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This work presents a system design for extracting maximum power using the modified maximum power point tracking (MPPT) technique and a novel high-gain DC-DC converter, which was then used to supply a microgrid system with a conventional buck converter. We present a novel structure comprising the MPPT, voltage boosting, and voltage regulating components for a DC microgrid in a single system. The most important features of a photovoltaic (PV) system include a high-gain converter and maximum PV power extraction; considering these, we present a high-gain DC-DC converter that boosts the output voltage to ten times the input voltage. Furthermore, the MPPT technique extracts maximum power from the PV panel based on model predictive control through its better transient response than the conventional incremental conductance method. The MPPT approach was tested with both fixed- and variable-step operations, and the results were compared for load variations. Considering the economics of the system, the proposed approach attempts cost reduction by optimizing the number of sensors to two instead of three. Simulations were conducted under different environmental conditions using MATLAB-Simulink, and the performance differences between the conventional incremental conductance and proposed MPPT-based methods are shown. Next, DC voltage regulation was implemented for the proposed PV and existing systems by considering different load and irradiation conditions while maintaining constant temperature. The simulation results showed the latter system had better performance than the former under different environmental conditions, with persistent results for voltage regulation at different load and irradiation conditions.
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1 INTRODUCTION
Solar power is a universal energy source that has stochastic behaviors and varies with the intensity of natural light. Solar power generation entails different components, such as the type of cell, irradiation, temperature, size, and environmental conditions. Solar panels and DC-DC high-gain converters play vital roles in injecting power into a DC microgrid. The traditional maximum power point tracking (MPPT) technique involves finding a point on a voltage vs. current plot at which maximum power can be extracted under the given environmental conditions. There are several reported MPPT techniques in literature, such as the perturb and observe (P&O) method and incremental conductance (IC) method (Ram et al., 2017; Bollipo et al., 2020a; Kumar et al., 2023; Bollipo et al., 2020b). These methods are differentiated from each other based on the accuracy of maximum power tracking as well as its implementation in a photovoltaic (PV) system, algorithmic complexity, and measured variables. However, one of the main drawbacks of the P&O method is the failure to adapt to instantaneously changing conditions and power loss due to the constantly introduced perturbation changes; furthermore, this method is affected by oscillations when operating at the maximum power point (MPP) (Bollipo et al., 2020a; Mei et al., 2011; Jiang et al., 2013).
With regard to DC-DC converters, the conventional boost converter suffers from instability under practical conditions, particularly after experiencing higher duty cycles (Fang et al., 2019; Liu et al., 2019; Basha and Rani, 2020; Tarzamni et al., 2023). Different conversion techniques have been noted and compared in Forouzesh et al. (2017), Xu et al. (2020) along with brief details on their applications to boost the input voltage to the level required for a microgrid. Switched inductors/capacitors can also be used to boost the input voltage by 2–3 times maximally without using higher duty cycles. Fang et al. (2019) described a cascaded boost converter to amplify the input voltage using a low duty cycle. Forouzesh et al. (2017) and Kumar et al. (2020) showed that the quadratic boost converter provides a higher step-up ratio than the switched inductor/capacitor with a higher current stress on its power switch; this stress on the switch deteriorates the efficiency of the converter.
Another important consideration is the maximum power tracking technique. As mentioned earlier, the P&O method suffers from oscillation at the MPP. To counter this problem, Abdel-Salam et al. (2020) proposed an improved approach called delta P&O and adaptive step-change method. MPPT without a current sensor was proposed by Metry and Balog (2020), where the PV current can be calculated from a prespecified look-up table using PV voltage measurements and cell temperature estimates; however, this technique suffers from complexity and reliability problems owing to difficulties with ambient temperature estimation and dynamic model accuracy of the system involving multiple variables.
In systems that require multivariable control, finite-set model predictive control (FS-MPC) is a desirable solution (Ferreira et al., 2018). MPC-based MPPT has been reported in literature (Abdel-Rahim and Wang, 2020; Xue et al., 2022), and the MPC-based MPPT methodology presented by Ferreira et al. (2018) can track the maximum power of a PV module efficiently under various environmental conditions. However, this scheme uses three sensors, namely, two voltage and one current sensors, thereby incurring a higher cost.
