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In this article, a seven-level triple-time voltage-boosting topology (8S7L-TTB) is proposed, which has eight switches as the minimum. This topology is used as DSTATCOM to eliminate power-quality issues. In a three-phase four-wire distribution system, specific unpredictable issues have emerged through the increase of unbalanced linear and non-linear loads, which has caused various drawbacks such as voltage imbalance, poor voltage regulation, increased reactive components, and harmonics generation, through which the life period of the system has been minimized, undesirable heating has been produced, and the RMS voltage has been reduced. Hence, it is highly essential to eliminate the issues as mentioned earlier. In this research, a PV-based DSTATCOM is introduced for online-monitoring adaptive Chebyshev neural network controller with triple-boost inverter topology. The three-phase system’s D-Q components, which have been continuously extracted under instant-loading conditions, and the reference magnitude, have been compared through the proposed controller. The error signal is received from the adaptive Chebyshev neural network controller, through which the proposed inverter-switching devices are triggered with multi-carrier pulse width-modulation technique are used to compute the THD of 2.79%. Furthermore, this proposed seven-level inverter and controller have solved the aforementioned problems and maintained the floating capacitor’s voltage nearly as similar as the source voltage in different loading conditions to ensure the efficiency of the system is at 96.82%. To ensure its suitability in real-time, the proposed controller is simulated with MATLAB software and validated through the downscale experimental setup and the results are observed.
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INTRODUCTION
Due to the proliferating power demand of consumers, the necessity of a distribution system is rapidly increasing. Due to the increase of non-linear loads, the existing distribution systems have issues such as extreme reactive power, low power factor, poor voltage regulation, high neutral current, and high THD (Mahdianpoor et al., 2011; Bajaj et al., 2015). Since the traditional load compensation technique has provided the fixed load conditions, it is not suitable for applications with dynamic- and transient-loading conditions (Rahmani et al., 2011). To overcome this issue, several power devices such as DVR, STATCOM, and UPQC have been utilized in recent days for load compensation. The DVR is the series-connected device and provides the desired voltage magnitude. Similarly, the shunt-connected STATCOM device has injected the current magnitude and the UPQC is generally a shunt and series-connected device (Bajaj, 2020).
Among all the devices mentioned previously, the DSTATCOM has provided effective load compensation in the distribution system, which assists in solving various power-quality issues. When the linear and non-linear loads are increased, the current magnitude becomes high and a low power factor is produced. In this condition, the DSTATCOM is used to mitigate the current-based issues (Singh et al., 2014). Recently, multilevel inverters are used as a DSTATCOM to rectify the issues as mentioned earlier. The MLI technologies have significant innate merits over the conventional inverter, including N number of levels with minimum switches, good quality of power, less electromagnetic interference, low losses, easy controllability, and fewer control circuits (Choudhury et al., 2021). The conventional three-level inverter fails to provide good power quality in generating low THD and voltage stress.
To enhance these necessities, multilevel inverters have been utilized and improved (Srikanthan et al., 2009). The main objective of the DSTATCOM is to maintain the sinusoidal waveform with all three phases’ displacement of 120°. Recently, the distribution system’s online monitoring is a suitable control technique to maintain a balanced system without any power quality issues. This type of controller has special qualities in quick response during the transient state, providing good accuracy and compatibility. Some existing notable multilevel inverters such as flying capacitor-based inverter, diode-clamped-based MLI, T-Type inverter, and four-level inverter have been utilized as DSTATCOMs, which are shown in Figure 1 (Shukla, 2005). A five-level FCMLI is proposed in the SMIB system to give a combined compensation through the appropriate allotment of the capacitor’s charging and discharging times. This topology is highly expensive since it has more DC sources and parts. The DCMLI and FCMLI are utilized to enhance the system by using the linear quadratic controller as state-feedback control.
[image: Figure 1]FIGURE 1 | Existing DSTATCOM with different multilevel inverter topologies (A) presented in (Shukla, 2007a), (B) presented in (Shukla, 2008), (C) presented (Palanisamy and Vijayakumar, 2022), and (D) simplified four-level inverter topology.
The maximum compensation is provided with a voltage level of ±Vdc/2, which is not exactly the source voltage (Shukla, 2007a). In paper (Mishra and Karthikeyan, 2009), the H Bridge VSI topology-based DSTATCOM is coupled in a 3-phase 4-wire system to provide the required compensation during the transient load-up conditions. This is accomplished by utilizing a quick-acting DC voltage regulator. (Nijhawan et al., 2013). DSTATCOM has used multiple switches, an isolation transformer, three storage capacitors, and an interface inductor. The DC link capacitors have an essential function called compensator operation.
