
SGS Initiative, VOL. 1 NO .5 (2026): LGPR 

 

 

A Comprehensive Survey on Hybrid Renewable–VSDG Power Systems 
for Remote Electrification 

Gireesh Kumar A1, Rahul Krishnan2 

1Post-Doctoral Research Scholar, 2,3 Research Guide 
1,2Lincoln University College, Malaysia 

3Professor, Sree Budha College of Engineering, Alappuzha, India 

gireesh@cethalassery.ac.in 

ABSTRACT 

 

This paper presents a comprehensive review of hybrid renewable–diesel power systems for 

remote electrification and sustainable energy generation. The rapid increase in global energy 

demand and environmental concerns associated with fossil fuel-based electricity generation 

have accelerated the development of renewable energy technologies such as solar photovoltaic 

(PV), wind energy, and hybrid power systems. Hybrid renewable-diesel systems combine 

renewable sources, diesel generators, energy storage systems, and advanced power 

management strategies to ensure reliable and cost-effective electricity supply in remote and off-

grid regions. This paper reviews system configurations, hybrid combinations, constant and 

variable speed diesel generator technologies, energy storage systems, and intelligent power 

management strategies. Detailed hybrid configurations such as PV–diesel, PV–wind–diesel, and 

PV–VSDG–Li-ion systems are discussed with figures. Research gaps including limited work on 

variable speed diesel generators, optimized power management systems, and battery-less 

hybrid systems are identified. The survey concludes with future research directions for 

sustainable rural electrification. 

Keywords: Hybrid Power System, Solar PV, Diesel Generator, Variable Speed Diesel Generator, 

Lithium-ion Battery, Remote Electrification, Renewable Energy 

1. INTRODUCTION 

Energy or power has been one of the most widely used and essential concepts 
throughout human history, playing a crucial role in social and economic development. Over the 
past few decades, the demand for electrical energy has increased significantly due to rapid 
growth in commercial, industrial, and domestic activities. Since the Industrial Revolution in the 
late 18th century, human progress has been closely linked to the availability and use of energy 
resources. Modern societies depend heavily on energy to sustain economic growth, improve 
living standards, and support technological advancements. Many countries, including India, rely 
extensively on fossil fuels such as coal, oil, and natural gas for electricity generation. To meet 
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the growing demand for power, large-scale fossil fuel-based power plants have been 
established, particularly in developing nations where industrialization and urbanization are 
expanding rapidly [1], [2]. 

In remote and rural areas with low population density and limited access to national 
power grids, diesel-based mini-grids are often used as the primary source of electricity [3][4]. 
Diesel generators are widely adopted because they are relatively affordable, easy to install, and 
readily available in the market. As a result, many rural communities depend on privately owned 
diesel generators to supply electricity for households, small businesses, and community services. 
These generators provide a reliable solution in areas where grid extension is difficult or 
economically unfeasible [5-8]. However, this heavy dependence on fossil fuels for energy 
generation has raised serious concerns about sustainability, environmental degradation, and 
long-term energy security. 

The continuous increase in global energy consumption and extensive use of fossil fuels 
have accelerated the depletion of natural resources and caused severe environmental impacts. 
Every stage of fossil fuel utilization, including exploration, extraction, processing, transportation, 
and combustion, poses significant risks to both human health and the environment. The 
combustion of fossil fuels releases harmful and toxic gases such as carbon dioxide, sulfur 
dioxide, nitrogen oxides, and particulate matter into the atmosphere. These emissions 
contribute to air pollution, global warming, and climate change, which threaten ecosystems, 
biodiversity, and human well-being. Greenhouse gas emissions from fossil fuel-based energy 
production are widely recognized as a major driver of global climate change, making the 
transition to cleaner energy sources increasingly urgent [9]. 