The third aspect of this study is regarding voltage regulation. The primary function of a boost converter is extracting the maximum power at a particular duty cycle and voltage. However, when this extracted power is meant to be injected into another application or a grid, it is necessary to modulate its voltage accordingly. To inject the generated PV power into a grid with high quality and improve the PV system efficiency, it is crucial to achieve MPPT of the PV system along with voltage regulation. Unfortunately, most studies focus on only one of these aspects, i.e., MPPT or voltage regulation, instead of addressing both simultaneously (Lupangu and Bansal, 2017). Thus, few researchers have explored two-level control where voltage regulation and MPPT are discussed together, as in Ma et al. (2020). In Ma et al. (2020), the authors explain a two-stage converter with cascaded boost and buck operations to provide maximum power extraction as well as voltage regulation.
To achieve voltage regulation, related control methods are studied often, such as proportional–integral–differential (PID) control (Sunddararaj et al., 2021), fuzzy logic control (Kart et al., 2024), feedback linearization control (Sharma and Suhag, 2020), and sliding-mode control (Al-Wesabi et al., 2022; Xie et al., 2020), and hybrid control (Ibrahim et al., 2024; Suthar et al., 2024; Rafikiran and Alsaif, 2024). In the present work, a novel model predictive controller that is more efficient than other methods is employed in a high-gain DC-DC converter for a PV power system (Figure 1). Accurate mathematical modeling is required and developed for its implementation under varying load conditions.
[image: Figure 1]FIGURE 1 | Novel high-gain DC-DC converter circuit for photovoltaic (PV) systems.
2 PROPOSED TOPOLOGY
The main objectives of the proposed work are as follows:
1. Implementation of proposed step-up converter topology for solar applications.
2. Implementation of MPC-based MPPT through the IC method.
3. Verifications of the topology and control strategy performances under different environmental conditions.
4. Verifications of the topology and control strategy performances for fixed-step and variable-step changes.
5. Comparison of MPPT for the IC and proposed methods.
6. Voltage regulation of the proposed PV system through a two-stage grid-tied system.
The two-stage grid-tied converter topology structure is considered for the control of the PV system in this work. The first-stage converter matches the output and load impedances and tracks the MPP, while the second-stage converter regulates the output voltage to the desired value.
This converter comprises two inductors that are switched using two switches, i.e., MOSFET power switches with three diodes, which help define the different modes of operation. Additionally, two capacitors placed one each on the input and output sides act as filters to ensure fewer voltage ripples. When this converter is operated in continuous mode, then are two operating modes defined by S = 1 and 0 for the switch ON and OFF conditions, respectively.
Mode-I Operation (SW1 = SW2 = 1): When switches S1 and S2 are both turned on, the inductors L1 and L2 are charged by the supply voltage. This leads to a condition where diodes D1 and D0 remain turned off, as shown in Figure 2. Applying Kirchhoff’s law to this circuit, we have
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[image: Figure 2]FIGURE 2 | Mode-I and Mode-II operations of the high-gain DC-DC converter.
Mode-II Operation (SW1 = SW2 = 0): When switches S1 and S2 are both turned off, the inductors start discharging to the load alongside the supply voltage. In this condition, diodes D2 and D0 are turned on to provide a path to load while D1 is turned off, as shown in Figure 2.
Based on the analyses in Modes I and II as well as application of inductor volt-second balance and charge balance to the equations obtained from the two modes of operation, the input–output relationship is further derived.
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Following the above analyses, the input and output relationship is obtained as
[image: image]
Then, the parameters of the high-gain converter are defined, and their values are set based on how much ripple can be tolerated.
2.1 Inductor design
There are two inductors in the proposed converter, and both of these are symmetric and identical. To determine the inductor values, the current waveforms over one period are considered and equations are derived using the input voltage, duty cycle, inductor current ripple, and sample time (Ts).