Owing to the increase of induction furnace load, a considerable THD level is generated in the power-system network, which has been overcome by implementing the carrier-based PWM technique with a five-level inverter. A smart control technique is provided in the two-level DSTATCOM-integrated PV system, which has supplied the power to the load and improved the power quality (Singh et al., 2018). A novel control circuit is proposed for equalizing the capacitor voltage (Shukla, 2008). The fluctuation of capacitor voltage is the inherent issue in diode-clamped multilevel inverter (DCMLI)(Palanisamy and Vijayakumar, 2022). In low-voltage applications, three-level T-type converters are used. The performance is analyzed by evaluating the efficiency when operating with high-switching frequency. Various MPPT techniques are employed to connect the PV panel with VSI circuits. A new methodology is proposed to optimize the dc-link voltage based on the system’s voltage requirements (Bajaj and Rana, 2018). The HCC controls the switching pulses. The ANN algorithm-based Chebyshev function has provided the shunt compensation in the 3-phase 4-wire system. To compensate for the neutral current, three single-phase transformers are used (Bajaj et al., 2021).
This type of DSTATCOM comprises of two stages for generating a four-level output voltage through which the switching loss and computational burden have been reduced. Three levels of voltage were generated from the first stage and zero voltage from the second stage. The generated voltage was the same as the source voltage (Ye et al., 2020).
Hysteresis current control plays a key role in providing load compensation by utilizing a five-level FCMLI (Shukla, 2007b). The reference current is tracked by the controller, which leads to the occurrence of tracking errors, and to this, three-band levels are applied. To improve the PCC’s power quality, (Myneni and Siva Kumar, 2019), an LCL filter is used and operated in both modes (CCM and VCM) (Palanisamy and Vijayakumar, 2020). To mitigate the harmonics and provide the neutral current compensation in the current control mode, the PCC voltage must be in the load-operating range. Thus, an adaptive control algorithm is applied to eliminate these issues.
To provide a suitable compensation under different loading conditions, a predictive-based current controller (Palanisamy and Vijayakumar, 2020) is used along with DSTATCOM. The predicted values of the reference current are compared with the actual magnitudes by using appropriate sensors. The control action takes place based on the error signal. For a quick response, a dynamic and fast DSP processor is required with huge storage memory. The appropriate switching states have been obtained by selecting a cost function, whereas the square of error among the actual and reference currents in DSTATCOM has been lowered. The viability and desirability of the suggested method have been proved through simulations and FPGA-based experimentation. All the power-quality issues in the grid system have been solved by using an adaptive real power with the current (icosϕ) control technique (Mangaraj et al., 2020). A zigzag transformer-based DSTATCOM (Badoni et al., 2020) is used along with the adaptive controller-based Euclidean direction search technique (Patel et al., 2020) to mitigate the power-quality issues. The DSTATCOM inverter is controlled by a PV system as a combination of active mode–active current control with a feed-forward control loop to provide various compensations to the grid system. The non-linearity issues arise between the grid and the PV system.
In this article, the nine-switch seven-level triple-times voltage boost topology (8S7L-TTB) is proposed as the DSTATCOM. In the conventional inverter-based distributed compensation system, the obtained alternating voltage is smaller than the DC link voltage (VDC), leading to unexpected harmonics in the source current. To avoid such issues, the proposed seven-level voltage is generated with boosting capability, which requires no additional components, and because of this quality, the usage of the boost converter is omitted. To provide a fast and dynamic compensation of the proposed 8STTBML inverter, an adaptive back-stepping Chebyshev neural network controller is used in this study, through which the system magnitudes have been monitored and controlled. This controller has achieved all the mentioned advantages.
The proposed research contains the following merits,
1. A minimum of nine switches is enough for the generation of seven-level output voltage.
2. The floating capacitor voltage is almost constant as the source voltage because the charging duration is higher than the discharging time as depicted in Table 1.
3. The floating capacitor voltage has a self-balancing capability.
4. The online controller provides good performance in the dynamics of load changes with steady and transient conditions.
5. The controller makes the system asymptotically stable through the Lyapunov Stability analysis during the whole operation.
TABLE 1 | Switching sequence for the proposed 8S7L-TTB topology.
[image: Table 1](2) Vo = ±Vdc: In this mode, the capacitor is charging while turning ON the switches S4 and S5. After the completion of this mode, the floating capacitor (FC1) can deliver the most extreme voltage range of 2Vdc. The ± Vdc voltage is spilling out from the DC source to the load terminal by turning on at least two switches. S2 and S7 are turned ON for the positive half-cycle. S1 and S8 are turned ON for the negative half-cycle as depicted in Figures 4A,E.
