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Abstract  

The increasing global demand for reliable, efficient, and sustainable energy 

systems has intensified the need for advanced solar power conversion 

technologies capable of maximizing photovoltaic (PV) energy utilization. This 

study presents the design, development, and performance evaluation of a 5 kVA 

hybrid solar inverter integrated with a Maximum Power Point Tracking (MPPT) 

charge controller to enhance overall system efficiency and operational 

reliability. Conventional inverter systems employing Pulse Width Modulation 

(PWM)-based charge controllers often exhibit reduced energy conversion 

efficiency, particularly under fluctuating solar irradiance and varying load 

conditions. To address these limitations, an advanced MPPT-based DC–DC 

converter was incorporated into the system to dynamically track and maintain 

the PV array at its optimum operating point for maximum energy extraction. 

The developed hybrid system consists of a 5 kVA pure sine wave inverter rated 

at 230 V AC and 50 Hz, a 48 V battery bank, a high-efficiency MPPT charge 

controller, and an intelligent hybrid switching mechanism enabling seamless 

integration of solar, battery, and grid/generator power sources. Both simulation 

and experimental analyses were conducted under varying irradiance and load 

profiles to evaluate system performance. Results revealed that the integrated 

MPPT controller enhanced solar energy harvesting efficiency by approximately 

15–25% compared to conventional PWM-based systems. The inverter maintained 

stable voltage regulation within ±2%, frequency stability of ±0.5 Hz, and total 

harmonic distortion below 3%. Furthermore, the implemented multi-stage 

battery charging strategy improved storage efficiency, minimized battery 

stress, and prolonged battery lifespan. The study demonstrates that 

integrating advanced MPPT control significantly improves energy utilization 

efficiency, system reliability, and the techno-economic viability of hybrid solar 

power systems for residential and small-scale commercial applications. 
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1. Introduction  

The integration of PV systems into the grid is 

a crucial area of research. As the share of 

renewable energy sources increases, the 

variability of power generation becomes more 

significant. Solar power, while abundant, is 

intermittent, requiring efficient storage 

solutions to smooth out fluctuations and 

ensure a steady supply of electricity. Battery 

storage systems, such as lithium-ion batteries, 

are increasingly being coupled with PV systems 

to provide off-grid capabilities and ensure 

reliable electricity supply (Harris et al., 2022). 

Other storage technologies, such as pumped 

hydro storage, compressed air energy storage, 

and advanced flow batteries, are also being 

investigated as complementary solutions for 

PV systems (Zhao et al., 2021).  

The environmental impacts of PV systems are 

largely positive, as they contribute to reducing 

greenhouse gas emissions and reliance on fossil 

fuels. However, there are concerns regarding 

the life cycle impacts of PV manufacturing, 

especially in terms of energy use and materials 

(Kavlak et al., 2019). The mining of raw 

materials, such as silicon, lithium, and cobalt, 

has raised concerns regarding environmental 

degradation and social impacts (Liu et al., 

2020). The levelized cost of electricity (LCOE) 

for solar has fallen below that of many fossil 

fuels in many regions (IRENA, 2021). 

Government policies, subsidies, and incentives 

have been pivotal in making PV more affordable 

and encouraging its adoption (Moe et al., 2021). 

Looking ahead, the future of PV systems is 

highly promising. Emerging technologies such 

as tandem solar cells, transparent solar panels, 

and building-integrated photovoltaics (BIPV) 

are expanding the potential applications of 

solar power (Ghosh et al., 2022).  

Moreover, advances in artificial intelligence 

(AI) and machine learning are facilitating the 

optimization of PV system performance and 

grid integration (Shao et al., 2020). Moreover, 

the expansion of PV systems into developing 

nations, coupled with a focus on decentralized 

energy generation, presents a significant 

opportunity for expanding access to clean, 

renewable energy (UNDP, 2020). However, 

challenges related to energy storage, 

infrastructure, and policy must be addressed 

for large-scale adoption 

Using a solar panel or an array of panels 

without a controller that can perform 

Maximum Power Point Tracking (MPPT) will 

often result in wasted power, which ultimately 

results in the need to install more panels for 

the same power requirement. For 

smaller/cheaper devices that have the battery 

connected directly to the panel, this will also 

result in premature battery failure or capacity 

loss, due to the lack of a proper end of-charge 

procedure and higher voltage. In the short 

term, not using an MPPT controller will result 

in a higher installation cost and, in time, the 

costs will escalate due to eventual equipment 

failure. Even with a proper charge controller, 

the prospect of having to pay 30-50% more up 

front for additional solar panels makes the 

MPPT controller very attractive (Benner and 

Kazmerski, 1999).   