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2.2 Capacitor design
From the waveform shown in Figure 3(ii) and the above derivations, the capacitor values are obtained using the duty cycle, output voltage, sample time, and capacitor voltage ripple.
[image: image]
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[image: Figure 3]FIGURE 3 | Waveforms of (i) current through the inductor and (ii) output voltage.
The output capacitor is designed by considering the output voltage waveform over one period and the expression for voltage ripple derived above.
3 DIFFERENT MPPT TECHNIQUES
There are many MPPT techniques in literature for extracting the maximum power values efficiently from PV panels using different types of converters. These converters act as interfaces between the PV system and load or grid. There are two types of algorithms for MPPT (Figure 4), where the first involves changing the duty cycle for optimization and the second uses the voltage or current reference from MPPT along with different control techniques for optimization.
[image: Figure 4]FIGURE 4 | Different methods of implementing the proposed maximum power point tracking (MPPT) technique.
The different MPPT techniques available include the P&O, IC, artificial neural network, and open-circuit voltage methods, among others; all of these techniques can be compared in terms of hardware, algorithm complexity, and use as standalone or integrated systems. However, among these techniques, the P&O and IC methods are used commonly even though they are inefficient and expensive, respectively.
3.1 Proposed MPPT technique
The proposed method involves predictive control and is mainly characterized by use of the system model to predict the future values of the controllable variables. Using this information on the future values, optimal actuation is achieved as per the predefined criteria. The main advantages of predictive control are its intuitive nature and simple concepts; as predictive control schemes avoid cascaded structures for linearization, they provide quick transient responses. Moreover, the system can include model non-linearities for improved operation under all conditions. MPC is implemented using the following steps:
Step 1: The system model is defined and used to predict the future behaviors of the variables up to the time horizon.
Step 2: The cost function is defined in terms of the desired behaviors of the system.
Step 3: Once the cost function is defined, the discrete model of the system is derived by predicting the future behaviors of the controlled variables.
Step 4: The system optimizes the performance by minimizing the value of the cost function.
Figure 5 shows the block diagrams for voltage regulation of the PV system and MPC implementation. The basic definition of the cost function is the error between the reference and predicted values of the quantity to be controlled. These quantities include the load current, load torque, and speed; sometimes, these quantities are multiplied by a weighting factor according to their importance.
[image: Figure 5]FIGURE 5 | Block diagrams of (i) voltage regulation of the PV system and (ii) model predictive control (MPC) implementation.
Given the discrete prediction model of the form
[image: image]
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the cost function can be written as
[image: image]
This equation considers the references, future states, and future actions, and the system control is based on minimizing the cost function J. Here, N is the predefined horizon time within which the control actions are implemented. Further constraints and weighting factors can be added to the system as per the control requirement. With the inclusion of weighting factors, the cost function can be written as below for current control of a neutral point converter.
[image: image]
Here, i represents the α and β component currents, [image: image] is the weighting factor, and the terms with the superscript p represent the predicted values. It has been mentioned previously that deciding the variables for MPC is a crucial step. In the solar power system or solar panel, the PV voltage and current variables must be chosen carefully. However, in the case of MPC, the PV current of the system must be considered and adjusted to extract the maximum power.
3.2 MPC-based MPPT
MPC is a type of regulation that depends on the parameters of the DC-DC converter. It treats the DC-DC converter as a finite set of linear models, where each model represents the switching states. These switching states are calculated using MPC, resulting in minimization of the cost function. Reducing the cost simply means that the errors in the controllable variables are reduced. Then, these switching states of the minimized cost function are applied to the DC-DC converter. When operating this converter, the system works in the continuous mode with two state variables. A discrete model is then developed using the forward Euler method for the on and off state operation equations. These discrete model equations are as follows:
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where I1PV(K+1) and I0PV(K+1) are the predicted values of the PV current during the on and off states, respectively; VPV and V0 are the PV and output voltages, respectively; Ts is the sampling time; L is an inductor representing both L1 and L2, which are equal.
