic in both engineering and science. On the basis of such a prompting, it will be a good notion to introduce predictive modeling techniques into the FTCC design, affording better system robustness and an alternative reference to researchers interested in AC power supply applications. The FTCC with the DGPM assistance is presented to enhance the classic FTCC for the chattering/steady-state error mitigation providing a more exact tracking. The AC power supply system using this modified control technology allows a higher performance AC output-voltage in response to uncertain perturbations.




3. Control Technology Design


For the tracking error dynamics (1), the terminal sliding function is written as


s=e˙1+δ⋅e1λ,



(2)




where δ>0 and 0<λ<1.



The s=0 and e1 are reached within a finite time. The control law u can be designed to insure the subsistence of the TSM as follows:


u=uequ+uft,



(3)




with the items of uequ and uft as follows:


uequ=b−1[a1e1+a2e2−δ⋅(λe1λ−1⋅e2)],



(4)






uft=−b−1[Ωsign(s)], Ω>|H|,



(5)




where the uequ is the equivalent control constituent and supervises the unperturbed dynamics, thus letting s=0 and s˙=0. uft stands for the sliding control constituent with the disturbance rejection and, in consequence, the state behavior can arrive at the sliding mode s=0 and accomplish a finite system-state convergence time. However, there are the following problems occurring in the equivalent control constituent. (1) uequ containing the e1λ−1e2 may induce a singularity if e2≠0, while e1=0 and 0<λ<1. The singularity leads to an unbounded control signal and the stability of the feedback system. (2) As a matter of fact, e1λ−1 may generate an imaginary number under the constraint 0<λ<1.



To subdue the singularity problem, the following FTCC is formed as


s=e1+e2ρξ, ξ>0, 1<ρ<2.



(6)







Then, a sliding-mode reaching equation s˙=−ε1s−ε2|s|αsign(s) is utilized; thereupon, the control law u is restated as


u=uequnew+uftnew,



(7)




with


uequnew=b−1[a1e1+a2e2−ρξ⋅e22−ρ],



(8)






uftnew=−b−1[ε1s+ε2|s|αsign(s)], ε1, ε2>0, 0<α<1,



(9)




where uequnew represents the equivalent control without the singularity that conducts the system dynamics. uftnew represents the sliding control with the fast convergence, and can arrest the influence of system uncertainties. The control law u expressed in (7) is modified by the annexation of the DGPM (udgp), which can relieve the chattering in the AC power supply system. The modeling operation of the DGPM is illustrated in the following:



Step 1: Input the prime data



The prime data sequence is presumed as


xp(0)={xp(0)(k), k=1, 2, n},



(10)




where n is the number of the recorded data.



Step 2: Applying the mapping generating operation (MGO)



The employment of the MGO can map the prime data sequence xp(0) onto the non-negative sequence xmg(0) because of the positive or negative data sequence existing in the control system:


xmg(0)={xmg(0)(k), k=1, 2, n}.



(11)







The relatedness xp(0) and xmg(0) can be described as


xmg(0)=MGO(xp(0)(k))=β+δxp(0)(k) , β, δ>0.



(12)







Step 3: Applying the accumulated generating operation (AGO)



The first-order AGO sequence can be acquired by using the AGO on xmg(0) as follows:


xmg(1)=AGO(xmg(0)(k))=∑i=1jxmg(0)(i) , j=1, 2, ⋯, n.



(13)







Step 4: Grey model



By employing the accumulated data sequence, xmg(1), a first-order ordinary differential grey model is established as


ddtxmg(1)(t)+amgxmg(1)(t)=bmg,



(14)




where amg indicates the developing coefficient and bmg is the grey input.



In order to attain the grey background value, the data sequence is formulated by employing the following MEAN generating operation to the xmg(1).


zmg(1)(k)=MEAN(xmg(1))=0.5⋅(xmg(1)(k)+xmg(1)(k−1)) , k=2, 3, ⋯, n



(15)







While the sampling interval is one unit, the differential of the generating sequence xmg(1) can be expressed as


xmg(0)(k)+amgzmg(1)(k)=bmg , k=2, 3, ⋯, n.



(16)







In order to decide the values of amg and bmg, (16) can be written as


Y=Bψ.



(17)




where ψ=[amgbmg], B=[−zmg(1)(2)−zmg(1)(3)⋮−zmg(1)(n)111], and Y=[xmg(0)(2)xmg(0)(3)⋮xmg(0)(n)].



