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Abstract 
 
This article provides a detailed, logic-dependent PWM (FLC PDPWM) phase 

disposition to connect a photovoltaic grid system for a modular multi-level 

inverter. Instability and reliance on the sources of energy are the downsides of 

solar energy. To counter the disadvantage, power converters have been 

incorporated, which boosts the system stability. This method is being developed, 

which is more challenging to implement; it will allow the current source inverter 

(ICM) to control the DC connection voltage and reduce the harmonics imposed 

on the MMC voltage level and maximum current. Converters (MMC) are 

offered due to their various features. The simulation is performed under the 

proposed concept, and the results are presented in the MATLAB/SIMULINK 

environment. 
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1 Introduction 
 

The current situation needs us to generate electricity. All countries 

require large amounts of energy to run and maintain an efficient economy. 

India is a significant producer and customer in the world. Its demand has 

risen by much more than 100 times [1]. Many researchers are searching for 

alternative energy sources, such as solar and wind, to protect the environment 

[1,2]. IEA has projected that there will be an increase in renewable energy 

production over the next years [3]. Photovoltaics need to be installed to 

capture solar energy. A photovoltaic module is a solar cell array [4]. One of 

the advantages of solar energy is to minimize costs and improve efficiency 

[5]. In addition to the manufacturing benefits, the government provides 

additional support for installing photovoltaic solar panels [6]. This paper 

aims to combine a photovoltaic generator with a multi-level modular 

converter. The proposed system for energy conversion and grid integration is 

shown in Figure 1. 

 

 
 

Figure 1 Block Diagram of Grid Interface with the PV System 

 

Conversion in a single step is much quicker, effective, and easier to 

execute because of a single power conversion phase. The inverter is used to 

transform DC into AC. Based on the provisions, the batteries were connected 

directly to the grid. Major study undergoes to improve conversion 

effectiveness using advanced converters, one of which is the Modular Multi-

Level Converter (MMC) [7-10]. The MMC is a multi-level converter with 

modular construction. It uses modular modules for redundant fault-based 

operation. This paper demonstrates the integration of PV grids using MMC. 

By series-connecting sub-module, the intermediate circuit is created.  

The document is prearranged into five sections. The introduction and 

review of the literature relating to the field proposed starts in Section 1. The 

photovoltaic system is shown in Section 2. Section 3 presents the proposed 

converter configuration. Section 4 displays the control diagrams. The entire 

system is performed using MATLAB, and Section 5 points out the effects. 

Finally, section 6 concludes the work. 
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2 Literature Review 
 

The section presents the literature review on the photovoltaic systems as 

well as the converters. In section 2.1, a review of the photovoltaic array 

system is given, and in section 2.2. converter literature review. 

 

2.1 Photovoltaic Array 
 

The interface uses a photovoltaic cell to extract solar energy. To increase 

the photovoltaic cells' efficiency, they were connected in a different 

relationship such that the conversion of light into electrical power is high and 

acknowledged as the photovoltaic effect. The transformed energy is in the 

form of direct voltage. In Equation (1), the power produced from the PV 

array is shown [11]. 

  

                                    (
  

      
) [    (         )]                                  (1) 

 

Where 
p v

Y  denotes the rated capacity of PV panels (kW) and 
p v

f  

represents PV panels' derating factor. Furthermore, 
T

G  solar radiation 

incidents on PV panels (kW/m
2
) and incident radiation at standard test 

conditions (1kW/m
2
), respectively. 

p
  is known as the temperature 

coefficient of power, 
C

T is the temperature of the PV cell (C), and 
,C S T C

T  is 

the temperature of the PV cell under standard test condition (25 C).  

In the literature, the photovoltaic cell is described, as shown in Figure 2 

[12]. The output current and ouput voltage generated by the PV cell will 

exhibit the performance characteristics which are nonlinear in nature, as 

shown in Figure 3, while temperature reins the voltage shown in Figure 4. 

 
 

Figure 2 Equivalent circuit of a photovoltaic module [Note: Rp is the shunt 

resistance, and Rs is the series resistance] 
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Figure 3 Current and Voltage Characteristics of PV Module for Varying 

Irradiance from 200 to 1000 W/m
2
 with Constant Cell Temperature (25 °C) 

 

 
 

Figure 4 Current and Voltage Characteristics of PV Module for Changeable 

Temperature from 25-75 °C at Constant Solar Irradiance (1000 W/m
2
)  

 

From Figures 3 and 4, it is understood that the performance 

characteristics are varied concerning weather conditions. The effect of 

weather parameters will be crucial as the size of the PV array increases. 

