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Abstract 

The growing interest in developing efficient DC to AC converters for residential use is driven by 

the increasing integration of renewable energy sources and the demand for energy-efficient home 

systems. This project involves the design and simulation of a DC to AC converter, implemented 

using MATLAB/Simulink and PLECS. The goal is to utilize MATLAB/Simulink and Piecewise 

Linear Electrical Circuit Simulation (PLECS) Software for the design, analysis, and evaluation of 

power electronic converters and their controllers. Focusing on enhancing energy conversion 

efficiency, performance, and reliability, the study aims to achieve optimal design and modeling of 

a domestic DC to AC converter. Specifically tailored for the requirements of renewable energy 

sources such as solar energy and battery storage, as well as household appliances, the proposed 

converter incorporates power electronics, control algorithms, and filtering methods. This research 

employs advanced simulation techniques to model and analyze these converter components. 

A MATLAB/Simulink model was created for a closed-loop DC-DC boost converter with a broad 

input voltage range of 40 V to 60 V, generating a consistent 330 V DC output. The DC voltage 

was converted to chopped AC voltage using a 1KVA H-bridge single-phase inverter, followed by 

filtering to obtain a pure sinusoidal AC with an effective value of 230 V. To compare the results 

with standard, the simulation model has been simulated in Piecewise Linear Electrical Circuit 

Simulation (PLECS) Software with variable linear load and the output voltage was 220V RMS. 

In the end, this project 's findings offer insightful information about how to simulate and design 

house DC to AC converters optimally, laying the groundwork for the creation of energy-efficient 

solutions that can adapt to the changing demands of contemporary domestic power systems. The 

findings of this project work for both cases should open the door for the widespread use of effective 

DC to AC conversion technology and have a significant impact on the development of sustainable 

energy practice in residential settings as output voltage is ranging between 220V to 230V RMS. 

Keywords: DC voltage, solar pv, Simulink, Converter and Filter. 
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CHAPTER ONE: INTRODUCTION 

1.1.Background of the Study 

Energy is vital in daily life, and a country's development is often gauged by factors such as energy 

production and consumption. Increasing energy demands due to population growth, urbanization, 

and industrialization present challenges[1]. The eventual depletion of fossil fuels like coal, oil, and 

natural gas heightens the urgency to address the energy issue. An "energy crisis" is characterized 

by rising daily energy consumption and decreasing supply[2]., leading to inflation and shortages. 

Exploring alternative energy sources is crucial for future needs. While renewable energy, like solar 

power, offers environmental benefits, it may have drawbacks. Solar energy, particularly useful in 

remote areas, relies on photovoltaic modules and inverters to generate stable on-site electrical 

power from sunlight[3], [4].This output voltage of approximately 230volts AC can be used for 

powering small electrical appliances such as lights, radio, iron, fan etc. Most electricity consumers 

in the country do not make use of DC to AC converters because they are thought to be costly as 

compared to the level of technical profit gained through their usage. However, considering the 

task, this appliance can perform, it can still be considered cheap. The implementation is simple, 

cheaper, easy to operate and portable[5]. In this modern period where the control and monitoring 

of complex field operations are all based on computers, a failure of an AC power supply to 

communication facilities means operations stoppage, and to some small-scale industries, 

considerable economic and materials losses are to be sustained. It is from these backgrounds that 

a project entitled optimal design and simulation of home DC to AC converter has been thought to 

be important, as an attempt to address the above discussed problem. This project's main goal is to 

convert DC power that has a voltage range of 40 to 60 into 230 volt AC, which is the standard 

power level in electrical power grids[6]. The DC to AC converter is the focal point of this project. 

To do this, the appropriate oscillators, transformers, switching devices, and control circuits must 

be used. The converted AC can be modified using these parts to satisfy voltage and frequency 

specifications. Inverters are frequently used when supplying AC electricity from DC sources, 

including solar panels or rechargeable batteries[7]. 
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1.2.Problem statement 

According to its National Strategy for Transformation (NST1), Rwanda wants to become middle-

income by 2035 and high-income by 2050. A primary goal of this approach is to guarantee that 

everyone has access to power by 2024. Currently, 70% of households are supposed to be connected 

to the national grid by the government, with the other 30% being connected off-grid. The most 

common supply systems available in rural areas are Automotive Generator Sets (convert 

mechanical energy to electrical energy through fossil fuel burning) and UPS (Uninterrupted power 

supply) systems. Even though all these backup supply systems perform their said functions as 

required, their usage still comes with different challenges, high cost and noise pollution, among 

others. Trying to deal with limitations of using generators as alternative or additional source of 

electricity, potential alternative energy sources have been explored, among which solar energy has 

recently caught energy players’ eye.  

Its audience keeps growing daily, especially with the arrival of the so-called “solar home systems” 

or SHS. In line with this, seeing the high rate of power outage in Rwanda, the use of solar energy 

is advised, but other means for uninterrupted power supply should be made available. Electric 

converters only convert electrical current; they do not deal with power outages on their own. 

Nevertheless, there is a need to investigate the integration of energy storage options such as 

Uninterruptible Power Supplies (UPS) in addition to optimizing the converter's design. The 

integration of energy storage and the DC-AC converter's efficient conversion capabilities surely 

enhances the system's ability to effectively handle power outages. It is to this effect that a 1kVA 

DC-AC power converter have been designed to produce the power that runs on 40-60 V DC 

batteries. This scheme is eco-friendly and produces power for a desired period.  

In addition, the majority of DC to AC Converters used in renewable energy power conversion use 

topologies such as Bipolar Junction Transistor or BJT, POWER MOSFET and SI IGBT. These 

have been presented by shortcomings such as high switching loss, high power losses, and lower 

switching frequencies, which result in inefficiency and short lifetime of renewable energy power 

generation. 
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1.3. Main objective 

To design a single-phase DC to AC converter capable of delivering 50 Hz, 230 volts, and 1000 

volt-amperes of output power to a load.  

1.3.1. The Specific objectives 

The specific objectives of this research are as follows: 

i.  To provide a DC to AC converter design that reduces energy waste and operating energy for 

residential users while also greatly increasing energy conversion efficiency.  

ii. Identify available components and design strategies to produce affordable DC to AC 

converters tailored for residential applications, ensuring energy-effectiveness for 

homeowners. 

iii. Examine ways to incorporate the converter into renewable energy sources such as wind 

turbines and solar panels so that households can generate clean, sustainable energy more 

easily. 

iv. Develop a fault-tolerant DC to AC converter design capable of withstanding electrical and 

environmental disturbances, ensuring uninterrupted power supply for residential users. 

v.  Investigate strategies to reduce the environmental impact of the converter, including 

minimizing heat generation and adopting affordable materials where possible. 

vi. To ensure user safety, ensure that the converter design complies with relevant safety and 

performance standards, as well as electrical and safety regulations. 

1.4. Research questions 

The difficulties mentioned above prompt various concerns about the Rwandan grid's ability to 

function effectively. Among these are the following: What variables affect the inverter system's 

stability? How can the inverter system's performance be improved to support both linear and non-

linear loads? Which techniques work best for reducing resonance problems in the LC filter so that 

the inverter system performs better overall? These are the questions this thesis seeks to investigate 

and respond to. 
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1.5. Scope of the study 

The scope of this research is currently limited to the definitions and descriptions. The designed 

inverter will be used in rural area where there is no access to utility’s grid and will be used in urban 

areas for power backup technologies, especially for lighting, cell phone charging, supplying 

television, Radio, computers, video recorders, life support machines and other households’ 

equipment. The circuit was operated from 40 volt to 60-volt DC.  A 48-volt battery will be used 

to simply generate DC Voltage. This study will be managed by using a controller (PI, or PID) in 

conjunction with pulse width modulation for triggering MOSFET and a second order filter LC for 

harmonics mitigation with a low resistance to avoid resonance. In this conversion of DC to AC, 

the system will produce the output of 220-230 V AC /50HZ rms for supplying both resistive and 

inductive loads where the system efficiency will be 95% and then the simulation of proposed 

system will be executed by using MATLAB/SIMULINK. 

1.6. Expected outcomes.  

Following are the expected outcomes at the completion of this research: 

i. To design a DC/AC that support linear and non-linear loads.  

ii. Future recommendation and contribution to the field will be addressed.  

iii. Sensitivity analysis could be performed to identify how variations input conditions or 

component characteristics affect the converter’s performance. 

1.7. Significance of the study 

This research will mainly contribute towards the enrichment of the so far available body of 

knowledge about optimized functionality of inverters, leading to among others the least energy 

DC to AC converter realization.  

