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[bookmark: OLE_LINK62][bookmark: OLE_LINK63]Abstract: Photovoltaic (PV) and wind power generation (WPG) i.e. the part of renewable energy systems are playing a vital role in energy production. Solar power (PV) has the potential to become one of the main contributors to the future electricity supply. Low voltage photovoltaic systems require a high voltage gain converter for modules grid connection through a DC-AC inverter. The solar energy obtained from the solar panel varies with times and solar irradiation. In order to maintain the constant voltage obtained from the solar panel, the boost converter is used to maintain the constant output voltage using MPPT (Perturb and Observe algorithm) algorithm. The boost converter is operated according to the requirement. The inverter used is a 1-Ф cascaded 13-level inverter and is capable of producing 13-level output voltage from the DC supply voltage obtained from PV panels.  Multilevel inverters offer improved sinusoidal output waveforms and lower THD. In this paper, the proposed model is designed and the results are verified through simulation using MATLAB/SIMULINK tools.
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I. INTRODUCTION
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]Now a days, the utilization of renewable energy is more advantageous in both economically and environmentally [1]. The demand for renewable energy has increased significantly over the years because of shortage of fossil fuels and greenhouse effect. Among various types of renewable energy sources, solar energy and wind energy have become very popular and demanding due to modern technology world. Today, PV sources are used in many advantages such as free from pollution. Solar electric energy demand has grown continuously by 20%-25% per annum over from the last 20 years with decreasing costs and prices [2]. Photovoltaic cell inverter is used to convert dc power into ac power obtained from PV modules to be fed into the load. Therefore, improvement in output waveform and performance of the inverter reduces its respective harmonic content generated by switching operation of the inverter [3]. In recent years, multilevel inverters have become more attractive for researchers and manufacturers due to their advantages over conventional three-level pulse width-modulated (PWM) inverters. These types of inverters offer improved output waveform, smaller alter size, lower electromagnetic interference EMI, lower total harmonic distortion (THD) [4].
[bookmark: OLE_LINK51][bookmark: OLE_LINK52]For multilevel inverter, some topologies are classified in two groups depending on the number of independent dc source. The most important working topologies are diode clamped (NPC), flying capacitor (FC) and cascade H-bridge (CHB). The FC topology is similar to the NPC with difference that the clamping diodes are replaced by flying capacitors and CHBs inverters are classified as series connection of two or more single-phase H-bridge inverters. Fundamental switching frequency and high switching frequency PWM methods are used to operate the cascaded multilevel inverters. It has lower switching loss and higher efficiency. In the CHB MLI, each level requires a separate dc source and for each dc source a PV cell or battery is to be connected. All three converter topologies have the potential for application in medium and high voltage applications. All devices are assumed to have same voltage ratings but not necessarily same current ratings. Multilevel inverters include an array of power semiconductors and capacitor voltage sources, the output of which generate voltages with stepped waveforms. By increasing the number of levels in the inverter, the output voltages have more steps generating a staircase waveform, which has a reduced harmonic distortion. But, a high number of levels increases the control complexity and introduces voltage imbalance problems. As compare to other two, CHB MLI requires the least number of components and has the potential for utility interface applications because of its capabilities for applying modulation and soft switching techniques. The cascaded H-Bridge inverter does not use half bridge in each level accept full H-bridge inverter because of more efficiency in output [3].
[bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK80][bookmark: OLE_LINK81]II. PROPOSED CONCEPT
The proposed concept consists of the single phase cascaded 13-level Inverter fed from Solar Cell Boost Converter with PID/SMC Controller.
[image: ]
Figure 1: General Configuration of Proposed Circuit
[bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK75][bookmark: OLE_LINK76]Maximum power point tracking (MPPT) is implemented in solar array power system with direct control method. The incremental conductance algorithm is used to track the maximum power point tracking, as it performs better control under rapidly changing atmospheric condition. Boost converter can step up the voltage without using a transformer. In multilevel inverter, we use six dc sources with the 24 switches to get required 13-level output voltage and to reduce the harmonics [4]. In the proposed, boost converter is used to regulate and to obtain the desired input voltage and after that the DC source is replaced by a renewable resource such as solar panels to get desired DC voltage to load. The general configuration of proposed circuit is shown in figure 1.
[bookmark: OLE_LINK82][bookmark: OLE_LINK83]III. Methodology
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]A. PV Array
[bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK93]Photons of light with energy higher than the band-gap energy of PV material can make electrons in the material break free from atoms that hold them and create electrons and hole pairs. If a nearby electric field is provided, those in the conduction band can be continuously swept away from holes toward a metallic contact where they will emerge as an electric current. The electric field with in the semiconductor itself at the junction between two regions of crystals of different type, called a p-n junction. When the PV cell delivers power to the load, the electrons flow out of the n-side into the connecting wire, through the load, and back to the p-side where they recombine with holes [4]. Note that conventional current flows in the opposite direction from electrons.
[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14]B. Evaluation of Solar Photovoltaic Cell Characteristic
A solar cell is the building block of a solar panel. Solar cell (Photovoltaic cell) is a device that serves to transform solar radiation into DC current to generate electric power. On the principle of photovoltaic effect in semiconductor materials, the energy conversion occurs from solar irradiation to dc power. The model is developed using basic circuit equations of the Photovoltaic (PV) Solar cells including the effects of solar irradiation and temperature changes. The equivalent circuit of solar cell can be described consists of a photocurrent source, diode, series resistance (Rs) and the parallel resistance (Rsh), as shown in figure 2. 
[image: ]
Figure 2: Equivalent Circuit Model of PV Cell
The characteristic equation for a photovoltaic cell is given by
                                                    -----(1)
                   ------(2)
                     -----(3)                                      -----(4)
     -----(5)                                  -----(6)
Where,
	[bookmark: OLE_LINK16][bookmark: OLE_LINK17]Ipvs: Cell output current (A)
	Vpvs : Cell output voltage (V)   