(3) VO = ±2Vdc: Along with the source voltage (Vdc), the floating capacitor FC1 (Vdc) is released to the load by triggering the switches S3, S7, and S2 for a positive cycle. Similarly, S1, S3, and S8 are triggered for a negative cycle, which has been portrayed in Figures 4B,F. The FC2 capacitor is charged by closing the switch S6.
(4) VO = ±3 Vdc: In this mode, the charged floating capacitors FC1 (Vdc) and FC2 (Vdc) are discharged in consideration with the source voltage (Vdc). The acquired load voltage is 3 Vdc. To get a positive load voltage of + 3Vdc, the accompanying switches S3 and S7 and S2 and S4 are turned ON. For −3Vdc, the S3 and S4 switches are triggered along with the polarity-changer switches, which have been portrayed in Figures 4C, G.
PROPOSED CONTROL METHODOLOGY IN A THREE-PHASE FOUR-WIRE SYSTEM
In this research, the PV-based DSTATCOM inverter is coupled with the 3-phase 4-wire system through an adaptive online-monitoring controller as shown in Figure 2. In this circuit, the proposed 8S7L-TTB inverter is connected to the PV source through the PCC. All the three-phases of the linear and non-linear load magnitudes are tracked by the portion of online weight-update law.
[image: Figure 2]FIGURE 2 | Proposed inverter topology with the overall structure of the three-phase four-wire system of the DSTATCOM application.
The three-phase system’s D–Q components are continuously extracted from the source magnitudes and compared to the instant-loading magnitudes. The switching pulses are triggered with an approximate modulation index through the PWM technique based on the error signal. The required compensation magnitudes are injected to the PCC point from the 8STTB VSI through the coupling inductor. Ripple filter (RFL and CFL) is connected to the system to remove the switching pulses.
Execution of the proposed control scheme with 8S7L-TTB inverter topology
An integrating PV-based seven-level inverter with triple-times voltage-boosting topology is proposed in Figure 3. It has eight switches (S1–S8), diodes (D1 and D2), and a DC voltage source (Vdc), load voltage (Vo), and two floating capacitors (FC1, FC2). This inverter comprises two sections called the voltage-boosting section and polarity-changer circuit.
[image: Figure 3]FIGURE 3 | Proposed triple-times voltage-boosting inverter topology (8S7L-TTB).
The first section comprises of four switches (S3, S4, S5, and S6) with two diodes (D1 and D2) and two floating capacitors (FC1 and FC2) to generate different voltage levels (vdc, 2vdc, and 3vdc). The second section has used four switches (S1, S2, S7, and S8) as the load-polarity changers. During the diversity-loading condition, the capacitor voltage must maintain the sustainable value (Vdc) without any voltage-stability issues. The floating capacitor value is chosen as high. The switches (S3, S6 and S4, S5) are coupled with the source voltage during the floating capacitors’ charging time. The capacitors are connected in series with the source voltage through the switches (S3 and S4) to ensure the self-balancing capability of FCs during discharging.
DESCRIPTION IN MODES OF OPERATION
The seven-level switching states of the current flow are described in this section. Figures 4A–G have depicted the detailed analysis of the positive and negative paths of current flow. The switching states, charging, and discharging states of the capacitor are shown in Table 1. The full cycle includes positive, negative, and zero states. The 0 and 1 represent the switching states, where 1 indicates the ON state of the switches and 0 represents the switches’ OFF state.
(1) Vo = 0: In the polarity changer’s load terminal, the zero-circulating current is produced by turning ON the switches S2 and S8, and during this period, the floating capacitor FC1 is charging through the conducting switches of S4 and S5. Thus, every capacitor’s charging extent is Vdc. In Figure 4A, the charging path is highlighted through the shaded area.
[image: Figure 4]FIGURE 4 | (A–G): A 7 level of inverter voltage of the proposed 8S-TTB-MLI topology.
ADOPTIVE BACK-STEPPING CHEBYSHEV NEURAL NETWORK CONTROLLER
Generally, the performance of neural networks is enhanced by including several hidden layers which need bulk computation. These computational burdens that arise because of the hidden layers are eliminated by Chebyshev polynomials (ChP) which are utilized for the uniform approximation of other functions and attain the solution for differential equation-least-square approximation.
Expansion of Chebyshev polynomial
The differential equation for Chebyshev is given in Eq. 1, and the solution is attained in terms of (ChP).