In addition, the sought for research findings will contribute to the academic research advancement, 

at the same time motivating students in technical schools to embark on entrepreneurial endeavors 

that not only sustain a better life standard for self, but also provide solutions to daily faced 

problems in the community.  This work will be based on design and simulation of single-phase 

DC to AC converter by using SIMULINK Software.  
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Some details of used parameters and equipment will be provided, looking at how to convert energy 

stored in batteries thereafter, The supply an AC power during shortage time or in off grid area. The 

best alternative is using solar energy as standalone. This produces DC current, but DC appliances 

are very expensive and AC appliances are available on the market and affordable. Any DC to AC 

converter can be easily designed and implemented following the accuracy of the among all other 

parameters within this research. 
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CHAPTER 2. LITERATURE REVIEW  

2.1 Introduction 

An inverter is a power electronic device designed to convert direct current (DC) power into 

alternating current (AC) power [8]. It serves the purpose of operating AC equipment designed for 

standard operation and can function in reverse as a rectifier circuit, converting AC to DC power. 

In modern electrical systems, inverters have found widespread applications, including power flow 

regulation, industrial automation, operation of electrical motors, power conditioning, harmonic 

compensation, and more. In the context of renewable energy sources such as solar and wind turbine 

systems, inverters play a crucial role in converting the generated renewable energy into AC power 

for integration into the grid. Additionally, inverters are commonly employed in uninterrupted 

power supplies (UPS), where they convert DC power to AC power at the required voltage level 

[9].Inverters can be categorized in various ways, with their classification often based on the type 

of AC waveform they produce, their ability to connect to the electrical grid, and their intended 

application (e.g., PV system, battery charging). The diagram below illustrates different types of 

inverters and their applications in microgrids. 
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               Figure 2. 1: Typical Inverter based on DC/AC [15-16]. 

In renewable energy, especially in PV system, the inverter is responsible for connecting the PV to 

the grid (Grid-connected mode) and may directly supply the power to the load (standalone PV 

system). By today, different countries around the world have set targets to install a certain capacity 

of grid-integrated or residential PV systems no later than 2050 to reduce carbon emissions [6], as 

the global warming caused by the green gasses affects the growth of the global economy.  For 

instance, in China, the installed capacity of the PV system reaches 253.4 GW in 2020, far ahead 

of 105 GW of the 2020 target. Thus, the total installed capacity occupies 11.5% of the total electric 

power generation in China and 33.3% of the global PV generation capacity  [7]. 

The case of Rwanda, 25MW, grid-connected PV farm have been installed, and high number of 

home-PV systems, which may occupy high percentage of the total electrical energy in Rwanda.   

Besides the promising environmental benefits, there are still drawbacks to integrating PV systems 

into the power grid due to its fluctuation of generated power caused by intermittency and stochastic 

in solar irradiation and temperature.  These power fluctuations ranging from under-generation to 

over-generation raise more concerns about power system stability and power quality problems, 

especially when there is a high penetration of the PV system in the power system.  
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Apart from the distributed grid-connected system, in some applications, especially in remote areas, 

where the grid extension is difficult due to economic and technical constraints, off-grid PV system 

are preferable to supply homes and small-industries.  In real application, stand-alone PV system 

doesn’t work alone. They may be in combination with other forms of renewable energy sources 

such as micro-turbines, wind generators, fuel cells, batteries. In addition, they can be found in 

combination with non-conversional energy such as diesel generators  [10]. Square wave, modified 

sine wave, and pure sine wave are the three major waveforms. A more expensive power inverter 

uses pulse width modulation (PWM) with a high frequency carrier to approximate a sine function 

more closely. The quality of an inverter is described by its pulse rating. The  data  and a closed 

loop maximum power point trucker (MPPT) system are required to be gathered before applying it 

at any operation[8]. 

2.2 Overall PV-storage system configuration for the standalone system 

The four main parts of an off-grid photovoltaic system are the solar panel, solar inverter, battery, 

and system balancing. DC current is produced by solar panels using sunlight and is subsequently 

stored in batteries. Included with every DC application, such as lights and fans running at 12V, is 

a charge controller. There are three primary categories for solar PV power systems: off-grid, often 

called stand-alone systems; on-grid, sometimes called grid-tied or grid-connected systems; and 

hybrid, which is a grid-connected system with battery storage. The off-grid solar system's 

configuration is shown in Figure 2.2. 

 

                   Figure 2. 2:OFF Grid solar system[11]. 



 

9 

 

This configuration can power several home appliances, including fans, air conditioners, 

refrigerators, water pumps, and televisions. A 1 kW off-grid solar system is adequate for a home 

with two to four bedrooms. On the other hand, a 3 kW off-grid solar system might be suitable if 

your water pump is 1 HP. An efficient option for powering an air conditioner is a 5-kW solar 

system. Business installations like a store, clinic, small mill, or gas station should use a 10 kW off-

grid solar system[11]. 

2.2.1 Operation of the off-grid PV-storage system 

 

The solar panels, which are composed of photovoltaic cells that transform sunlight into direct 

current (DC) electricity, are the main component of a standalone PV system. The charge controller, 

which controls how quickly the storage batteries charge, oversees this electricity. The batteries 

store electrical energy as chemical energy for use when more electricity is required or during times 

when there is no sunlight. An inverter converts the direct current (DC) that is stored in the batteries 

into alternating current (AC) when electricity is required. At the installation site, this AC current 

provides clean, sustainable energy by supplying electrical equipment and devices[12].Compared 

to conventional inverters, PWM-based inverters have many more protection and control 

circuits[13]. 

 

Figure 2. 3:System configuration with details of Power supply and converter 

In this setup, electricity from the PV arrays is transferred to the DC bus via the unidirectional DC-

DC converter at the front end.  
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Power transfer between the storage units and the DC bus is facilitated by the bidirectional DC-DC 

converter, and the intermediate DC bus voltage is converted into the necessary AC voltage for the 

load by the DC-AC converter.  

Interest in stand-alone systems has increased as energy storage and photovoltaic solar systems gain 

prominence. The main components of a standalone photovoltaic system are batteries for energy 

storage, an inverter, a charge controller, and solar panels. A thorough explanation of each part is 

provided, with special attention to the bidirectional DC-DC converter[14]. According to the figure 

2.4 configuration, the circuit for the energy management system is a bidirectional buck/boost 

DC/DC converter. 

 

Figure 2. 4: Topology of bidirectional buck-boost converter [15]. 

This circuit topology operates in either boost mode (battery discharging) or buck mode (battery 

charging), and the modes are explained as follows: In boost mode, the G2 gate pulse is high, 

turning on the Insulated Gate Bipolar Transistor (IGBT). G1 can be in one of two states during 

this mode: State 1, where G2 is high and G1 is low, indicating a short circuit in the DC/DC 

converter, causing the inductor L5 to charge from the battery voltage; and State 2, where G2 is 

low and G1 is low, indicating that the DC/DC converter is in an open circuit, and the inductor 

voltage is in series with the DC link voltage, leading to the charging of C6 and a boosted output 

voltage. In buck mode, the IGBT is turned on, and the G1 gate pulse is high. G2 can also be in one 

of two states in this mode: State 1, where the battery is charged by capacitor C6 and inductor L5 

as G1 is high and G2 is low; and State 2, where both G1 and G2 are low, causing the voltage across 

the battery to step down, and the inductor is discharged across the freewheeling diode[15]. 
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Regarding PV panels (solar energy), the number of solar panels must ensure sufficient energy 

production to meet the required demands and recharge the batteries during the designated sunlight 

hours. The charger controller/inverter should align with the installed solar panels and batteries, 

and its output should match the system's electrical power requirements, such as instantaneous 

power. Concerning batteries, they must have the capacity to support the specified instantaneous 

and consumption electrical power as outlined in the design. They should be capable of supplying 

instantaneous power to meet the house's kW load and sufficient storage to ensure a continuous and 

reliable power supply aligned with the house's demands[16]. Energy storage is a crucial component 

for a standalone house to guarantee a consistent and dependable power supply. 

2.2.2 Maximum Power Point Tracking.  

Typically, only thirty to forty percent of the total solar light that a panel receives can be used to 

generate power. One method of increasing a specific solar panel's efficiency is to use Maximum 

Power Point Tracking, or MPPT for short. The Maximum Power Point Tracking (MPPT) technique 

is used to maximize photovoltaic (PV) power under circumstances. A photovoltaic panel's 

maximum power production is determined by several elements, including solar radiation, ambient 

temperature, and cell temperature. MPPT, is determined by comparing the output of a specific PV 

panel with the battery voltage and determining which voltage is the most efficient[17].The MPPT 

controller have program of perturb and observe algorithm so that microcontroller always try to 

sense an input signal parameter that have fed to it and trying to get the output that have equal to 

load input range[18].  