As noted earlier for the types of algorithms used for MPPT, the first type is used for optimization. Here, the reference current is obtained using the conventional IC method, and MPC is used to generate the predicted values of the controllable variables. Figure 6 depicts the basic scheme of the control algorithm that uses the adaptive IC and prediction blocks based on Equations 2, 3 to generate the reference and next-step PV currents, respectively. The third block is an optimization step that generates switching pulses such that the difference between the two currents is minimized, which is simply the optimization of the cost function. From Equations 2, 3, it is clear that three quantities must be sensed, namely Vpv, Ipv, and Vout, to determine the predictive values of the PV currents. However, Equation 1 can be used as a voltage observer to calculate the output voltage using Vpv and duty cycle data; this reduces the number of sensors to two, which in turn reduces the cost of the system.
[image: Figure 6]FIGURE 6 | Block diagram of implementation of the MPC-based MPPT technique.
The next step in MPC is optimization, where the possible future states can be used to optimize and select the optimum values that minimize the error. The cost function is used for optimization and is given by
[image: image]
where g is the cost function, Iref is the reference current, and IαPV is the PV current. The current reference Iref is generated using the IC method. The pictorial description of the overall process for the fixed-step and variable-step operations is presented in Figure 7.
[image: Figure 7]FIGURE 7 | Flowchart of the algorithm for MPC-based MPPT.
In the MPC-based MPPT algorithm, the first step involves sensing Ipv and Vpv. Next, the conventional IC method is used to generate the reference current. Through this algorithm, the converter starts tracking the maximum power. The perturbation size Z shown in the flow chart is fixed or adaptive and is given by
[image: image]
Here, C is scaling factor, [image: image] is the change in measured PV current between the present and previous values, and [image: image]D is the difference in reference current between the present and previous states. The fixed-step operation can be understood as the value of Z being constant. Owing to the constant value, the increment or decrement is always same irrespective of requirement. However, in the case of adaptive operation, the value of Z is formulated and depends on the change between the reference and predicted PV currents. Given such an adjustment in the value of Z, the responses to environmental changes are rapid and more efficient.
4 VOLTAGE REGULATION OF THE PROPOSED PV SYSTEM FOR MICROGRID APPLICATION
Previously, the novel high-gain DC-DC converter and MPPT technique were explained; accordingly, the next step involves extending the proposed method by adding a DC-DC buck converter to regulate the PV system voltage to the required bus output voltage that can be maintained under time-varying irradiation and variable-load conditions. This overall structure is a two-stage grid-tied converter.
The development of renewable energy sources like solar energy as widespread and clean sources has attracted immense amounts of scientific and industrial interest in recent years. The applications of distributed PV systems and DC microgrids have increased the utilization of solar energy. Meanwhile, advancements in power electronic technologies have further extended the research boundaries of PV systems and improved the efficiency of energy conversion. However, rapid changes in environmental conditions still affect the efficiency and stability of PV systems. In addition, to inject the generated PV power into a grid with high quality, the output voltage of the PV system needs to be regulated. Hence, PV systems must be robust to MPPT and output voltage regulation. The circuit diagram for voltage regulation of the proposed system is shown in Figure 8.
[image: Figure 8]FIGURE 8 | DC-DC buck converter circuit for voltage regulation of the PV system.
4.1 Design of the DC-DC buck converter
When designing the buck converter, some parameters like the output voltage and current of the high-gain DC-DC converter are assumed to be bound within particular ranges. The output voltage of the buck converter is optimized to the bus voltage using PI control of a specific load (resistive). After considering all the parameters, the operation is regarded to be continuous mode. The conventional formulas of the inductor current and output voltage ripples are used to calculate the values of the inductors and capacitors. These are given by the following equations.