Photovoltaic (PV) energy is a promising 

alternative because it is everywhere, free, 

good for the environment, and doesn't cost as 

much to run or maintain. This is because the 

demand for electricity is growing and 

conventional energy sources like coal and oil 

are becoming more expensive (Ameli et al., 

2008). Therefore, the demand of PV 

generation systems seems to be increased for 

both standalone and grid-connected modes of 

PV systems. In order to track the maximum 

power point (MPP) under all environmental 

conditions and compel the PV system to run at 

that MPP point, an effective maximum power 

point tracking (MPPT) technique is required.  

Maximum Power Point Tracking (MPPT) of a 

photovoltaic array is a very important stage of 

a PV system. Hence, a lot of MPPT methods 

have been introduced and numerous variants of 

each method have been proposed to overcome 

specific disadvantages. Choosing the 

appropriate approach to use while putting a PV 

system into place can be time-consuming 
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because to the abundance of suggested 

techniques (Ali et al., 2012; Femia, et al., 

2008). However, all the methods vary in 

complexity, a number of sensors required; 

digital or analog implementation, convergence 

speed, tracking ability, and cost-

effectiveness. Additionally, the choice of 

MPPT algorithm can be significantly influenced 

by the type of application (Mustafa, 2012).  

Maximum Power Point Tracking (MPPT) and 

Pulse Width Modulation (PWM) charge 

controllers are both mostly used to charge 

batteries with solar power. The MPPT 

controller is more refined, it will adjust its 

input voltage to harvest the maximum power 

from the solar array and transform this power 

to supply the varying voltage requirement of 

the battery plus load. Thus, it essentially 

unlinked the array and battery voltages so that 

there can be, for example, a 12-volt battery on 

one side of the MPPT charge controller and 

panels wired in series to produce 36 volts on 

the other. It is generally accepted that MPPT 

will outperform PWM in a cold temperate 

climate. The PWM controller is a switch that 

connects a solar array to the battery.  

The result is that the voltage of the array will 

be pulled down to near that of the battery. The 

demand for photovoltaic (PV) power generation 

in power systems and the distribution sector is 

growing significantly. Small-scale PV 

installations are very popular as lighting and 

water pumping solutions in developing 

countries, remote villages, and small rural and 

urban communities. These systems are also 

commonly used in developed countries that 

have a considerable amount of solar 

irradiation, modern photovoltaic technology 

transforms buildings from energy users to 

energy producers (Martinot and Sawin, 2012). 

Hence, this work is aimed at researching on 

advanced Maximum Power Point Tracker 

(MPPT) charge controller that will be 

integrated into a 5 Kva hybrid solar inverter to 

maximize energy efficiency. Also, it is the 

objective of this work to compare the 

theoretical and experimental relationship 

between MPPT and PWM charge controller 

which the output power and efficiency of the 

MPPT and PWM will be calculated and analyzed 

both theoretically and experimentally. 

However, in this work the best approach will be 

adopted in order to design and fabricate an 

inverter with MPPT charge controller that will 

be able to power a building with high 

efficiency. 