The power generated by the PV panel is variable in nature and varies with the state of the 

atmosphere.  Therefore, to optimize the power extracted from a PV at its maximum and it is 

depicted in Figure 2.5[19]. 
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Figure 2. 5:The curves of I-V and P-V of photovoltaic device [53] 

2.3 Stability analysis of stand-alone inverter  

The stability of the inverter system can be investigated in a number of ways, the most popular of 

which is tiny signal stability analysis. Bode diagrams and root contours are evaluated in this 

analysis[20]. To verify the overall stability of the inverter system theoretically, root contour and 

Bode diagram evaluations were performed. The DC/AC converter is controlled in cascaded loop, 

with inner loop responsible for current regulation and outer loop responsible for stabilizing the 

load voltage to a predefined level [21]. 

2.4 Overview on DC to AC converter 

An inverter's small size and light weight are essential for several uses. The application of a high-

frequency (HF) link inverter topology can accomplish this. An illustration of this is the DC/DC 

converter type, in which a bridge inverter converts the direct input voltage into an HF square wave, 

which is then filtered and rectified. The need for a light and relatively small inverter is important 

for a variety of applications, and the DC/DC converter type of high-frequency (HF) link inverter 

topology is one way to meet these needs. Depending on particular design requirements, DC-AC 

converters convert DC input voltage into AC output voltage and frequency. They are used to 

change the waveform of the DC input to AC. The most common inverter used for this purpose is 

the H-Bridge, which is regarded as a typical DC-AC converter. In order to implement a pure sine 

wave inverter, the author has presented the topology of a voltage source inverter (VSI) [32].Based 

on quadrant operation, H-Bridge has various operating modes. 



 

13 

 

Table 2. 1: Summary of the DC/AC converters 

Type of converter Description  References 

Grid-Tied Inverters Connect renewable sources to the grid, convert DC to AC, 

and may allow feeding excess power into the grid. 

[29] 

Off-Grid Inverters Designed for standalone systems not connected to the grid, 

convert DC to AC for appliances in off-grid homes or 

remote locations. 

[28] 

Microinverters Convert DC power from individual solar panels into AC 

power, offer individual panel monitoring and improved 

energy harvest. 

[30],[31] 

String Inverters Used in solar panel arrays, where multiple panels are 

connected in series (a string) and convert combined DC 

power into AC power. 

[30],[31], 

14] 

 

2.5 Overview of Battery and Energy Management on PV 

A backup battery storage system should be included in the PV system's design. In this system, 

MPPT control is achieved by means of a DC-DC boost converter. In addition, the system has a 

battery backup to guarantee that it will continue to function even if it is unable to supply the 

necessary loads or keep the microgrid's voltage and frequency stable. A variety of converters, such 

as DC/DC and DC/AC converters, are included in the energy storage system. Since that PV arrays 

provide DC electricity, a DC-DC converter is commonly used in this situation to modify the 

voltage level[61]. In additional the boost-buck converter is very vital and compulsory because of 

it is capable to accomplish the both  tasks of charging and discharging system of battery and protect  

battery in order to overcome the system of overcharging and discharging in order to increase 

battery life condition[62]. 

In order to inject or absorb active power via a bidirectional DC-DC converter that operates in the 

buck mode, a battery is connected in parallel to the PV array. If the battery is also supplying power 



 

14 

 

to the system or utility grid, it operates in the boost mode as long as it is connected to the system, 

and the control signal that is given to the converter switches maintains the operation mode. Because 

distributed generators that use renewable energy are erratic and unpredictable, managing and 

operating a renewable micro grid presents numerous challenges. As a result, the PV module must 

have energy storage[63].   

2.6 Available Types of Battery Storage 

Lead-acid batteries were the predominant economically viable battery technology until recently. 

But now that it's commercially feasible, an improved valve-regulated lead-acid battery is becoming 

more and more used in utility systems. New battery technologies with varying sizes and degrees 

of utility operating readiness, like zinc/bromide and lithium-ion, are currently in different phases 

of development. There are currently the following battery kinds available on the market: 

➢ Lead-Acid Battery 

➢ Controlled by a valve Lead-Acid (VRLA) Battery 

➢ Battery with Vanadium Redox Flow (VRB) 

➢ Battery with Sodium Sulphur (SSB) 

➢ Battery Type: Polysulfide Bromide Flow (PSB) 

Those type of battery has different advantageous and disadvantageous, but everyone can choose 

one type of battery according to their research but in uninterruptible power supply system but, the 

battery applications are mostly used to reserve power in interruptible power supply system (UPS). 

Eventually lithium-ion battery (𝐿𝑖 − 𝐼𝑜𝑛) has the following advantages compared to other batteries 

in general it has the following advantages: 

➢ High energy density which is the range of(300 − 400 𝑘𝑊ℎ/𝑚3),130𝑘𝑊ℎ/𝑡𝑜𝑛. 

➢ High efficiency approximately near of 100%. 

➢ Long cycle life. 

➢ It is in-expensive[64].  



 

15 

 

 

Figure 2. 6:Equivalent circuit of battery 

With the right parameter selection for deep cycle applications, the battery in this simulation is 

modeled as a lead acid battery. There are some presumptions that the lead acid battery has a 20% 

discharge capacity and an 80% charge capacity. The two primary equations used to describe 

battery charge and discharge models are found in battery models. 

The equations of discharge and charge can be written as follow: 

                       VBattery = V0 − R. i −
KQ

(Q−it)
(it + i∗) + Exp(t)            (2.1) 

= V0 − R. i − [K
Q

i. t − 0.1Q
] i∗ − [K

Q

Q − it
] (2.2) 

The following formula is significant: (𝑉𝐵𝑎𝑡𝑡𝑒𝑟𝑦)  is the battery voltage; 𝑉0 is the constant voltage 

of the battery (V); K is the polarization constant (V/Ah) or polarization resistance Ω).𝑄  is the 

battery capacity (Ah); it is the integral of idt, signifying the actual battery charge (Ah); A is the 

exponential zone amplitude (V); B is the inverse of the exponential zone time constant (Ah^(-1)); 

R is the internal resistance (Ω); i is the battery current (A); and i* is the filtered current (A) [65].                                                                        

C = IPt                                                                                                                                                   (2.3) 

Where C is the battery capacity (𝐴ℎ), I is the discharge current (A), P is the peukert’s constant 

is varying between 1.1 and 1.3 for lead acid battery. 

As aforementioned, that battery side with two-way DC/DC parallel with photovoltaic cells on side 

of DC bus, so the use of two -way DC/DC buck. Buck and Boost discharge control for the battery.  
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The set D duty cycle is exclusively reserved for step down and step up voltage module due to the 

switching on duty cycle, so Boost and Buck mode corresponding to the steady state. Generally, 

the equations regarding voltage in terms of duty cycle are determined as follow: 

                                                     {
𝑈𝑐 = 𝐷𝑑𝑢𝑡𝑦𝑐𝑦𝑐𝑙𝑒.𝑈𝑑𝑐

𝐼𝐶 =
1

𝐷𝑢𝑡𝑦𝑐𝑦𝑐𝑙𝑒
𝐼𝑑𝑐

                                                       (2.4) 

                                                     {
Udc =

1

1−Ddutycycle

Idc = (1 − Ddutycycle). Ic

                                                     (2.5) 

 

2.7 Research gaps 

Energy storage systems are widely used in many different applications, including electric cars, 

microgrids, renewable energy sets, and continuous power supply. Still in Rural Areas the converter 

is required for AC equipment which is also increasing in this modern Technologies. However, 

much research works on implementation of DC-AC converter, however still further research is 

needed to improve the performance of the inverter under load Variation.  
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CHAPTER THREE. METHODOLOGY 

3.1. Introduction 

The low pass filter was designed with the inverter's stability analysis in mind. During the 

simulation, the bode diagram in terms of magnitude and phase angle indicates the system's stability 

in relation to the input and variation. Irrespective of the grid parameters or the specified values for 

active and reactive power, the inverter current is constrained to remain below a predetermined 

threshold. Nevertheless, the stability of the closed-loop system will be engineered to ensure 

convergence toward a designated equilibrium point. 

3.3 Research step 

 

 

 

 

 

 

 

 

 

 

 

The main aim of this research is to improve the design, simulation, stability analysis with 

validation of a DC to AC converter for household use.  

The growing demand for reliable and efficient household energy systems emphasizes the 

significance of converter design advancements. The primary objectives of this study are fourfold: 

First, create an optimal mathematical model for the DC to AC converter, including critical 

parameters such as inductance, capacitance, resistance, and control variables; second, simulate the 

Literature Review 

Design home inverter system that support 

nonlinear load 

Simulation and Analysis for the Results 

Conclusion and recommendation for the future 

END 

Figure 3. 1: Research steps 
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designed converter using MATLAB/Simulink, specifying simulation parameters and evaluating 

performance under various conditions; and third, conduct stability analysis using state space 

matrices and Bode diagrams to evaluate the converter's stability under divergent conditions, levees, 

and voltages. 

3.2 Modelling and Stability Analysis 

This study's primary goal was to create a standalone inverter that could handle both linear and 

nonlinear loads. We looked at the significance of control loop parameters as well as the dynamic 

performance of the recommended control strategies. To accomplish the objectives of the study, we 

first built a mathematical model that represented the power stage and control system dynamics of 

the inverter system.  