To find the inductor value, we consider [image: image]IL = (Vin(max) - Vout)·D/(fs * L) such that
[image: image]
To find the output capacitor value, we consider [image: image]Vc = [image: image]IL/(8fs · Cout(min)) such that
[image: image]
4.2 PI-based voltage regulation
The control scheme for output voltage regulation of the PV system is as follows. When designing the control loop, two levels of loops are considered. First, the PI controller in the inner loop is designed to satisfy the high-frequency switching action. Then, the outer loop is designed to improve the dynamic performance of the DC-DC buck converter. The state-space model is required for the control analysis, where the state vector is given by
[image: image]
where i is the inductor current and v is the capacitor voltage. This results in two possible matrices depending on whether the switch is on or off. The switch state is given by the subscript j, which is set to 1 when the control is on and 2 when the control is off. The state equation of the DC-DC buck converter is given by
[image: image]
where
[image: image]
Using the averaging method, we have
[image: image]
4.2.1 Outer loop design
The outer loop is the voltage control loop, whose reference voltage is the bus voltage. The PI control law for voltage can be written as
[image: image]
4.2.2 Inner loop design
The inner loop is the current control loop that is managed by the PI controller; here, the reference current is generated using the outer loop. The PI control law for current can be written as
[image: image]
The values of the constants are found by trial and error methods for both loops.
5 RESULTS AND DISCUSSION
The simulation results are primarily divided into three parts as follows: open-loop operation of the high-gain DC-DC converter; application of the high-gain DC-DC converter to the PV system; voltage regulation of the PV system using the DC-DC buck converter. All the parameter ratings used in the simulations are shown in Table 1.
TABLE 1 | Parameters and ratings.
[image: Table 1]5.1 Open-loop operation
The high-gain DC-DC converter was simulated in MATLAB 2016 and designed to boost the input voltage by 10 times. It can operate at an efficiency of around 93%.
Figure 9 shows the schematic for the simulation of the open-loop operation of the high-gain DC-DC converter at a duty cycle of 0.65. Analytically, the circuit is shown to boost the input voltage by up to 4.71 times. The magnified output voltage signal is shown in Figure 10, where the load resistance is observed to be approximately 10 Ω.
[image: Figure 9]FIGURE 9 | Open-loop simulation of the high-gain DC-DC converter.
[image: Figure 10]FIGURE 10 | Output voltage of the high-gain DC-DC converter.
5.2 Application of high-gain DC-DC converter and MPC-based MPPT to PV systems
Herein, we demonstrate the application of the new MPC-based MPPT technique to a PV system based on the operation type as fixed or variable step. Additionally, the output power comparison is presented.
5.2.1 Fixed-step operation
The PV panel used in the simulation is inbuilt and present in the simulation library under the name “1soltech-1STH-215-P”. The inputs to this block were the temperature and irradiation, which were set to 25°C and 1,000 W/m2, respectively. The schematic of this simulation is depicted in Figure 11. This operation configuration is mostly concerned with power drawn using MPPT, but the system has a novel DC-DC converter that boosts the input voltage efficiently. The duty cycle was set as 0.65. Figure 12 shows the input and output power trends for the fixed-step operation, while Figure 13 shows the input and output voltage trends under this configuration.
[image: Figure 11]FIGURE 11 | Fixed-step operation of the high-gain DC-DC converter of the PV system.
[image: Figure 12]FIGURE 12 | Output and input power values for fixed-step operation.
[image: Figure 13]FIGURE 13 | Output and input voltages for fixed-step operation.
The parameters are designed with respect to the inductor current shown in Figure 14 for the fixed-step operation. A magnified portion of this curve is highlighted by the red circle. Next, we examined the system response to variation in irradiation from 1,000 W/m2 to 800 W/m2 under fixed-step operation; these results are shown in Figure 15. Under fixed-step operation, the output power of the system is approximately 138–140 W; if this system were to be implemented under variable-step operation, there would be flexibility in choosing the step size as per requirement. This flexibility allows the system to produce more output power.
[image: Figure 14]FIGURE 14 | Inductor current during fixed-step operation.
[image: Figure 15]FIGURE 15 | Change in the output power as the irradiation changes from 1,000 W/m2 to 800 W/m2 at t = 0.5 s.