 

2. Materials and Method 

The inverter is designed based on the 

requirements identified. The inverter consists 

of several components. The major components 

used to design and fabricate this inverter are: 

Oscillation board (oscillator), MOSFET board, 

Interface component, Transformer, Buck 

converter 
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Figure 1: Installation layout of a 5 kVA hybrid solar inverter with advanced MPPT components 

 

2.1 Circuitry concepts and techniques 

Some concepts and techniques were applied to the designing of the circuits and the inverter. They 

include: 

1.) Maximum Power Point Tracking (MPPT) technique 

2.) Output Filtration 

3.) Voltage divider 

4.) Operational amplifier (Op-Amp) 

1.) Maximum Power Point Tracking (MPPT) technique 
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Figure 1.1: MPPT Charge controller circuitry 

 

2.) Output Filtration:  

Output filtration refers to the method used 

to reduce or eliminate ripples or fluctuations, 

unwanted harmonics and noise from the 

output of an inverter. This is crucial for 

improving the quality of power supplied to 

loads, ensuring that sensitive equipment 

operates efficiently and optimally. It helps to 

reduce electromagnetic interference (EMI), 

and protect equipment from voltage 

fluctuations and noise. LC (inductor and 

capacitor) filters are commonly used to 

smooth out the waveform by filtering 

fluctuations and harmonics. 

3.) Voltage divider:  

 A voltage divider is a simple circuit which 

turns large voltage into a smaller one. Using 

just two resistors in series and an input 

voltage, we can create an output voltage that 

is a fraction of the input voltage. Voltage 

divider are one of the most fundamental 

circuits in electronics. This is a circuit whose 

output voltage is smaller than its input voltage 

and it comprises two series resistors (R1 and 

R2) and an input voltage (Vin). 
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Figure 1.2: Voltage divider 

 

4.)  Operational amplifier (Op-Amp):  

An op-amp operates on analog input. It can be used to amplify or attenuate input, and to carry out 

mathematical operations. Due to their wide range of uses, op-amps are encountered in most circuits. 

A typical op-amp is equipped with a non-inverting input (Vin (+)), an inverting input (Vin (-)), and an 

output (Vout). 

 

 
Figure 1.3: Op-Amp circuit 

 

3. Results and discussion 

3.1 Design specifications 

Table 1: Specifications and Quantities of the Components; 

Components Specifications/ Rating Quantities 

Capacitors 1 x 2200µF16v, 2 x 2200µF/ 32v 3 

Resistor 1 x 22kΩ, 3 x 10kΩ, 1 x 1000kΩ, 1 x 100kΩ 6 

Variable Resistor   1 x 10kΩ, 1 x 100Kω 2 

Integrated Circuit 1 x LM358, 2 x NE555 3 

Diode 2 x IN4148 2 

Zener diode 1 x IN5817, 1 x IN5359B 2 

Transistor 1 x MOSFET IRF1407 1 

Inductor   1 x 1351µH 1 

Voltage Regulator 1 x 78L05 1 
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The design specifications of the 5 kVA 

inverter system components and specifications 

is outlined ( in Table 2 - 6) below: 

This table 1, provides a detailed inventory for 

the design project. It breaks down the 

required components into several categories, 

including Capacitors, Resistors, Variable 

Resistors, Integrated Circuits, Diodes, Zener 

Diodes, Transistors, Inductors, and Voltage 

Regulators. For each component type, it 

specifies the exact rating or part number along 

with the precise quantity needed. For instance, 

under Capacitors, it indicates a need for three 

units, with the specifications being "1 x 

2200µF/16v, 2 x 2200µF/32v." Similarly, 

Resistors require six units, encompassing a 

variety of resistance values such as "1 x 22kΩ, 

3 x 10kΩ, 1 x 1000kΩ, 1 x 100kΩ." The table 

also lists specific integrated circuits like the 

LM358 and NE555, with three units in total.  

Diodes and Zener diodes are also itemized with 

their respective part numbers and quantities. 

This comprehensive listing ensures that all 

necessary parts are accounted for with their 

precise electrical characteristics and amounts, 

which is crucial for the successful 

implementation and testing of the design and 

outlined in subsequent sections or tables. The 

inclusion of both the technical specifications 

and the quantity for each component highlights 

the practical and meticulous nature of the 

design process documentation. 

 

Table 2: 5 kVA Solar Inverter; 

Parameter Typical Specifications 

Rated Power 5 Kva (≈ 4000 W – 4500 W output) 

Input DC Voltage 48 V nominal 

Output Voltage   230 V AC (single phase) 

Output Frequency 50 Hz 

Waveform Pine sine wave 

Efficiency (> 90 – 95) 

Operating temperature -10 °C to 50 °C 

Protection   Overload, Short-circuit, Over-temperature 

Quantity: 1 Unit 

 

The table 2, details the specifications of 5 kVA solar inverter. It lists parameters such as rated 

power, input DC voltage, output DC voltage. Output frequency, waveform, efficiency, operating 

temperature, and protection features.  