This model was then used, using a small signal stability technique, to evaluate the stability 

resilience and performance of the inverter system under various load conditions[67]. 

3.3 State-Space Model 

Compared to other approaches, the state-space modeling method has been widely used in power 

system modeling due to its numerous advantages, including ease of implementation, adaptability 

to any harmonic, and simplicity in frequency domain transformation. Nonlinear differential 

equations can be used to represent the model encapsulating the system's dynamic behavior, as 

shown in equations 3-1. 

d ( )
( ), ( )

d

( ) ( ), ( )

( )

( )


=


 =

f

g

x t
x t u t

t

y t x t u t

 (3.1) 

 

where x(t), u(t) and y(t) are the state, input, and output vector respectively, given by: 

x(t) = [x1(t), x2(t),…xn(t)]
T, u(t) = [u1(t), u2(t),…ur(t)]

T and y(t) = [y1(t), y2(t), …yp(t)]
T. 

The indices n, r, and p represent the number of variables, input variables, and output variables, 

respectively. In accordance with this research, the nonlinear model representing the system under 

consideration may include the inverter system's control system, load, and inverter power section. 
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Due to the difficulty of analyzing the nonlinear model in Eq. 3-1, the nonlinearities in the system 

in Eq. 3-2 are reduced for small-signal analysis by linearizing it around the steady-state operating 

point obtained by solving the system equations in Eq. 3-2 when the derivative terms are zeroed. 

The resulting linear time-invariant system, as shown in Eq. 3-2, can be expressed in terms of a 

generalized model[68]. 

                                                

d ( )
( ) ( )

d

( ) ( ) ( )


=  + 


 =  + 

t
t t

t

t t t

x
A x B u

y C x D u

                                                  (3.2) 

where 𝐴, 𝐵, 𝐶, and 𝐷 are the system state-space matrices, with dimensions 𝑛𝑥𝑛,𝑛𝑥𝑟,𝑝𝑥𝑛, and 𝑝𝑥𝑟, 

respectively. Δ denotes the small deviation from the steady state.  

Using various techniques, the state-space model obtained in Equation 3-2 can be used to analyze 

the system's stability performance under various operating conditions. The Bode plot stability 

analysis technique, eigenvalue stability analysis, and impedance-based stability analysis are 

explained in [68, 69]. 

3.4 Eigenvalues Stability Analysis 

 The eigenvalue method was chosen for the stability analysis because it can provide critical 

information about the source of oscillation modes and damping properties at various frequencies 

[69]. Furthermore, it provides a straightforward method for examining the impact of system 

characteristics on stability. The eigenvalues of the system matrix A, which specify the system's 

dynamic behavior based on the small-signal model given in Equation 3-3, are examined to 

determine the system's stability. This analysis is based on the system's characteristic equation, 

which is obtained from Equation 3-3, and is informed by the information provided by the control 

system[64,69]. 

                                                       det( ) 0− =λA I                                                                     (3.3) 

with λ= [λ1, λi, …, λn] is the system eigenvalues vector of A. The characteristic eigenvalues of the 

system are expressed in Eq. 3-4.  

                                                                  = i i ij                                                                      (3.4) 

Here, λi represents the system's ith eigenvalue, whereas σi stands for its real portion and ωi for the 
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ith eigenvalue's distinctive angular frequency.  

The imaginary part of the eigenvalue clearly represents the oscillation frequency in Hertz, whereas 

the real component indicates the damping of the system oscillation. Using the system eigenvalues, 

equations 3-5 and 3-6 provide precise definitions for the oscillation frequency (fi) and damping 

ratio (i) of the modes. 

                                                               
2




= i

if                                                                        (3.5) 

                                                               
2 2




 
= −

+

i
i

i i

                                                        (3.6) 

Only when all real components of the system's eigenvalues are negative (σi < 0) is the system 

considered stable.  

In a root-locus representation, this requirement corresponds to all system eigenvalues being on the 

left side of the s-plane. If any eigenvalue has a positive real part, it indicates a negative damping 

ratio and leads to instability. If there are complex eigenvalues (i 0), which are always found in 

conjugate pairs, the system can oscillate if their imaginary parts are close to the imaginary axis (y-

axis), implying that the damping ratio for dominating eigenvalues is low. If and only if the real 

part of the critical eigenvalues is zero (σi = 0), the system reaches critical instability[69]. 

3.5 Bode Plot Stability Criterion 

Starting with the system given by Equation (3-2), one can derive the system's transfer function. 

The Bode plot for the system transfer function is examined using the Bode Plot Stability Criterion 

to evaluate the system's stability. This criterion assesses system stability thoroughly by considering 

the gain and phase properties of the system response. The Bode Plot Stability Criterion is widely 

accepted as the best method for assessing system stability[70]. 

3.5.1 Gain and Phase Margins 

Gain margin and phase margin are two essential stability metrics that are introduced by the stability 

evaluation in the Bode plot. The amount of extra gain that can be added to a system without causing 

instability is known as gain margin. On the other hand, phase margin represents the amount of 

additional phase shift that can be used without causing instability.  

 

Phase margin and gain margin are two critical stability indicators, and the Bode plot stability 
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criterion emphasizes their importance. Whereas the gain margin indicates the excess gain that can 

be used in a system without creating instability, the phase margin indicates the excess phase shift 

that can be added to a system without creating instability. 

3.5.2 Determining Stability Using Bode Plots 

The Bode plot stability criterion evaluates the stability of a system based on positive gain and 

phase margin values. A system is deemed stable when both the gain margin and phase margin are 

positive. Conversely, if either the phase margin or gain margin is negative, the system is regarded 

as unstable. This criterion is widely employed in control system analysis due to its capability to 

offer a quantitative evaluation of system stability[70]. 

 The depiction of phase margin and gain margin is presented in the figure below. 

 
                                                    Figure 3. 2: Schematic Bode diagram 

Specify two frequencies: 𝑤0 dB represents the frequency at 0 dB gain, and w180 denotes the 

frequency of -180-degree phase shift. • The stability of the control system is affirmed when both 

the gain margin (GM) and the phase margin (PM) are positive. • The control system is marginally 

stable when both the gain margin (GM) and the phase margin (PM) are zero. • If either the gain 

margin (GM) and/or the phase margin (PM) are negative, the control system is deemed 

unstable[70]. 
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CHAPITER 4: INVERTER- PV – BATTERY SYSTEM SIMULATION  

4.1. Introduction 

The Figure 4.1, shown is composed by the inverter, DC-DC converter and LC filter responsible 

for transferring the power generated from PV generator to the load.  The battery storage is required 

to supply the power to the load when the generation doesn’t meet the load power or store the 

energy if the generation surpass the load needs. The power to or from battery is transferred through 

a back boost converter controlled to stabilize the DC-link voltage to a constant level.   

 

                          Figure 4. 1: Main circuit 

4.2. PV Source simulation  

 PV Array block implements an array of photovoltaic (PV) modules. The array is built of strings 

of modules connected in parallel, each string consisting of modules connected in series and parallel 

to form an appropriate output voltage and power. The output power of the solar panel is 

intermittent and uncertainty, it alters according to the variations of solar irradiation levels and 

ambient temperature. 
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 In order to have maximum power from the solar panel at any instant. The parameters considered 

during the simulation are: Open circuit voltage Voc (V) is 64.2V, Voltage at maximum power 

point Vmp (V) is 54.7V, Temperature coefficient of Voc (%/deg.C) is -0.27269 %/deg.C. 

 

                Figure 4. 2: Characteristic of PV                  

The PV source characteristic during simulation provide both current in function of voltage and the 

power outpour in function of voltage. The maximum put out Power and current are 300   and 6A 

at 1kw/m2, Respectively. 

4.3. Battery simulation  

Battery is modeled as a nonlinear voltage source whose output voltage depends not only on the 

current but also on the battery state of charge (SOC), which is a nonlinear function of the current 

and time. The voltage of battery Vb is described by the follow equation[73] 

                        Vb=𝑉𝑂 − 𝑅𝑏𝐼𝑏 − 𝐾
𝑄

𝑄−∫ 𝐼𝑏𝑑𝑡
+ 𝐴 ∗ 𝐸𝑥𝑝(−𝐵 ∫ 𝐼𝑏𝑑𝑡)                                 (4.1) 

                                                   Soc=100(1-
∫ 𝐼𝑏𝑑𝑡

𝑄
)                                                        (4.2) 
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Where Rb internal resistance of battery, Vo is constant open circuit voltage, Ib is battery current, 

K polarization voltage, Q battery capacity in Ah, A is exponential voltage in and B exponential 

voltage in (Ah)-1. To find the result shown below, the following parameters was put in software: 

Nominal voltage is 48V, rated capacity is 50Ah, initial state-of-charge is 45%, maximum capacity 

is 54Ah, Cut-off Voltage is 49V, fully charged voltage is 50V and nominal discharge current is 

21.35 A 

 

Figure 4. 3: Characteristic of battery. 