Here, the PV array represents the series and parallel arrangement of the PV 

cells. More details regarding the weather parameter's impacts on the solar 

PV cells can be found in Refs [13]. It is also evident that the performance is 

varied concerning PV application (e.g., BIPV, BAPV, solar tree etc.) [14]. 
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2.2 Multi-level Modular Converter 
 

Every phase/leg has two symmetric arms that are upper arm and the 

lower arm. The arm contains a group of connected equivalent sub-modules 

and chock inductors for better suppressing arm current, and  both the arms 

(upper and lower) has N SMs, and the inductor which is considered as buffer 

(L). An equivalent resistance R shows in Figure 5. Depending on the 

convertor's operating range, the intermediate MMC should be partially or 

wholly attached to the operating voltage. This is called the converter output 

since it acts as the link point for the upper and lower arm. Ls is the 

inductance of the AC connection, and Z0 is the lateral impedance of the AC 

[15]. 

  

 
  

Figure 5 Single Phase Modular Multi-Level Converters Equivalent Circuit 

 

     Converters play a significant role in allowing effective conversion of 

renewable energy sources. Some converters in this group use an intermediate 

DC power link, and some use a preset AC connection as the supply. Voltage 

converters use a steady connection [16].  

 The voltage converters are categorized as double-stage and multi-stage 

converters according to the output voltage. A significant benefit of the multi-

stage converter is that it does not require an independent DC source and 

transformer. Multi-stage modules are a cascade of cells to the desired output 

level [17]. This is the critical feature that has to be configured for an 

application. Various sub-module configuration models are available in the 

industry, shown in Figure 6. 

The sub-modules can be classified on several parameters. The simplified 

half-bridge sub-module construction outcome is selecting the specific sub-

module. Just one switch should be switched on at any time, allowing less 

power loss and greater efficiency. The output voltage cannot accommodate 

polarization because of bipolar conditions. 
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Figure 6 Circuit Configuration of MMC 

 

In this design, there are several sub-miniature modules of similar 

construction. The output waveform would be the overshoot of each sub-

miniature-modules being connected to the ground—a bridge with four half-

bridge sub-modules as made known in Figure 6. The system may produce an 

output voltage, which is linked in series with the arm circuit. The arm voltage 

has five voltage levels when four submodules are used, such as 0 to 4 Vc. 

Voltage levels can produce according to the states of the switching. For 4 Vc 

generation, all four switches must be on, while 3 for 3 Vc must be on. There 

are various means to establish the intermediate level of voltage. The arm 

voltage is the total voltage from all sub-modules. To get the multi-wave 

shape in the AC framework, both modules are operated at the same time [18]. 

 

3 MMC-PV System with Fuzzy Logic Controller 
 
 In the proposed controller (see in Figure 7), one should try to stabilize 

the current output, the condensers' voltage, and the flowing current to 

regulate MMC. The secondary role of controlling the current is to control the 

amount of current. The goals can be accomplished by canonical control 

methods: primary and secondary.  

 This circuit's operation principles involve a differential voltage in the 

common DC portion of the output voltage. Regardless of the energy 

conservation technique, the average transfer through the cell should be 0. The 

various control techniques regulate the AC bus voltage, the DC bus voltage, 

the circulating current, balancing the voltage of the submodules' capacitor. 

The PWM technique is used to monitor the voltage of the AC converter. 

With N sub-modules per arm, MMC needs N carrier signals. Each carrier's 

phase changes are 360/N. The carriers are all in the same phase, regardless of 

where they are on the waveform. If all carriers are chosen in the same phase, 

it is known as the phase distribution process (PD PWM), see in Figure 8. 
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Figure 7 MMC-PV Inverter Overall Control Diagram 

 

 
Figure 8 Carrier Wave and Reference Wave Arrangement 

 

 The voltage required at the output is attained by changing the switching 

states of MMC switches. This technique has become popular because it 

decreases the harmonic distortion at the desired frequency and produces 

greater output voltage. The switching signals are created by comparing the 

signals (both the modulation and carrier). As they are always in demand due 

to their simple design, the voltage level can easily be increased. MMC 

includes the N of the carrier signal. The carrier signals refer to the arms are 

phased by an interlace angle (ɸci). The angle of entanglement can be 

calculated using Equation (1): 

 

     
   

 
       (1) 

 With the interleaving angle, the MMC can generate an output of a 

voltage level of 2N + 1. If similar triangular signals are used as a carrier for 

the upper and lower arms, this will create a voltage level of N + 1. 

Overvoltage levels upsurge the harmonic content. The basic fuzzy logic  
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control system is a mechanism based on a collection of rules and principles 

based on human understanding of a system's actions. Here it was designed to 

analyze the dynamic behaviour of the converters. Furthermore, FLC can have 

the desired properties of both small signal and large signal simultaneously, 

which is impossible with linear controllers. The fuzzy logic controller's basic 

circuitry is shown in Figure 9 and consists of a fuzzy interface, that is based 

on two decisions (the knowledge base decisions, and decision-making logics) 

[10]. The membership function is shown in Figure 10. 

 

 
Figure 9 Fuzzy Logic Controller (FLC) Schematic Representation 

 

 
    Figure 10 Membership functions for change in output concerning the change in 

input. 
 