By the least-squares method, the estimated parameters amg and bmg can be solved as


ψ=[amgbmg]=(BTB)−1BTY.



(18)







Substituting (18) into the differential equation, the count of the forecasted value yields


x^mg(1)(k+1)=bmgamg+(xmg(0)(1)−bmgamg)e−amg(k).



(19)







Step 5: Applying the inverse accumulated generating operation (IAGO)



The data sequence x^mg(0)(k+1) can be obtained by applying the IAGO on the x^mg(1)(k+1) below.


x^mg(0)(k+1)=IAGO(xmg(1)(k)), k=2, 3, ⋯, n=x^mg(1)(k+1)−x^mg(1)(k)=(1−eamg)⋅(xmg(0)(1)−bmgamg)⋅e−amg(k)



(20)







Step 6: Applying the inverse mapping generating operation (IMGO)



By using the IMGO, the forecasted value of the prime data sequence x^p(0) can be stated as


x^p(0)(k+1)=(1−eamg)⋅(xp(0)(1)−bmgamg)e−amg(k)−β,



(21)




where β can eschew a negative sequence xmg(0)(k). Thus, the control law of (13) is re-described as


u(k)=uequnew(k)+uftnew(k)+udgp(k),



(22)




where the annexed compensation part, that is, discrete grey prediction control, udgp, is capable mitigating the phenomenon of the chattering.


udgp(k)={0Ξs^(k)sign(s(k)s^(k)), |s^(k)|<Δ, |s^(k)|≥Δ,



(23)




where Ξ indicates a constant, s^(k) connotes the forecasted value of s(k), and Δ is the system boundary.




4. Simulation and Experimental Results


The performance of the presented AC power supply is investigated through the simulations and experiments. The system parameters of the AC power supply are offered in Table 1. Figure 2 and Figure 3 plot the simulated waveforms under a step change in load (from 12 ohm to no load) obtained using the modified control technology and the classic FTCC, respectively. Expectably, the modified control technology achieves a fast and an exact trajectory tracking, that is, the swift transient response of the output-voltage can be acquired and there is approximately no output-voltage swell at the firing angle. Reversely, the classic finite-time convergence controlled AC power supply system reveals an observable output-voltage swell at the firing angle. To examine a stricter situation (abrupt load change from no load to 12 ohm), the simulated waveforms obtained using the modified technology and the classic FTCC are shown in Figure 4 and Figure 5, respectively. Contrary to the classic FTCC, the modified control technology displays a slight voltage slump and a swift output-voltage recovery, thus corroborating the finite-time reachable sliding surface. Because of the effectual compensation of the DGPM, after a tiny instant voltage slump (3 Vrms), the output voltage with the modified control technology can be reverted to the sinusoidal reference voltage; nevertheless, the classic FTCC brings a great voltage slump (32 Vrms). Figure 6 depicts that the modified control technology is capable of enduring the random variations of the filter parameters L and C from 20% to 150% and 20% to 150%, respectively, of the nominal values under a resistive load of 12 ohm. The classic FTCC shown in Figure 7 generates the sensitivity with conspicuous wobble to the LC variation, which degrades the system’s robustness. The simulated comparison of the voltage slump and the %THD under a step loading and an LC variation is offered in Table 2. Figure 8 shows the different load situations used in the experiments, in order to test the transient and steady-state behavior of the AC power supply. Figure 9 and Figure 10 illustrate the experimental waveforms obtained using the modified control technology and the classic FTCC in the presence of step load changes (from no load to full load), respectively. Figure 9 exhibits a petty voltage slump with a swift retrieval time, but the classic FTCC system revealed in Figure 10 has a poor transient and the recovery of the voltage slump takes a long time. The output voltage of the modified control system can reach 110 V RMS sine reference in the back of the 5 Vrms puny voltage slump. Nevertheless, there is a nearly 30 Vrms output voltage slump in the classic FTCC system, producing a disappointing transient response. When a full resistive load of 12 ohm is applied, the system performance in response to the random variations (20%~150% of the nominal value) of the filter parameters is also explored. The experimental output voltage shown in Figure 11 obtained using the modified control technology gives the tolerable ability of the larger parametric variations. For the classic FTCC, from the start to the termination of the waveform, an output voltage distortion shown in Figure 12 is seen with the sensitivity. The experimental result of the modified controlled AC power supply under a rectifier load (a 270 μF capacitor and a 35 Ω resistor in parallel) is displayed in Figure 13. Though the load current shows high spikes, the distortion of the output-voltage is tiny (voltage %THD = 1.35%). Inversely, the results yielded by the classic finite-time convergence controlled AC power supply under the identical load situation are illustrated in the Figure 14 with a severely distorted waveform (voltage %THD = 8.92%). Table 3 compares the experimental dissimilarity between the modified control technology and the classic FTCC. The experimental tracking errors of the modified control technology, traditional (standard) SMC, and improved SMC are provided in Figure 15. The modified controlled system creates a swift convergence to the origin in a short time and is nearly free of oscillation, as compared with the traditional SMC and the improved SMC. Really, a superior tracking preciseness, a minor harmonic distortion, and a quicker convergence speed were obtained by the modified control technology, which is suitable for the use of the AC power supply. In addition, the classic FTCC law in (3) contains the equivalent control term with the occurrence of the singularity, and the sliding control term with the phenomenon of the chattering. The singularity can be solved by using the modified control technology shown in (8); nevertheless, the parameter Ω that exists in (5) is frequently more than or equal to the interference |H|. The sliding control term of the classic FTCC is replaced by (9) and (23). Under the circumstance of the unknown upper bound of the parameter uncertainties and the external disturbances, the feedback gain of the over-conservatism may generate a large chattering in the classic FTCC. To reduce the gain magnitude and the chattering that exists in the sliding control term, the compensation of (23) can be aroused once |s| overruns the boundary layer width. The feedback gain shown in (9) of the over-conservatism in the modified control technology is divided into two terms, containing the sliding control term and DGPM compensator. The gain magnitude of the modified control technology will become smaller than that of the classic FTCC if the upper bound of the parameter uncertainties and the external disturbances is unknown. Thereby, a robust system performance with reduced chattering in the face of high system uncertainties can be yielded by using the modified control technology. A brief summary of the simulated and experimental results is given to expound the dissimilitude between the modified control technology and the classic FTCC. In practice, the classic FTCC switching gain is proportional to the perturbation upper bound/system uncertainty. The greater switching gain endeavors to stabilize the classic FTCC system if the stern parametric uncertainties and external perturbations transpire. This may bring an undesirable acute chattering. So, the DGPM attempts to adjust the switching gain well, displaying moderation of the chattering and reinforcement of the system performance.