           4.4 Booster converter 

A boost converter or step-up converter is a DC-to-DC converter that increases voltage, while 

decreasing current, from its input (supply) to its output (load). It is a class of switched-mode power 

supply (SMPS) containing at least two semiconductors, a diode and a transistor, and at least one 

energy storage element: a capacitor, inductor, or the two in combination. To reduce voltage ripple, 

filters made of capacitors (sometimes in combination with inductors) are normally added to such 

a converter's output (load-side filter) and input (supply-side filter). 

The key principle that drives the boost converter is the tendency of an inductor to resist changes 

in current by either increasing or decreasing the energy stored in the inductor magnetic field. In a 

boost converter, the output voltage is always higher than the input voltage. 
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To express the mathematical modelling of input voltage and output voltage in function of duty 

cycle, the two mode of operation I and II are required. 

At mode I if the switch is closed ∆𝐼𝐿 =
𝑉𝑖𝑛

𝐿
𝐷𝑇    (4.3) 

At mode II one is open    ∆𝐼𝐿 = (
𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝐿
)(1 − 𝐷)𝑇   (4.4) 

Since the net change in current through the inductor in one complete cycle is zero i.e. the 

summation of the rate of change of current in Mode I and Mode II becomes zero 

    ∆𝐼𝐿 (𝑀𝑜𝑑𝑒 𝐼) + ∆𝐼𝐿(𝑀𝑜𝑑𝑒 𝐼𝐼)                                     (4.5) 

  
𝑉𝑖𝑛

𝐿
𝐷𝑇    +

𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝐿
)(1 − 𝐷)𝑇   =0            𝑽𝑶 =

𝑽𝒊𝒏

𝟏−𝑫
          (4.6) 

 

Where Vo,Vin and D are output voltage ,input voltage and Duty cycle Respectively 

4.5 Open loop simulation of DC-DC Converter  

An open-loop simulation in the Matlab/Simulink environment was carried out using the DC-DC 

boost converter design parameters that were input into the software, as shown on Figure 4.4. The 

input supply voltage is systematically adjusted in increments of 40 V and 60 V, ranging from 40 

V to 60 V. The resulting open-loop output voltage and current are illustrated in Figure 4.22. 
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                              Figure 4. 4:Open loop control system 

                   

 

Figure 4. 5: Output current with two step 
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Figure 4. 6:Input  voltage range 

 

                                   Figure 4. 7:Out Put Voltage for open loop DC to DC boost 
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4.15 Closed loop simulation of DC-DC Converter  

Using MATLAB's PID auto-tuning tool, a PID controller was designed to govern the variable 

supply voltage from the solar PV panel. The closed-loop simulation (Fig. 4.8) shows that the boost 

converter maintains an output voltage of 330 V DC even under varying supply voltages of 40 V 

and 60 V (Fig. 4.6). 

 

                   Figure 4. 8:Closed loop control system with dc-to-dc converter 

 

                                                         Figure 4. 9:Output voltage with control system 
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                                   Figure 4. 10: Output current for closed loop converter 

 4.16. Design of PID-type Controllers 

The majority of control systems in industry are based on the PID-type controllers. The name of 

PID refers to the fixed controller structure, which is formed from proportional, integral, and 

derivative term. In this project, the PI will be used to control the converter since the application of 

designed device is not in industrial areas. The standard PID controller can be written in parallel 

form: 

CPID(s) =
𝑈𝑠

𝐸𝑆
= 𝐾𝑝 +

𝐾𝐼

𝑆
+

𝐾𝐷𝑆

𝜏𝑑𝑆+1
       ( 4.7) 

A PID controller is the complete solution, including all terms. Tuning of PID controllers is 

difficult due to the need to determine four parameters 

where U(s) and E(s) are the output and input of the PID controller respectively. The gains of the 

proportional, integral, and derivative terms are denoted as 𝐾𝑝, 𝐾𝐼 , and 𝐾𝐷 respectively. A first-

order filter with the parameter 𝜏d is usually applied to the derivative term since the derivation is 

very sensitive to high-frequency noise. To design the PI controller let us consider: Voltage 

controller means outer loop and current controller means inner loop. 
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I. Voltage controller 

 Let us select the control time constant Ts=200𝝁𝒔,Capacitor=5.7𝝁𝑭 and the capacitor internal 

resistance Rc=4m 𝒐𝒉𝒎 

𝐾𝑝 =
𝐶

𝑇
= 0.0285 and 𝐾𝐼 =

𝑅𝐶

𝑇
= 20 

II. Current controller 

Let us select the control time constant Ts=150𝝁𝒔,Inductor=4.5𝒎𝑯 and the inductor 

internal resistance Rc=1m 𝒐𝒉𝒎 

𝐾𝑝 =
𝐿

𝑇
=  29          and  𝐾𝐼 =

𝑅𝐿

𝑇
= 6.7 

4.4. Inverter simulation  

The main function of the inverter in the solar PV system is to convert the DC voltage from DC-

DC boost converter to alternating current (AC). The H-Bridge inverter consisting of four switched 

MOSFET was employed with two switches per leg as shown in Fig. 4.4. The switches are turned 

on and off diagonally with S1, S4 turning on the same time and then S2, S3 in succession. 

 

                         Figure 4. 11:Source , booster, Inverter, filter, and control 
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 In a solar PV system, the inverter's main function is to convert DC power from the DC-DC boost 

converter to alternating current (AC). Using four switched MOSFETs with two switches per leg, 

an H-Bridge inverter design was used. This configuration (Fig. 4.11) is characterized by the 

diagonal activation of switches: S1 and S4 are activated simultaneously, while S2 and S3 are 

activated in turn. The simulation in the MATLAB/Simulink environment was carried out using the 

DC-DC boost converter design parameters that were input into the software, the input supply 

voltage is systematically adjusted in increments of 40 V and 60 V, ranging from 40 V to 60 V. 

Table4. 1 The parameter used for designing the converter 

Parameters Symbol Values with its units 

Input voltage Range Vin 40-60 V 

Rated power Po 1000 W 

Nominal Voltage Vn 48 V  

Output voltage Peak Vpeak 330 V 

Output voltage RMS V rms 230 v 

Output current by average Io 3A 

Inductor ripple ΔIo 0.625 

Output voltage ripple ΔVo 2V 

Switching Frequency fs 10000 Hz 

Ripple current  I ripple 20% 

Duty cycle D 0.826 

Inductor L 0.653mH 

Load(nonlinear) RL 112 Ω 
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Output capacitor C 22 µF 

 

Figure 4:11 shows the complete Simulink model of the single-phase inverter with the closed-loop 

DC-DC converter. The MPPT regulates the variable supply voltage, which ranges from 40V to 

60V. The DC-DC boost converters raise the variable supply voltage from the solar PV to a 

maximum of 330V. After then, the inverter transforms the controlled DC voltage into chopped AC 

voltage with a peak of 230V. The output is then sent through an LC low-pass filter to create a 

voltage and current output that are both pure sinusoidal AC as shown in figure 4.15  

 

                         Figure 4. 12: DC-AC converter output voltage before filtering 

 

                                  Figure 4. 13: DC-AC converter output voltage before filtering 



 

33 

 

 

                                         Figure 4. 14: Signal pulse to trigger the inverter. 

 

                                 Figure 4. 15: Output voltage (rms values)  
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                                           Figure 4. 16: current (rms values) 

4.5 Discussion for results 

The input voltage needs a boost converter up to 330V peak. The output voltage is purely AC 

Voltage with Magnitude around 230Vrms with index modulation of one as shown on Fig 4.15, the 

filter provides smooth AC signal after removing ripples. Using sinusoidal pulse width modulation 

control, the inverter switches are managed. Practically speaking, inverters usually produce non-

sinusoidal waveforms with certain harmonics. By using low pass filter, harmonics are eliminated. 