5.2.2 Variable-step operation
As explained earlier, variable-step operation offers more flexibility and superior performance to fixed-step operation. The parameters are considered in this configuration are similar to those used previously. Figure 16 shows the schematic for variable-step operation under a constant temperature of 25°C and irradiation of 1,000 W/m2 (Figure 17). The variable-step operations under a change in irradiation from 1,000 W/m2 to 800 W/m2 are shown in Figure 18.
[image: Figure 16]FIGURE 16 | Simulation of the variable-step operation of the PV system.
[image: Figure 17]FIGURE 17 | Output power of the variable-step operation under constant temperature and irradiation.
[image: Figure 18]FIGURE 18 | (i) Output responses for variable-step operation with change in irradiation at t = 0.5 s. (ii) Output power during variable-step operation with change in irradiation at t = 0.5 s.
5.3 Voltage regulation of the proposed PV system
The main principle of regulating the output voltage of a high-gain DC-DC converter is to supply the excess available power to different applications through a DC microgrid. To regulate the voltage, a two-stage converter was developed, where the first stage was the high-gain DC-DC converter and the second stage was a cascaded buck converter (Figure 19).
[image: Figure 19]FIGURE 19 | Simulation of voltage regulation of the proposed PV system using a DC-DC buck converter.
The analysis for this system is categorized under two scenarios, where the irradiation and load values are varied. Figure 20 shows the result for first changing the irradiation from 900 W/m2 to 1,000 W/m2 at t = 0.4 s, followed by changing the load resistance from 5 Ω to 4.17 Ω at t = 0.5 s. The changes caused by the irradiation and load resistance are reflected in the output voltage and power waveforms. From this figure, it is noted that the change in load at t = 0.5 s reflects a small dip attributable to the reference value over a short time; here, the reference value is 24 V. Next, the changes in the output power of the bus and PV system are shown in Figure 21. The nature of the output power is also influenced by the current, as seen from the output current in Figure 22.
[image: Figure 20]FIGURE 20 | Voltage regulation of the PV system for varying load and irradiation conditions.
[image: Figure 21]FIGURE 21 | Output power at the bus and PV power under varying load and irradiation conditions.
[image: Figure 22]FIGURE 22 | Output current at the under varying load and irradiation conditions.
5.4 Comparison between the proposed MPC-MPPT and IC methods
Figure 23 compares the output power and voltage values of the proposed and conventional IC methods. It is seen from the power generated at an irradiation intensity of 1,000 W/m2 that the proposed technique has better performance than the IC approach.
[image: Figure 23]FIGURE 23 | Comparison between the proposed MPC-based MPPT and incremental conductance methods.
6 CONCLUSION
Solar energy is one of the most prominent energy sources, and its efficient utilization has become a matter of important concern in recent times. In this work, we propose a new MPC-based MPPT technique with a high-gain DC-DC converter. We show through the results that MPPT with the MPC-based approach provides better transient responses. Similar advantages and results were observed even when different environmental conditions were considered. The selection of a control strategy for MPPT depends on its ease of application, simplicity, and cost reduction. The proposed MPPT achieves similar results as those in literature with only two sensors, namely one voltage and one current sensors. The MPC-MPPT has two operating modes based on fixed and variable step changes. The fixed-step operation was analyzed for different step changes between 0.02 and 0.05, and the results show significant differences and better results at a step value of 0.05. The variable-step operation was also evaluated and shown to be advantageous over fixed-step operation as the step size can be changed as per requirement. The second part of this work was concerned with voltage regulation of the PV system to allow injection of the excess available power into a grid or any to other application. Despite assessing the system for variations in the irradiation (900 W/m2 to 1,000 W/m2) and load (5–4.17 Ω) conditions, it was shown that the system managed to maintain the reference output voltage (24 V). The PV power increased as the irradiation increased, while the output power only increased when the load was reduced. As a result, the overall system performance was efficient, which is expected to improve the power quality supplied to DC microgrids. Our future work is aimed at validating the proposed concepts through experiments.
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