[image: image]
The singular points for the Chebyshev differential equation are at −1, 1, and ∞ for x < [image: image]. The solution for Eq. 1 is given as,
[image: image]
Eq. 2 is differentiated and given by,
[image: image]
The aforementioned Eq. 3 is rewritten by adjusting the limits as,
[image: image]
Eq. 4 is modified after differentiation and given as,
[image: image]
Eq. 1 is rewritten as,
[image: image]
[image: image]
Eq. 7 is expanded and given as,
[image: image]
After simplification,
[image: image]
[image: image]
Eq. 10 is a generalized recurrence equation. The even coefficients for i = 0, 2…. are given as,
[image: image]
[image: image]
The generalized pattern for even and odd coefficients are given as,
[image: image]
[image: image]
Eq. 1 is resolved using Eqs 13, 14, and 2 and the solution is given as,
[image: image]
The aforementioned equation is rewritten as,
[image: image]
Eqs 17, 18 are the equivalent form of Eq. 16.
[image: image]
[image: image]
Here the first kind and second kind Chebyshev polynomials are denoted as [image: image] and [image: image] respectively. In general, ChP is utilized for the approximation of any function, and in this research, the first kind of ChP is utilized to approximate the load current. Hence by using Rodrigue’s formula,
[image: image]
Where
[image: image]
By analyzing the aforementioned pattern, the recursive relation is stated as
[image: image]
Where—[image: image]
Thus, by ChP, the hidden layers in the neural networks are eliminated, minimizing the computational time to become more efficient (Singh et al., 2018).
Chebyshev neural network controller for generating the gating sequence for DSTATCOM
The reference current is generated from the ChNN controller and the gating sequence for the DSTATCOM is generated by the multi-carrier PWM technique. Here, a back propagation algorithm is utilized for training the weights of ChNN. An illustration for generating the gating sequence by the ChNN controller is given in Figure 6.
The load current of R-phase is processed by ChP, which gives the approximations as Z1, Z2, and Z3. These approximations are multiplied by the weight of the neural network WR1 to obtain the Chebyshev expansion as ZR1. Likewise, the similar components ZR2, ZR3 are also obtained. All these three components are added and then managed by tanh. Thus, a back-propagation algorithm attains the output OR (k) with the estimation of reference output OR (k)’. The weights WR1, WR2, and WR3 are updated based on Eq. 21.
[image: image]
Here, the constant learning rate is denoted by [image: image] , and the error among the actual and desired values is denoted by [image: image]. Similarly, the weighted outputs for the Y and B phases are evaluated, and the weighted average (Oavg) is also computed.
The reference current for all the three phases obtained from the ChNN controller is analogized with the actual values of the three-phase currents and the gating sequence is accordingly generated by the multi-carrier PWM technique. As the DSTATCOM operates in high frequency, the switching loss is inherent. A power-loss component (Oloss) is calculated by analogizing the actual and reference values of Vdc in a PI controller.
[image: image]
KP and Kl denote the proportional and integral constants, the reference and actual values of link voltage are denoted by Vdc and V*dc. The error signal is given as,
[image: image]
The final weight Oeff is obtained by adding Oloss and Oavg
[image: image]
The instantaneous values of the three-phase PCC voltage (VtR, VtY, and VtB) are sensed and its peak magnitude is evaluated as,
[image: image]
The reference currents for the three phases are computed as,
[image: image]
The phase unit templates are computed as,
[image: image]
Thus, the actual and reference values of the source current are analogized and fed to the multi-carrier PWM technique to generate the required gating sequence for the nine switches of the proposed inverter.
Determination of the capacitor’s value
The longest discharge time (LDT) for one full cycle of the fundamental output voltage, Vab is shown in Figure 5, which is considered to find the switched C1 and C2 capacitors’ optimal value.
[image: Figure 5]FIGURE 5 | Flowchart for Chebyshev polynomial.
The energy released by the switched capacitor C during LDT is computed by
The switched capacitor’s C3, optimal value can be decided by
[image: image]
Based on, Eqs 28, 29
[image: image]
MULTI-CARRIER PWM TECHNIQUE
Multi carrier PWM (MCPWM) generates the switching pattern for the proposed inverter and the reason for choosing this PWM technique is its simplicity and ease of implementation. The reference source currents generated by the ChNN controller and the carrier signal are analogized to control the inverter’s switches. Which is shown in Figure 7.
The amplitude modulation-index (ma) is given as the ratio of the peak-to-peak amplitude of the reference-modulating signal (Aref) to that of the carrier signal (Ac) which is given as,
[image: image]
The frequency modulation-index (mf) is given as the ratio of the frequency of the carrier signal (fc) to that of the reference-modulating signal (fr) which is given as,
[image: image]
The illustration of MCPWM is in Figure 6 in which two triangular carrier signals are analogized with a reference sinusoidal signal.