 Rules basis: in a transient state, the control variables are not regulated 

and large errors occur, so fixed control points must be useful; in a steady-

state, the controlled variables are the control points, Small errors involve 

control over specific variables. Based on this, the rules table elements are 

obtained, with "Vdc" and Vdc-ref as inputs shown in Table 1. 
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Table 1 Rule Base Table  e and del e 

 

e & del e NL NM NS EZ PS PM PL 

NL NL NL NL NL NM NS EZ 

NM NL NL NL NM NS EZ PS 

NS NL NL NM NS EZ PS PM 

EZ NL NM NS EZ PS PM PL 

PS NM NS EZ PS PM PL PL 

PM NS EZ PS PM PL PL PL 

PL NL NM NS EZ PS PM PL 

 

4 Results and Discussion 
 

Integrated MMC PVs are then evaluated by using different performance 

measures. A 100 Ω resistor was inserted between the SM1 capacitor and 

ground to break the device's symmetry. The values of the parameters in Table 

2 are shown.  
 

Table 2 Summary of the Simulation Parameters 

 

 

 

 

 

 

 

 

 

 

The PV panel was designed to comply with the design requirements; the 

control circuit can be configured in the manner shown in Figure 9. The 

simulation of the waveforms of the system power, input voltage and current 

as shown in Figure 11. 

 

 
 

Figure 11 Results Waveforms of the input PV System Voltage (Vpv), Current (Ipv), 

and Power (Ppv). 

 

 

 

 

 

Parameters Values 

No. of PV modules 96 

SM’s in every arm 4 

SM C 2.2 kuf 

R 0.1ohms  

Ls 2mH 

Us 115V 

Frequency 50 Hz 

Transformer Ratio 600V/240V 
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Figure 12 (a) Mains Us and Ia (b) Converter Output Voltage Ua. 

Figure 12(b) shows the Output Voltage Ua of the MMC inverter. The output 

Voltage Ripple is Reduced After Placing the Proposed Fuzzy Control System. 

 

 
 

Figure 13 Voltage Balance of the arm Capacitor (a) Voltage of the Upper arm 

Capacitor (PI controller) (b) Voltage of the Upper arm Capacitor (fuzzy controller) 

(c) Voltage of the Lower arm Capacitor (PI controller) and (d) Voltage of the Lower 

arm Capacitor (fuzzy controller). 

 

 
 

Figure 14 Simulation Results of the MMC output Voltages: (a) Three Phase 

Voltages (Vmmc_abc); (b) Indivial Voltages (Va, Vb & Vc) 
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Figure 15 Results of the both arms Currents and the MMC leg’s Circulating Current. 

 

FFT analysis of the inverter output voltage is shown in Figure 16. The 

difference in the voltage from the capacitor may be decreased, and the output 

voltages, current forms of the system are improved.  Without raising the 

voltage to be applied to the MMC, the circulating current will not be 

affected. This function offers appropriate design solutions for eliminating 

harmonic currents. 

 

 
 

Figure 16 FFT Analysis of the MMC Inverter Output Voltage (Vinverter) (a) With 

PI Controller (b) With FUZZY Controller. 
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Figure 17 THD Comparison Analysis of MMC Inverter output Voltage (Vinverter) 

with PI and Fuzzy Controllers 

 

Figure 12 shows results for (a) Mains Us and Ia (b) Converter Output Voltage 

Ua.Figure 12(b) shows the Output Voltage Ua of the MMC inverter. The output 

Voltage Ripple is Reduced After Placing the Proposed Fuzzy Control System. Figure 

13 shows results for Voltage Balance of the arm Capacitor (a) Voltage of the Upper 

arm Capacitor (PI controller) (b) Voltage of the Upper arm Capacitor (fuzzy 

controller) (c) Voltage of the Lower arm Capacitor (PI controller) and (d) Voltage of 

the Lower arm Capacitor (fuzzy controller). Figure 14 shows Simulation Results of 

the MMC output Voltages: (a) Three Phase Voltages (Vmmc_abc); (b) Indivial 

Voltages (Va, Vb & Vc). Figure 15 shows Results of the both arms Currents and the 

MMC leg’s Circulating Current. Figure 17 shows THD Comparison Analysis of 

MMC Inverter output Voltage (Vinverter) with PI and Fuzzy Controllers. 

 

5 Conclusions 
 

Solar cells convert sunlight into electricity using photovoltaic cells. 

Power exists in DC and is transformed to AC via a multi-stage converter 

(MMC). The system is equipped with a capacitor that has a well-regulated 

voltage applied to it.  

A fuzzy logic controller further regulates this voltage. Harmonic 

modulation techniques have been debated and it has been found that as the 

number of MMC increases, the harmonic distortion levels can be held low. 

With increasing capacitance, MMC can be increased without adjusting the 

switching frequency so that THD will be decreased. We can generate 2N+1 

and N+1 output using FLC systems without altering the reference signal with 

this process. This is recommended in Fuzzy Toolbox software in MATLAB. 
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