	ID: The diode current modeled by the equation for a Shockley diode (A) 
	I0: The saturated reverse current or leakage current (A)

	q : Electron charge (1.602 × 10-19 C)
	K : Boltzmann constant (1.38 x 10 -23 J/oK)                         

	A: The diode ideality factor
	T: Cell operating temperature (oK)                         

	Iph : Photocurrent, the photovoltaic current (A)               
	RS : Series resistance of the cell (Ω)                                    

	RSh : Shunt resistance of the cell (Ω) 
	NS : Number of series cells

	NP : Number of parallel cells branches
	


If the temperature and solar irradiation levels of solar plate change, the voltage and current outputs of the PV array will follow this change. Hence, the effects of the changes in temperature and solar irradiation levels should also be included in the final PV array model. By Buresch, a method to include these effects in the PV array modelling is given [1]. 
C. I-V and P-V Characteristic
When the ambient temperature and irradiation levels change, the cell operating temperature also changes, resulting in a new output voltage and a new photocurrent value. The use of equivalent electric circuits makes it possible to model characteristics of a PV cell. The figure 3 shows the model of solar cell in Matlab/Simulink software. 
[image: ]
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Figure 3: Simulink Model of Solar Cell 
[bookmark: OLE_LINK77][bookmark: OLE_LINK78]It is modeled by utilizing a current source a diode and two resistors or the model is developed using circuit equations of the photovoltaic (PV) cells including the effects of solar radiation and temperature changes. Since the PV module has nonlinear characteristic, it is necessary to model it for the design and simulation of maximum power point for such system curves as current-voltage (I-V) and power-voltage (P-V) characteristics are drawn according to values changes of the temperature and solar radiation and it is observed. The simulation results showed that these factors and the corresponding PV model influence the maximum power point obtained from PV modules under normal operating conditions.
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[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Figure 4: I-V characteristics at irradiance variation
[image: ]
Figure 5: P-V characteristics at irradiance variation
IV. 1-Ф CASCADED MULTILEVEL INVERTER INTERFACE WITH BOOST CONVERTER AND SOLAR PANEL
A Boost converter i.e. step up converter is a dc to dc power converter that step up the voltage (while step down current) from its supply input to its load output. 
[image: ]
[bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK18][bookmark: OLE_LINK19]Figure 6: Simulink Model of Solar Cell Boost Converter with PID Controller
[bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK98][bookmark: OLE_LINK99]It is a class of switched mode power supply (SMPS) containing at least two semiconductors i.e. a diode and an IGBT, at least one energy storage element: a capacitor and an inductor or the combination of these two. Power for the boost converter can come from any suitable dc sources such as batteries, solar panel etc. A boost converter is a dc to dc converter with an output voltage greater than the source voltage. Therefore, the output current is lower than the source current. Figure 6 and 10 show the Simulink model of boost converter which receives power from the solar cell with PID and SMC controllers respectively.
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[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK26][bookmark: OLE_LINK27]Figure 7: Load Current v/s Time of Solar Cell Boost Converter (PID)
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[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK28]Figure 8: Output Power v/s Time of Solar Cell Boost Converter (PID)
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[bookmark: OLE_LINK29][bookmark: OLE_LINK30]Figure 9: Output Voltage v/s Time of Solar Cell Boost Converter (PID)
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[bookmark: OLE_LINK31][bookmark: OLE_LINK32]Figure 10: Simulink Model of Solar Cell Boost Converter with SMC Controller
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[bookmark: OLE_LINK96][bookmark: OLE_LINK97]Figure 11: Load Current v/s Time of Solar Cell Boost Converter (SMC)
[image: ]
Figure 12: Output Power v/s Time of Solar Cell Boost Converter (SMC)
[image: ]
[bookmark: OLE_LINK33][bookmark: OLE_LINK34]Figure 13: Output Voltage v/s Time of Solar Cell Boost Converter (SMC)
The cascaded 13-level inverter requires six separate dc sources per phase leg; this means that six H-bridge inverters are used for single phase structure. This type of cascaded H-bridge multilevel inverter has been designed and simulated using MATLAB SimpowerSystems as shown in figure 14 and results of load current, output voltage of multilevel inverter are shown in figure15 and 16 respectively.
[image: ]
[bookmark: OLE_LINK39][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK55][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK60][bookmark: OLE_LINK61]Figure 14: Simulink Model of 1-Ф cascaded 13-level Inverter fed from Solar Cell Boost Converter with SMC Controller (Balanced Load)
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[bookmark: OLE_LINK56][bookmark: OLE_LINK57]Figure 15: Load Current v/s Time of 1-Ф cascaded 13-level Inverter
[image: ]
Figure 16: Output Voltage v/s Time of 1-Ф cascaded 13-level Inverter
[image: ]
[bookmark: OLE_LINK37][bookmark: OLE_LINK38]Figure 17: Load Voltage v/s Time of 1-Ф cascaded 13-level inverter fed from Solar Cell Boost Converter
[image: ]
Figure 18: Load Current v/s Time of 1-Ф cascaded 13-level inverter fed from Solar Cell Boost Converter
[image: ]
Figure 19: Active and Reactive Power v/s Time of 1-Ф cascaded 13-level inverter fed from Solar Cell Boost Converter
CONCLUSON
This paper discussed about the simulation of PV based 13-level symmetric cascaded multilevel inverter with intermediate boost converter. The boost converter is allowed to work in continuous mode and the switching sequence of multilevel inverter is decided by a PWM generator which uses a PDPWM technique. It should be possible to develop the power electronic interface for the highest projected solar panel rating, to optimize the energy conversion and transmission and control reactive power, to minimize harmonic distortion, to achieve at a low cost a high efficiency over a wide power range and to have a high reliability. Therefore, asymmetric multilevel inverter is a suitable topology for photovoltaic applications. It has been destined to provide a reference to readers and the results given in this paper can also be extended with experimental studies.
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