SIC MOSFEET have been selected for our simulation due to Today, technology allows the use of 

extremely fast switching components with the ability to withstand high currents and voltages. The 

source selected from SIMULINK environment to easy simulation and provide accurate results. In 

case the solar is not available the battery provides the supply to the inverter (it starts to be 

discharged as show on figure 4.9 
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Figure 4. 17: Battery voltage during discharging 

The voltage from PV keep supplying the system depending on the solar radiation. for constant 

irradiation the voltage obtained   48 v is shown on the figure 4.10 

 

 Figure 4. 18: Voltage from PV at constant Irradiation 

To maximize the use of solar energy, it is helpful to focus on improving solar cell efficiency via 

advances in manufacturing methods. Furthermore, to adapt solar PV generation to applications in 

both small- and large-scale power systems, it is imperative to investigate advancements in power 

electronic equipment. Also, to increase the voltage and the current for the solar PV the number of 

modules can connected in series and parallel as depicted by figure4.11 below respectively 
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Figure 4. 19:6 Series modules and 3 parallel strings 

Six modules are connected in series in this configuration, meaning that the positive terminal of 

one module is connected to the next module's negative terminal. This increases the cumulative 

voltage throughout the series. Three sets of these parallel-arranged series-connected modules are 

also present. It is possible to carry more current with this parallel configuration. Temperature 

variations have a significant impact on how well solar PV module’s function. Variations in 

temperature may influence the solar panels' output and efficiency. The efficiency of the solar cells 

may decline with temperature, which could result in a drop-in power output. On the other hand, 

lower temperatures can increase solar panel efficiency. A balance between voltage and current is 

made possible by designing the configuration with both series and parallel connections, which 

maximizes the system's efficiency across a variety of environmental conditions, including 

temperature variations. 
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CHAPITER 5: DESING AND SIMULATION OF INVERTER UNDER LINEAR AND 

NON-LINEAR LOAD 

5.1. Introduction 

The inverter takes input from diverse DC sources such as batteries, photovoltaic cells, fuel cells, 

alternators, and more. Single-phase inverter circuits typically utilize two configurations: half-

bridge and full bridge. This design specifically concentrates on the full bridge configuration. 

Inverters find extensive applications, ranging from small, switched power supplies for computers 

to large-scale electric utility applications for transporting bulk power. 

5.2. Single-Phase Standalone Inverter Model and Control 

The physical structure of the standalone single-phase inverter under consideration in this thesis is 

shown in Fig. 5:1. The inverter supplies a standalone load through an LC filter, which consists of 

a Lf with parasite resistance, Rf, and the capacitor Cf. The low-pass filter components have the most 

influence on the filter's dynamics. Furthermore, the dynamics of the DC-power port are omitted in 

the following analysis because the DC-voltage is controlled by the storage battery's back-boost 

converter. The control system is implemented as a cascaded loop, with the current and voltage 

loops working in tandem.  The current control loop oversees controlling the current through the 

inductor filter and providing overcurrent protection, whereas the voltage control loop oversees 

regulating the load voltage and generating the reference current. Furthermore, the voltage loop 

provides harmonics support function under non-linear load, moreover those are loops stabilized 

by proportional integral and derivative (PID).    
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+ – ifref
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                                  Figure 5. 1:Structure of the VSC 
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5.3. Dynamic Model of the Inverter Power Circuit 

From Fig. 5:1, the power circuit consists of Cf, Lf, and Zl. By applying the Kirchhoff voltage law, 

the mathematical equations describing the dynamics of the power part of the inverter can be 

obtained as in Eq. 5. 8, Eq. 5. 9 and Eq. 5. 10 for Cf, Lf, and Lg, respectively, in the dq-reference 

frame. 

                                                     load
f f load

d

d

v
C i i

t
= −  

(5.1) 

                                                     f
f i f f load

d

d

i
L v R i v

t
= − +  

(5.2) 

where vi and vload are the converter and load voltage, respectively, if and iload, are the filter current 

and load current, respectively. The output current could be expressed as follows: 

                                                               load
load

load

v
i

Z
=                                                                                                       (5.3)  

Zload, can be a linear load or a non-linear load and the inverter is responsible for providing the 

required output voltage. 

5.4 Design of each component for Filter 

 First-order L-filter, second-order LC-filter, and third order LCL-filter are the three main inverter 

harmonic filter topologies. The inverter switching components are only somewhat attenuated by 

the L-filter; therefore, an extra shunt element (the LC-filter) is required to further lower the 

switching frequency components. For the shunt component to remain low reactance at the 

switching frequency, careful selection is required. 

 It should also have high impedance in the control frequency band, which is usually accomplished 

by using a capacitor as the shunt element. A single-ended LC filter's cutoff or resonant frequency 

is established by[41].  

                                                                   F0=
𝟏

𝟐𝝅√𝑳𝑪
                                                                     (5.5) 

Where Fo is cutoff frequency  
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Resonance in the AC output voltage and a time delay are caused by the PWM inverter controlling 

the output voltage on the LC filter capacitor. A low pass filter made from an inductor and a 

capacitor is shown in Figure 5:3. The inductor and capacitor values are taken into consideration in 

the filter design. A clean sinusoidal AC output at 50 Hz can be achieved by simulating the 

application of a passive LC low pass filter. The low pass filter's cutoff frequency,𝐶𝑓, is 

purposefully chosen to be less than 1/25th of the inverter switching frequency. 

 

Figure5. 2:LC low pass Filter [74] 

From equation (12), The value of inductor and capacitor can be calculated as  

                                                            L=
𝑅𝐿×√2

𝜔0
                                                                           (5.6) 

To make sure that the voltage drop across the inductor stays below 5% of the inverter output RMS 

voltage, the filter inductor's value (𝐿 𝑓𝑖𝑙𝑡𝑒𝑟) is calculated. 

                                                      𝐼𝐿𝑚𝑎𝑥 × 2𝜋𝑓𝐿𝐹𝑖𝑙𝑡𝑒𝑟 ≤ 0.005𝑉𝑟𝑚𝑠                                        (5.7) 

ILmax: Maximum RMS load current, Vrms: Inverter RMS output voltage RMS and f: Output voltage 

frequency. 

                                                       C=
1

𝜔0×𝑅𝐿×√2
                                                                      (5.8) 

Where C capacitor, L inductor and RL Load Resistor. Sources like[41]offer a methodical approach 

to LC filter design. During the design process, several factors need to be taken into account, such 

as current ripple, filter size, and attenuation of switching ripple. 
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 The LC filter may cause resonance because of the inductor's intrinsically low parasitic resistance; 

the resonance frequency may change depending on the applied load. As a result, passive or active 

dampening must be included. This is done by attaching a resistor to the capacitor or inductor filter. 

The rated active power, switching, DC-port voltage, output voltage, and output RMS voltage are 

the parameters for the LC filter. The base capacitance and base impedance are defined by the 

following formulae. 

                                                                     𝑍𝑏 =
𝑉𝑙𝑜𝑎𝑑

𝑃𝑛
                                                                          (5.9) 

                                                                     𝐶𝑏 =
1

𝜔𝑏𝑍𝑏
                                                                         (5.10) 

Where 𝑃𝑛 is nominal power 

The evaluation of the filter components is conducted in the following manner, beginning with the reference 

values: The highest power factor variation that the load experiences must not exceed 5% to compute the 

filter capacitance. As a result, the filter capacitance may be calculated as follows: 

                                                                    𝐶𝑓 = 0.05𝐶𝑏                                                                      (5.11) 

The filter inductor is sized based on the acceptable maximum peak to peak current ripples, which 

can be express: 

                                                                    ∆𝑖𝑓 =
𝑉𝑝𝑣

2𝐿𝑓𝑓𝑠
                                                                                                   (5.12) 

Where 𝑓𝑠 is switching frequency 

Considering the values of filter inductor and filter capacitor, the designed values must agree with 

the following condition. 

                                                              10𝑓𝑜 < 𝑓𝑟𝑒𝑠 < 𝑓𝑠                                                                                 (5.13) 

5.5. Open loop dynamics for inverter 

By performing the linearization and transform the equation [5.0] to [5.13] into Laplace transform, 

the open loop transfer function can be obtained as: 

                                                        (𝐿𝑓𝑠 + 𝑅𝑓)𝑖𝑓 = 𝑉𝑖𝑛 − 𝑉𝑙𝑜𝑎𝑑                                  (5.14) 

                                                          (𝐶𝑓𝑠)𝑉𝑙𝑜𝑎𝑑 = 𝑖𝑓 −
𝑉𝑙𝑜𝑎𝑑

𝑍𝑙𝑜𝑎𝑑
                                               (5.15) 

Combining the above 2 equations,  
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                                      𝑉𝑖𝑛 = ((𝐿𝑓𝑠 + 𝑅𝑓) ∗
(𝑍𝑙𝑜𝑎𝑑∗(𝐶𝑓𝑠)+1)

𝑍𝑙𝑜𝑎𝑑
+ 1)𝑉𝑙𝑜𝑎𝑑             (5.16) 

                                            
𝑉𝑙𝑜𝑎𝑑

𝑉𝑖𝑛
= 𝐺𝑜𝑝𝑒𝑛 =

1

((𝐿𝑓𝑠+𝑅𝑓)∗
(𝑍𝑙𝑜𝑎𝑑∗𝐶𝑓𝑠+1)

𝑍𝑙𝑜𝑎𝑑
+1)

                                     (5.17) 

 

By analyzing the above transfer function under variation of the system parameters,  

-60

-40

-20

0

20

40

102 103 104
-180

-135

-90

-45

0

Frequency  (rad/s)

Ph
as

e 
(d

eg
)

M
ag

ni
tu

de
 (d

B
)

 

                           Figure5. 3:impact of resistive load on inverter dynamics 

An elevated-frequency LC resonance manifests in the open-loop gain at 160Hz, exhibiting a 

considerably high resonant amplitude and a pronounced phase shift passing through −180◦. 