 

Table 3: MPPT Solar Charge controller; 

Parameter Typical Specifications 

Type MPPT (Maximum Power Point Tracking) 

Rated Current 60 A – 80 A (sized for 5 kVA system) 

Rated Voltage   48 V battery system 

Efficiency ≥ 95% 

Max PV  input Voltage ≤ 100 V – 150 V (depending on controller rating) 

Charge Algorithm Bulk/ Absorption/ Float 

Protection   Reverse polarity, Short, Overload 

Quantity: 1 Unit 
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Theoretical Efficiency of the MPPT Controller = 
𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑀𝑃𝑃𝑇

𝑆𝑜𝑙𝑎𝑟 𝑝𝑎𝑛𝑒𝑙 𝑝𝑜𝑤𝑒𝑟
 × 100 

As outlined in table 3 above, MPPT (Maximum 

Power Point Tracking) solar charge controller 

specifications requires interpreting each 

parameter in terms of photovoltaic (PV) 

system behavior, power electronics, and 

battery charging dynamics. Typically, includes 

parameters like battery voltage, rated charge 

current, maximum PV input voltage (Voc), PV 

power rating, efficiency, charge algorithm, and 

environmental limits. The battery voltage 

rating (48 V) defines the nominal operating 

level of the storage system and determines 

compatibility with the DC bus; modern 

controllers often auto-select this value to 

optimize charging profiles.  

The rated charge current (A) represents the 

maximum current the controller can safely 

deliver to the battery, directly influencing 

system sizing and preventing overheating or 

overcurrent damage. Similarly, the maximum 

PV open-circuit voltage (Voc) specifies the 

upper voltage limit from the solar array, which 

must not be exceeded to avoid component 

failure; this parameter is critical when 

designing series-connected panel strings. The 

nominal PV power rating (W) indicates the 

maximum solar input power the controller can 

process at different system voltages, 

reflecting the controller’s conversion capacity 

and its DC–DC converter design limits. 

From an energy conversion perspective, the 

maximum efficiency (often ~95%) quantifies 

how effectively the MPPT controller converts 

input solar power to usable battery energy, 

with higher values indicating minimal 

conversion losses and improved system yield. 

This is achieved through continuous tracking 

of the panel’s maximum power point, where the 

product of current and voltage is maximized 

despite changing irradiance and temperature 

conditions. The charge algorithm (multi-stage 

charging: bulk, absorption, float, equalization) 

reflects electrochemical battery 

requirements, ensuring optimal charging while 

preventing overcharging and extending 

battery lifespan. Parameters such as 

absorption and float voltages define specific 

voltage thresholds for different charging 

stages, while temperature compensation 

coefficients adjust charging voltage 

dynamically to account for thermal effects on 

battery chemistry. 

Additionally, protection features (e.g., over-

temperature, short circuit) and environmental 

specifications (operating temperature, 

humidity, altitude) indicate the controller’s 

reliability and suitability for real-world 

deployment, especially in harsh climates. Low 

self-consumption current is also significant, as 

it reflects the controller’s internal energy 

usage and impacts overall system efficiency in 

off-grid applications. Scientifically, the 

integration of these parameters demonstrates 

that an MPPT charge controller functions as an 

intelligent DC–DC converter with feedback 

control, dynamically adjusting impedance to 

ensure that the PV array operates at its 

optimal power point while delivering stable, 

regulated energy to the battery system. 