5. Discussion


The modified control technology has been proposed for chattering mitigation, steady-state error moderation, and larger perturbation rejection, thus furnishing a good system performance. Nevertheless, for the purpose of the future research, we have reviewed the wide literature in other robust approaches (such as H-infinity controller, mu-synthesis method, and game-theoretic strategy) and high-order SMC (HOSMC) as follows. A discrete-time H-infinity controller is proposed for uninterruptible power supply systems to achieve a nearly zero steady-state error and a mitigate output-voltage distortion caused by non-linear loads. However, this controller is in need of the sophisticated algorithm [23]. Consolidating a mu-synthesis method into the H-infinity controller has attempted to control the islanded micro-grid so that the effects of the parametric uncertainties and external perturbations can be minimized. The digital realization of the mu-synthesis is complex and the resulting waveform yields a conspicuous harmonic distortion, particularly in the strong non-linearity [24]. A game-theoretic strategy is developed for the control of DC (direct current) microgrids, oppressing the harmonic emergence. Although this strategy reveals a good transient and steady state in the face of an abrupt load change and a non-linear load, it is strongly dependent on the exactness of the plant parameters [25]. The traditional (standard) SMC with a linear sliding surface of a single-phase inverter is investigated and scarcely distorts the output-voltage under a linear load. However, the traditional SMC has a long convergence time and chattering effect [26]. The combination of a proportional-resonant and a traditional sliding surface is suggested to improve the transience in the single-phase inverter. The transient behavior can be enhanced, but this methodology results in steady-state errors [27]. The HOSMC approaches are thus used well to control the AC power supply related systems. A grid connected wind system is presented by the multiple-input multiple-output (MIMO) HOSMC, thus regulating the active and reactive powers. This method generates some satisfactory profits, such as the strong robustness to the uncertain perturbations, the mitigation of the chattering, and the finite time convergence of the system states [28]. A backstepping HOSMC strategy is developed for the grid-connected distributed generation (DG) units. It can regulate the inverter output currents and offer the sinusoidal balanced currents to the grid so that the good performance of the distributed generation unit can be obtained in the presence of system uncertainties [29]. A HOSM observer is introduced into the control design of the AC power supply for the sake of rejecting the parametric variations, complex nonlinearities, and external perturbations. The criterion-based Lyapunov function has sternly vouched for the system stability and the virtue of the HOSM observer [30]. As described above, the HOSMC sustains the primordial robustness of the traditional SMC, and simultaneously produces a minor chattering and a preferable convergence precision. Consequently, the HOSMC approaches will stimulate further investigations following this paper in the AC power supply related areas.