This invariably and unequivocally results in instability in the closed-loop system for all current 

controller gains, coupled with a sluggish dynamic response. Consequently, even with the inclusion 

of physical internal damping terms for the output filter, damping solutions become imperative in 

this scenario to constrain the elevated gain at the LCL resonance frequency for the stability of the 

closed-loop control system. The inductors are designed to filter out high frequencies, and the 

capacitors perform a similar function, allowing only low-frequency signals to reach the load. The 

incorporation of capacitors and inductors in a circuit is likely to induce resonant effects at a specific 

frequency, and the arrow denotes the variation in load resistance. 
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Figure5. 4:Effects of inductive load on LC filter resonance 

As the frequency increases, the capacitor's impedance decreases. Due to the low impedance 

running in parallel with the load resistance, high-frequency signals tend to be short-circuited, 

causing most of the voltage to drop across the series resistor. The dynamics of the load do not 

impact the resonance effect of the filter. A low-pass filter facilitates the smooth passage of low-

frequency signals from the source to the load while impeding the transmission of high-frequency 

signals. Inductive low-pass filters incorporate an inductor connected to the load, whereas 

capacitive low-pass filters involve connecting a resistor in series and a capacitor in parallel to the 

load. The former aims to "block" undesirable frequency signals, while the latter aims to filter them 

out. The cutoff frequency for a low-pass filter is the frequency at which the output (load) voltage 

reaches 70.7% of the input (source) voltage. Beyond the cutoff frequency, the output voltage falls 

below 70.7% of the input, and vice versa. 

As the resistance increases, the filter becomes under damped, and the resistor becomes too small. 

A large transient oscillation in the LC circuit can be dampened by connecting a resistance to the 

LC circuit. Active damping is commonly used to dampen the inverter system's resonance behavior, 

thereby stabilizing the system. By applying the active damping using filter inductor current, the 

equation in 5.15 become: 

                                          (𝐿𝑓𝑠 + 𝑅𝑓)𝑖𝑓 = 𝑉𝑖𝑛 − 𝑠𝐶𝑓𝐾𝑑 − 𝑉𝑙𝑜𝑎𝑑)                    (5.18) 

Performing the same manipulation as above, the impact of damping effect can be observed. 
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               Figure5. 5:Impact of damping constant on inverter dynamics 

The LC resonance peak is gradually damped as the feedback gain increases, while the resonant 

frequency is slightly increased. When damping is used, the overall bandwidth of the control 

system increases, resulting in a faster time response. By increasing the damping coefficient, the 

dynamics of the LC filter are improved.   

5.6. Designing the control loops. 

To provide high-quality power, voltage and current must be dynamically and precisely controlled. 

To achieve the inverter voltage regulation, it is necessary to design cascaded control loops that 

enhance the stable operation of the inverter system.  The inner current loop will be responsible for 

current flowing through the filter inductor control and provide current protection functionality. 

 It is in nature designed to faster than the outer voltage loop and slower than the switching 

frequency [76]  The outer voltage loop regulate the load voltage to follow the reference voltage. 

In addition, it is also designed to provide harmonics support functionality.   

Among different controller design methods used in power system, Internal Mode Control (IMC) 

design method is selected due to its benefits such as, faster step response, less overshoot in the 

transient, higher axes decoupling; and more robustness against fault and Response compared to 

others.  
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5.6.1. Internal Mode Control 

Internal model control (IMC) is an alternative to conventional feedback control and has a long 

history in the process industry. In fact, IMC has found many applications in electrical power 

systems, such as load frequency control, the control of DC/DC converters, and electric drivers.  

IMC is based on the internal model principle, which states that: Control can be achieved only if 

the control system encapsulates, either implicitly or explicitly, some representation of the process 

to be controlled. The structure of IMC can be observed in the fig. below. The transfer 

𝐺𝑝(𝑠), 𝐺𝑐(𝑠) and  𝐺𝑝̃(𝑠) are process controller and model of the process, respectively. 

 

                                              Figure5. 6:Control System for internal model control 

From the Figure 5.7 above, the standard feedback form of the IMC controller K(s) can be deduced 

as  

                                                                  𝐾(𝑠)  =
𝐺𝐶(𝑠)

1−𝐺𝐶(𝑠)𝐺𝑝̃(𝑠)′                                                  5.19 

To make 𝐺𝐶(𝑠) proper, the plant model is cascaded with the low pass filter and can be expressed 

as  

                                                                 𝐺𝐶(𝑠) = 𝐺𝑝̃(𝑠)−1 ∗
1

(𝜆𝑠+1)𝑛
                                        5.20 

where λ is the tuning parameter and n is an integer, which will be equal to the order of the 

numerator plus 1. 
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5.6.2. Inner current loop 

In the given scenario, following the IMC approach described above, an inner current loop 

controller is designed. Through the transfer function 𝐺𝑖, the filter inductor current, represented as 

𝑖𝑓, is connected to the input voltage Vin: 

                                                             
𝑖𝑓

𝑉𝑖𝑛
= 𝐺𝑖 =

1

𝐿𝑓𝑠+𝑅𝑓
                                                        (5.21) 

In this case, s stands for the Laplace variable, 𝑅𝑓 for the filter resistance, and 𝑅𝑓 for the filter 

inductance. This theory establishes the criteria for choosing the controller bandwidth and uses the 

transfer function 𝐺𝑖 to represent the plant. To properly counteract the dynamics produced by the 

switching frequency, the switching frequency needs to be 10 times larger than the bandwidth of 

the inner current controller. The current controller is obtained as:  

                                                           Kc =
𝐿𝑓𝑠+𝑅𝑓

𝑆𝜆
                                                                   (5.22) 

Which can be converted easily into its equivalent PID controller, with proportional constant                                               

                                                                  𝐾𝑝 =
𝐿𝑓

𝜆
 and 𝐾𝑖 =

𝑅𝑓

𝜆
                                                      (5.23) 

To summarize, the inner current loop theory relies on the IMC approach and makes use of the 

transfer function 𝐺𝑖, which is obtained from the filter inductor current. To properly eliminate the 

switching frequency dynamics, the switching frequency must be 10 times higher than the inner 

current controller bandwidth. 

 This means that the controller bandwidth is very important. The overall form of the current 

controller is described, and for practical implementation, it may be easily turned into a PID 

controller, where the proportional and integral components of the controller are determined by 𝐾𝑝 

and 𝐾𝑖. 

5.6.3. Outer loop controller design. 

By considering the inner current loop dynamics, and the dynamics of filter capacitor, while 

neglecting the load impact, the closed loop voltage control loop can be observed in figure below: 

In the designed system aimed at canceling load harmonics, a resonance controller for the inverter 

is introduced. Initially, the Internal Model Control (IMC) is applied to shape the outer loop 
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controller, and the resonance terms are cascaded to it to counteract load nonlinearity effects. When 

load effects are disregarded, the expression for 𝐺𝑜𝑢𝑡 simplifies to: Here, 𝐺𝑣 is tuned using IMC, 

and the theory described earlier is applied, considering the plant as 𝐺𝑐
1

𝑠𝐶𝑓
  

The resonance terms are subsequently designed by examining the impact of the integrator term on 

the Bode plot of the voltage open-loop plant, which is expressed as: 

𝐺𝑜𝑢𝑡 = 𝐺𝑣 ∗ 𝐺𝑐 ∗
1

𝑠𝐶𝑓+1/𝑍𝑙
                                             (5.24)                                                       

This approach allows for the systematic inclusion of resonance controllers in the inverter system, 

contributing to improved performance and the cancellation of undesirable load harmonics. 

 

                     Figure5. 7:Overall Control system of the plant 

This approach allows for the systematic inclusion of resonance controllers in the inverter system, 

contributing to improved performance and the cancellation of undesirable load harmonics. 

Gv =   𝐶𝑓
  ((𝜆𝑠+1)

𝜆𝑜
2𝑆+2𝜆𝑜

 +   
𝐾2 𝑆

𝑆2+𝜔𝑜
2
  + 

𝐾2 𝑆

𝑆2+(3𝜔𝑜 )
2
   + ∑ 𝐾 =1

𝑘=5,7,11
𝐾𝑛 𝑆

𝑆2+(𝑛𝜔𝑜 )
2
                   (5-25) 

𝐺𝑜𝑢𝑡 = 𝐺𝑣 ∗ 𝐺𝑐 ∗
1

𝑠𝐶𝑓+
1

𝑍𝑙

                                                                                                  (5-26) 

Current loop      

          ifref                                     if                 

 

1

𝑋𝑠 + 1)
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                      Figure5. 8:Impact ratio of outer and inner loop bandwidth 

Figure 5.8 stands for the impact ratio between the inner and outer loop bandwidths in the context 

of a control system is shown in the figure. The system's gain margin is clearly affected by a drop 

in the outer loop bandwidth. The outer loop, which usually includes more control features, has a 

narrower bandwidth.  