Overall, a well-structured specification table 

provides essential quantitative metrics for 

system design, enabling engineers to match PV 

array characteristics, battery requirements, 

and environmental conditions for maximum 

performance and longevity 

Table 4: Solar PV Panel for a 5 kVA inverter with good performance; 

Parameter Typical Specifications 

Total PV Array Power 5 kW – 6 Kw 

Panel Wattage 370 W – 550 W per panel 

Panels Needed   10 – 16 panels (depending on wattage) 

Operating Voltage Match MPPT controller range 

HP 14
Typewritten text
159



Egeonu et al. / Science Forum (Journal of Pure and Applied Sciences) 26 (2026) 

    

 
 

Example: Using 500 W panels →  ~ 10 – 12 panels, arranged to give ~ 48 V DC to MPPT 

Quantity: 10 – 16 modules (based on panel size) 

 

Table 4, outlines the key specifications for selecting solar photovoltaic (PV) panels to be integrated 

with a 5 kVA inverter. It serves as a guide for ensuring the solar array complements the inverter's 

capabilities for optimal energy generation. 

Table 5: Battery Bank; 

Parameter Typical Specifications 

System Voltage 48 V 

Capacity 200 Ah – 400 Ah (≈ 9.6 kWh – 19.2 kWh) 

Battery Type   Lithium-ion / LiFePO4 (preferred) or Flooded/AGM 

C rating C10 / C20 

Quantity: Depends on capacity (e.g., 4 × 12 V batteries for 48 V) 

 

Table 5, outlines the specifications for a battery bank designed for a 5 kVA solar inverter system. 

It details crucial parameters for selecting and configuring the battery storage. 

Table 6: Protection and Balance of System; 

Components Typical Quantity 

AC Breaker/Main Switch 1 

DC isolator 1 

Fuse / DC Protection   1 set 

AC Distribution Board 1 

Mounting Structure ( for PV) According to array size 

Cables & Connnectors Sized to current (≥ 25 mm2 for main runs) 

Earthing / Lightning Protection Recommended 

 

Table 6, provides a checklist of vital safety 

and structural components, emphasizing 

appropriate sizing and configuration for 

reliable system operation and protection 

against electrical hazards. 

3.2 Configuration/calibration of inverter  

This is done to configure inverter parameters 

to ensure accuracy and efficiency of the 

device. This is the configuration of the 

microprocessor to the specification of the 

hardware components built and installed into 

the inverter. This configuration and setting is 

done using a device called the calibration 

device. Some other tools used are screwdriver, 

multimeter, 60W bulb, Dc power source, AC 

power source. The parameters configured are 

as follows: 

Section 1- Calibration: 

i. Battery voltage: This is set with a 

DC voltage input from a battery or 

adaptor usually within 24- 29V. 

ii. AC OUT: A multimeter is used to 

check the ac output voltage from 

the inverter then the processor is 

calibrated to it  

iii. AC IN: An AC power input is 

plugged into the input terminal of 

the inverter then a multimeter is 

used to read the voltage of the AC 

power input, then the processor is 

calibrated to it. 
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iv. Charging amp: AC power input and 

battery is connected to the 

inverter then a multimeter is used 

to check the charging amperage 

while it is being increased and 

calibrated to 14 amps 

v. Load measurement: A sample load 

is used to calibrate the load sensor 

of the inverter. A 60W light bulb 

is connected to the output terminal 

of the inverter, the inverter then 

measured the power consumption 

of the load and uses it to calibrate 

its load sensor.   

 

Section 2 

No load test: This is done to check the proper 

functioning all systems 

Section 3- Options: 

i. Microswitch: Yes (Y) or No (N) 

ii. LCD lines: 002 - 004 

iii. LiFeP𝑂4: Yes (Y) or No (N) 

Section 4- Parameters 

i. Battery low: 10.5V for 12V, 20.5V 

for 24V and 40.5V for 48V. 

ii. Battery too low: 20.0V 

iii. Battery Full cut off: 29.0V 

iv. Battery Full Flow charge: 28.8V 

v. Inverter voltage: 220V 

vi. Charge Amp: 14 amps 

vii. Inverter High Voltage: 30V  

viii. Automatic pick-up after low 

battery: 24.0 V 

ix. Inverter load: This is where the 

rated power of the inverter is set. 

It could be 3000W, 5000W or 

10,000W depending on the in-built 

inverter power. 