6. Conclusions


In this paper, the FTCC with DGPM to design an AC power supply to improve the transient and steady-state behaviors is reported. The FTCC maintains the robustness of the traditional SMC and yields the finite-time convergence of the system state. The employment of the DGPM can estimate the upper bound of the parametric uncertainties and the external perturbations, relieving the overcautious design of the FTCC. The problem of chattering occurring in the FTCC can be solved as a result of the diminution of the overcautious switching gain that enhances the system performance. The modified control technology thus possesses the reachable sliding surface within a finite time, the closed-loop asymptotic stability, and the finite-time convergence to the zero of the tracking errors. On the basis of the theoretic derivation and analysis, simulations, and experimental results, the potency of the modified control technology is successfully attested and very becoming for the use of the single-phase AC power supply. On the other hand, the modified control technology will also offer exciting opportunities to be applied in other circuit structures (such as a high-step-up DC–DC converter, an LED driver, and an online insulation fault detection circuit) [31,32,33], thus yielding more contributions towards future work.
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Figure 1. A control structure of an alternating current (AC) power supply system. PWM—pulse width modulation; IGBT—insulated gate bipolar transistor. 
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Figure 2. Simulated waveforms under the load suddenly turn off for the modified control technology (50 V/div; 10 A/div). 
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Figure 3. Simulated waveforms under the load suddenly turn off for the classic finite-time convergence control (FTCC) (50 V/div; 10 A/div). 
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Figure 4. Simulated waveforms in response to the load suddenly turn on for the modified control technology (50 V/div; 10 A/div). 
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Figure 5. Simulated waveforms in response to the load suddenly turn on for the classic FTCC (50 V/div 10 A/div). 
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Figure 6. Simulated waveforms in response to the inductor capacitor (LC) variation for the modified control technology (50 V/div). 
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Figure 7. Simulated waveforms in response to the LC variation for the classic FTCC (50 V/div). 
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Figure 8. Experimental tests under different load situations. 
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Figure 9. Experimental waveform under a step change in load for the modified control technology (100 V/div; 20 A/div; 5 ms/div). 
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Figure 10. Experimental waveforms under a step change in load for classic FTCC (100 V/div; 20 A/div; 5 ms/div). 
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Figure 11. Experimental waveform under a LC variation for the modified control technology (100 V/div; 5 ms/div). 
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Figure 12. Experimental waveform under an LC variation for the classic FTCC (100 V/div; 5 ms/div). 
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Figure 13. Experimental waveform under a rectifier load for the modified control technology (100 V/div; 25 A/div; 5 ms/div). 
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Figure 14. Experimental waveform under a rectifier load for the classic FTCC (100 V/div; 25 A/div; 5 ms/div). 
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Figure 15. A comparison of tracking errors. SMC—sliding mode control. 
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Table 1. System parameters. DC—direct current.
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	DC-Link Voltage
	VDC = 200 V





	Filter inductor
	L = 0.5 mH



	Filter capacitor
	C = 20 μF



	Resistive load
	R =12 Ω



	Output voltage and frequency
	vo = 110 Vrms, f = 60 Hz



	Switching frequency
	fs = 15 kHz
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Table 2. Simulated output-voltage slump and voltage total harmonic distortion (THD) under a step loading and an inductor capacitor (LC) variation. FTCC—finite-time convergence control.
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Simulations

	
Modified Control Technology




	
Step loading (Voltage Slump)

	
LC variation (Voltage THD)




	
3 Vrms

	
0.08%




	
Classic FTCC




	
Step loading (Voltage Slump)

	
LC variation (Voltage THD)




	
32 Vrms

	
10.72%
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Table 3. Experimental output-voltage slump and voltage THD under a step loading and a rectifier load.
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Experiments

	
Modified Control Technology




	
Step loading (Voltage Slump)

	
Rectifier load (Voltage THD)




	
5 Vrms

	
1.35%




	
Classic FTCC




	
Step loading (Voltage Slump)

	
Rectifier load (Voltage THD)




	
30 Vrms

	
8.92%
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