-100

0

100

200

300

10
-2

10
0

10
2

10
4

-225

-180

-135

-90

-45

0

Bode Diagram

Frequency  (rad/s)

Ph
as

e (
de

g)
M

ag
nit

ud
e (

dB
)

K1

 

                                             Figure5. 9:Impact of resonant controller at nominal frequency                                             

The system's gain margin rises because of this bandwidth reduction. One key indicator of a control 

system's stability and resilience is its gain margin. Intentionally reducing the outer loop bandwidth 

leads to a more conservative control method that prioritizes stability over quick response to 

changes.  
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The higher gain margin, which reflects this adjustment, suggests that the system becomes more 

resilient to changes and disruptions. To sum up, the graphic illustrates how the inner and outer 

loop bandwidths interact, showing how the gain margin rises with decreasing outer loop 

bandwidth. This knowledge is helpful when fine-tuning control systems to strike the right balance 

between performance and stability, especially in applications where robustness is a top concern. 

Moreover, the outer loop is designed to be slow enough at least 1/3 of the inner current loop to 

cancel the loop interaction. 

The figure 5.9 that the sentence alludes to is probably a Bode diagram that shows the effect of a 

resonant controller at the nominal frequency. A Bode diagram provides a visual representation of 

a system's frequency response, making it possible to observe the system's behavior at various 

frequencies. An important point of interest is the nominal frequency, which is frequently connected 

to the system's intended operating frequency. The response of the system at the nominal frequency 

is influenced by the resonant controller, as shown in the figure. 

 The cutoff frequency, which indicates the frequency at which the system's reaction begins to 

weaken, is one factor to consider. This cutoff frequency is important since it establishes the 

system's bandwidth. Furthermore, the word "spikes" implies that the graphic might have Bode 

diagram resonances or peaks. The resonant controller seeks to control or improve this behavior at 

nominal frequency. These spikes may indicate resonant behaviors at frequencies. In its simplest 

form, the figure illustrates how a resonant controller affects the frequency response of the system 

at the nominal frequency. It highlights the cutoff frequency and any spikes present, offering 

valuable information on how the controller affects system dynamics and resonant properties. 
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                                     Figure 5. 10:Impact of resonance term at 3rd harmonic 

From above figure describes the Bode diagram which shows how the resonance term at the third 

harmonic affects the frequency response of the system. Peaks or spikes become more noticeable 

at the third harmonic, suggesting resonant behaviors at this frequency. These spikes exhibit a 180-

degree phase shift and a discernible rise in magnitude on the Bode chart. The signal strength 

reaching 300 dB indicates a very high gain at the third harmonic, indicating a significant resonance 

effect. A resonance phenomenon where the system is highly sensitive to the third harmonic 

frequency is shown by a prominent peak in the magnitude response.  

Notable is the phase shift at the third harmonic, which reaches 180 degrees. A 180-degree phase 

shift indicates that the signal is inverted, indicating that the response of the system is out of phase 

with the input signal at this frequency. To sum up, the resonance term at the third harmonic causes 

spikes in the Bode diagram that have a 180-degree phase shift and a magnitude of up to 300 dB. 

These findings demonstrate the system's sensitivity and behaviors at this specific frequency by 

pointing to a notable resonant response at the third harmonics. 
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5.7. Simulation results in PLECS 

This full-bridge voltage source inverter is fed from a DC source such that the fundamental RMS 

output voltage is approximately 220V. The desired fundamental frequency is 50 Hz. To verify the 

results also the simulation model has simulated in PLECS as shown below in Figure 5.12. 

 

Figure5. 11:Complete piecewise linear electrical circuit Simulation for stability analysis 

Essential elements are included in a PLECS model for a DC to AC inverter system in order to 

replicate a realistic and dynamic electrical environment. A smoothing capacitor, which is essential 

for voltage stability, an inverter converter (which converts DC to AC), filters (Rf, Lf) to mimic 

harmonic filtering and smoothing of the AC output, a nonlinear load element that mimics real-

world nonlinear characteristics, and a resistive load component that mimics resistive behaviors in 

the inverter output are all included in the model. In the simulations, the DC terminal voltage has 

been considered constant as it was regulated by the battery charging-discharging controller. 

5.7.1. Case 1. Simulation results with linear load 

The load voltage and current when there is an increase in load current from 1.5 A to 3.85 A 

respectively, can be observed in Figure 4.13. As can be observed, when the load change, the load 

current change respectively. It can be noted that even though the load changed, the terminal voltage 

remains unaffected.  
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                           Figure5. 12:Output voltage and current for linear load changing from 200 to 15 Ω 

The load decreased at the 3 seconds which made the current to increase until 3.5A which means 

that the controller tried to keep the voltage to stay in acceptable range as it is required by the 

IEEE standard 1547 published in 2018. 

5.7.2. Case 2. Simulation results with nonlinear load 

Non-linear loads introduce harmonics which can cause voltage distortion and affect the 

performance of other connected equipment. Load modelling involves determining the harmonic 

content of the load, including the magnitude and phase angle of each harmonic component. The 

load voltage and current when there is an increase in load current up to 15A, can be observed in 

Figure 5.14. As can be observed, when the load changes, the load current significantly increases 

respectively. It can be noted that even though the load and current changed, the terminal voltage 

remains unaffected 
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       Figure5. 13: Output voltage and current for nonlinear load from 0 to 150 Ω 

Figure 5.13 illustrates how a nonlinear load affects the stability of the system. The current has 

demonstrated a significant increase, fluctuating dynamically over time. The nonlinear load's 

current are depicted in the picture as it changes from 0 to 15 A, giving an idea of how the electrical 

properties are evolving. The observed drop in rise in current demonstrate the difficulties caused 

by nonlinearities and how they can jeopardize system stability. This dynamic response, shown the 

necessity for careful evaluation and mitigation techniques to ensure system stability under variable 

load conditions.  
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CHAPITER 6: CONCLUSION, FUTURE WORK AND RECOMMENDATIONS 

6.1 Recommendations 

As the modern Technology for today is increasing, it is advised to investigate sophisticated control 

algorithms for better reaction and stability in order to improve the design of residential DC to AC 

converters. Examining how energy storage devices, such batteries, might be integrated to improve 

energy efficiency and offer backup power in the event of a grid failure. 

 More sustainable and ecologically friendly household energy systems can be created by 

considering the effects of renewable energy sources, such as solar panels, in addition to the 

converter. For these systems to be more widely adopted in homes, ongoing research and 

development efforts should concentrate on reducing converter size, weight, and cost while 

optimizing efficiency. This means that electronic devices based on silicon carbide (SiC) can 

operate faster and with less energy loss, improving overall efficiency. 

6.2 Conclusion 

Improving the efficiency and dependability of domestic power systems requires careful 

consideration of the best design and simulation of a home DC to AC converter. The developed 

converter may effectively suit the specific requirements of household applications by carefully 

considering critical characteristics including architecture, control techniques, and component 

selection Also efficient power converter connects the solar energy generator to the loads and 

delivers the generated energy to different converter and loads. Electronic power converters are 

used to improve power quality because solar PV systems are inherently intermittent and constantly 

fluctuate. The simulation results show how the converter performs in various situations and offer 

important information on how it behaves and works in the MATLAB/Simulink environment. A 

single-phase inverter and a DC-DC boost converter are used in the design and modelling to 

accommodate a solar PV system with a wide input voltage range. According to the results of the 

simulation, the DC-DC boost converter successfully controlled the varied supply DC input voltage, 

which came from the solar PV and ranged from 40V to 60V. It also kept the voltage constant at 

330V DC, even when the supply voltage fluctuated.  
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The bridge inverter successfully converts the DC voltage to 330 V peak AC voltage and the 

inverter output voltage has 230V rms AC value which can make the system to supply AC local 

load as well as grid. This study advances home power systems by providing a solution that strikes 

a balance between sustainability, affordability, and performance. 

6.3 Future Work  

To facilitate effective coordination between residential energy systems and the larger electrical 

grid, future research in this field should focus on the integration of smart grid technologies and 

sophisticated communication protocols. The performance of the converter could be further 

optimized by investigating the possibilities of machine learning algorithms for adaptive control 

techniques based on demand patterns seen in real time. Furthermore, examining the effects of 

cutting-edge technology like wide-bandgap semiconductors may improve converter design, 

leading in increased efficiency and lower losses. Future research into the integration of energy 

storage technologies with DC to AC converters is an intriguing prospect for improving the 

resilience, efficiency, and sustainability of residential energy systems. 
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