[image: Figure 6]FIGURE 6 | Illustration of the ChNN controller.
[image: Figure 7]FIGURE 7 | MCPWM technique.
RESULT AND DISCUSSIONS
The power-quality issues are exterminated through the implementation of 8S7L-TTB topology as the DSTATCOM, through which the fluctuations in the linear and non-linear loads of a 3-phase 4-wire distribution system have been eliminated.
The D–Q components of a 3-phase system are persistently extracted through the PV-based DSTATCOM with online-monitoring-adaptive ChNN controller, through which the switching devices of the inverter are triggered with the aid of the multicarrier PWM technique. The system has been simulated in MATLAB software and the results were observed. The DSTATCOM employed here is PV-based and Figure 8 highlights the voltage and the current representations of PV. The PV panel’s temperature is in the range of 25°C to 40°C irradiance 1,000 W/m2. The output voltage representation of the proposed 7L inverter topology is highlighted in Figure 9. The Figure 10 shows the representation of load voltage and load current.
[image: Figure 8]FIGURE 8 | Parameters of the solar panel.
[image: Figure 9]FIGURE 9 | Voltage representation of the proposed 8S7L-TTB topology.
[image: Figure 10]FIGURE 10 | Representation of load voltage and load current.
The opposite harmonics are to be introduced in the PCC and the ChNN controller helps in generating the reference source current. The gating sequence for the 7L inverter is generated through MCPWM. The load voltage and load current illustrations are revealed in Figure 9, and using the ChNN controller, the THD is minimized to 2.79% as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Source current THD using the ChNN controller.
Hardware implementation
The proposed PV-based DSTATCOM with a seven-level inverter is instigated using FPGA SPARTAN 6E in hardware. A ChNN controller eliminates the need for the MCPWM technique that generates the harmonics and the pulses for the inverter.
The output of the PV module is illustrated in Figure 12. Initially, there exist oscillations in the PV system and after a certain period, the waveform appears without oscillations.
[image: Figure 12]FIGURE 12 | Experimental setup for the seven-level DSTATCOM.
The output voltage depiction of the proposed 8S-7L inverter is illustrated in Figure 13 which reveals that three levels are on the positive side and three levels are on the negative side with a one–zero level.
[image: Figure 13]FIGURE 13 | Voltage representation of the PV system.
The voltage and current illustrations of the 3-phase 4-wire system are shown in Figure 14 and Figure 15 respectively. Initially, in the PV module, there will be oscillations and after the instigation of the proposed ChNN controller, the current harmonics are eliminated and so the waveform remains sinusoidal in nature.
[image: Figure 14]FIGURE 14 | Output voltage representation of an 8S7L- TTB inverter.
[image: Figure 15]FIGURE 15 | Three-phase voltage.
The 3Ф voltage and current waveforms as observed are illustrated in Figure 16 which reveal that the voltage and current are in phase with a UPF.
[image: Figure 16]FIGURE 16 | Three-phase current.
The comparison of source current THD is illustrated in Figure 17. It is noted that the THD of 2.79% is accomplished by the ChNN controller which reveals the proposed controller’s superiority. The Figure 18 shows the THD comparsion for various PWM methods. The proposed topology’s voltage generation is high when compared to existing topologies with least-switching devices for a 3- phase four-wire system. The losses for the proposed inverter are computed by using the PLECS software for determining the efficiency of the inverter. The Figure 19 shows the switching losses for the proposed system.
[image: Figure 17]FIGURE 17 | Three-phase voltage and current.
[image: Figure 18]FIGURE 18 | THD comparison.
[image: Figure 19]FIGURE 19 | Switching losses for the proposed inverter.
CONCLUSION
The present work has exemplified the utilization of seven-level triple-times voltage-boosting nine-switch topology (8S7L-TTB) as the DSTATCOM, through which the power-quality issues have been eradicated. The fluctuation of linear and non-linear loads in a three-phase four-wire distribution system has caused specific issues. Such issues have been eliminated by employing the PV-based DSTATCOM with an online-monitoring adaptive ChNN controller. The D–Q components of the three-phase system have been constantly extricated. Through the received error signal of the ChNN controller, the switching devices of the proposed inverter get triggered with the aid of the MCPWM technique. Thus, all the upraised issues have been erased through the implementation of a 7-level inverter and ChNN controller. The entire system has been simulated using MATLAB software and validated in the 1 kW experimental setup. The results of both software and hardware analyses have been observed with remarkable improvement.
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