3.3 Testing and assessment 

Testing is crucial to validate the inverter’s 

functionality. To ensure the inverter meets its 

design specifications with the foresaid safety 

features, some assessments were carried out 

aimed at assessing its functionality, efficiency 

and safe performance. The tests includes: 

3.4 Preliminary tests 

• Visual inspection: All connections and 

solder joints were checked carefully to 

ensure their integrity 

• Continuity testing: A multimeter was 

used to check and ensure there were 

no short circuits and there was 

continuous flow of current on the 

boards and in the system. 

3.5 Functionality tests 

• No load test: The inverter is powered 

on without any connected load. During 

the calibration of the inverter this is 

also done. It tests the functionality of 

other system components like the 

cooling system, input and output, and 

MOSFET switching. 

• Load test: loads normally used in the 

library are gradually connected to the 

inverter as test loads to simulate 

library equipment. The output voltage 

and current is monitored ensuring the 

inverter operates within safe limits. 

3.6 Safety checks  

• Overload test: load exceeding the 

inverter’s capacity is connected to 

check the overload protection 

mechanism. The inverter should 

automatically disconnect the load.  

4.1 Discussion of results 

The developed 5 kVA hybrid solar inverter 

system (rated 48 V DC input and 230 V AC 

output) was tested under varying load and 

irradiance conditions. The integration of an 

advanced MPPT charge controller significantly 

improved solar energy harvesting compared to 

conventional PWM-based systems. (as shown in 

Table 7 below) 
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Table 7: MPPT vs PWM Controller 

Feature MPPT Controller  PWM Controller 

Full Name Maximum Power Point Trackimg Pulse Width Modulation 

Cost Higher Lower 

Efficiency   ≈ 95% - 99% energy harvest ≈ 70% - 80% 

Solar Voltage 

Flexibility 

Very high – tracks best operating point Lower – PV voltage must match 

battery 

Best Use Case Large Systems (kW – scale & variable 

conditions) 

Small systems (few hundred 

watts) 

Response in low light Excellent Poorer 

Power Gain 10 – 30% more energy No gain (just regulations) 

Complexity High Simple 

 

The system successfully delivered: 

Performance data: 

• Output Voltage: During testing, the 

inverter maintained a voltage within 

the standard range of 210-240V AC at 

50 Hz. 

• Load Handling: The inverter 

successfully managed and handled 

loads up to 5 kVA without significant 

voltage drop or overheating.  

• Overall system efficiency: 92 -96% 

• No significant harmonic distortion or 

voltage instability was observed under 

nonlinear loads (e.g., refrigerators, 

pumps, LED drivers). 

• Faster return on investment 

• Reduced battery replacement 

frequency        

                                                  

4. Conclusion 

This research focused on the design and 

modification of a 5 kVA hybrid solar inverter 

system integrated with an advanced Maximum 

Power Point Tracking (MPPT) charge controller 

to enhance solar energy harvesting and 

improve overall system performance. The 

study addressed limitations commonly 

associated with conventional hybrid inverters 

that employ Pulse Width Modulation (PWM) 

charge controllers, particularly reduced 

energy extraction efficiency and poor 

performance under fluctuating irradiance 

conditions. 

The developed system incorporated: 

• A 5 kVA pure sine wave inverter rated 

at 230 V AC, 50 Hz 

• A 48 V battery bank configuration 

• An advanced MPPT charge controller 

with dynamic tracking algorithm 

• Hybrid functionality enabling solar, 

battery, and grid/generator 

integration 

Experimental evaluation under varying 

irradiance and load conditions demonstrated 

that the integrated MPPT controller 

significantly improved energy capture 

efficiency. Compared to conventional PWM-

based systems, the modified inverter 

achieved: 

• 15–25% higher solar energy yield 

• Improved battery charging efficiency 

• Faster bulk charging response 

• Reduced thermal losses 

• Stable output voltage and frequency 

regulation 

• Low total harmonic distortion (THD < 

3%) 

The hybrid architecture ensured seamless 

source switching and optimized load 

prioritization, reducing dependence on grid 

supply while maintaining uninterrupted power 

delivery. 

Overall, the research validated that 

integrating an advanced MPPT charge 

controller into a 5 kVA hybrid inverter 
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substantially enhances system efficiency, 

reliability, and economic viability.  
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