According to the International Energy Agency’s (IEA) Medium-Term Oil Market Report 
2022, global oil demand growth is expected to slow by the end of this decade due to increasing 
environmental awareness, rising oil prices, and the availability of cost-effective alternative 
energy sources. Although the IEA has projected an increase in global oil demand by 
approximately 960,000 barrels per day, the overall growth trend is expected to weaken over 
time. The report also highlights that strong supply, particularly from North America’s ongoing oil 
production expansion, may push the global oil market toward an inflection point [10]. After this 
point, oil demand growth is likely to decelerate due to environmental concerns, economic 
pressures, and the gradual shift toward renewable and sustainable energy technologies. This 
transition reflects the growing global commitment to reducing fossil fuel dependence and 
promoting cleaner, more sustainable energy systems for future development. 

2. LITERATURE REVIEW 

Many researchers and environmentalists agree that fossil fuel–based electricity 

generation must be reduced to address climate change and lower carbon dioxide emissions. The 

depletion of fossil fuel resources is another major environmental concern. However, only a few 

recognize that existing fossil fuel power generation systems can be upgraded with modern 

technologies at relatively low additional costs to reduce fuel consumption and emissions 

[11][12]. Since traditional power plants have been operating for many decades, replacing them 
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completely with modern systems will take a long time. During this transition period, advanced 

technologies such as high-efficiency and variable speed diesel generators can significantly 

reduce fuel consumption compared to conventional constant-speed generators, thereby 

improving overall efficiency [13][14]. 

In several developed countries, local authorities have the flexibility to adopt alternative 

and environmentally friendly energy generation systems to meet increasing electricity demand. 

Among advanced fossil fuel technologies, nuclear power has gained considerable attention 

because of its low carbon emissions during electricity production. However, major nuclear 

accidents such as Three Mile Island (1979), Chernobyl (1986), and Fukushima (2011) have raised 

serious concerns regarding the safety and reliability of nuclear power plants for commercial use. 

According to BP’s Energy Outlook (2014), global energy demand is expected to increase 

significantly due to rapid economic growth in emerging economies. BP projected that energy 

demand would grow by approximately 36% between 2011 and 2030. Without continuous 

improvements in energy efficiency, electricity supply would need to expand at a much faster 

rate to sustain economic development. The report also highlights the importance of innovation 

and efficiency in energy production, including the exploration of unconventional oil and gas 

resources and the reduction of carbon emissions. The overall conclusion is that future energy 

demand can be met through technological advancements and the development of renewable 

energy systems with minimal greenhouse gas emissions [15]. 

Scientific studies indicate that atmospheric carbon dioxide levels exceeded 400 parts per 

million (ppm) by 2020, which is the highest level recorded in millions of years. Researchers 

believe that greenhouse gas emissions are a major cause of climate change and rising sea levels, 

emphasizing the urgent need for effective solutions to this global problem. Considering the 

advantages and limitations of different energy generation methods, renewable energy systems 

are often integrated with conventional power sources to form hybrid power systems [16][17]. 

These systems can be connected to the grid or operated in off-grid mode with diesel generators 

and energy storage systems controlled by supervisory controllers. The most practical approach 

to reducing greenhouse gas emissions is to combine renewable energy with conventional 

generation systems. From a reliability perspective, many studies recommend hybrid systems 

that integrate renewable energy sources with fossil fuel generators to ensure stable and 

efficient power supply.  

Since ancient times, the Sun has been regarded as the primary source of life on Earth, 

and with industrial development, solar has become recognized as a major source of energy. 

Global solar irradiation maps provided by the International Renewable Energy Agency (2021) 

highlight regions with high solar insolation, indicating areas where photovoltaic (PV) power 

generation can be most effective. Modern technologies enable solar energy to be harnessed 

even in cloudy conditions, making it widely used for electricity generation, heating, and water 
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desalination. Solar power is mainly generated through two technologies: photovoltaic (PV) 

systems, which convert sunlight directly into electricity, and concentrated solar power (CSP), 

which uses mirrors to produce steam for turbine-driven electricity generation [18][19]. 

Developed in 1954, PV technology has become one of the fastest-growing renewable energy 

sources. Solar PV systems can be integrated with diesel generators for commercial or mini-grid 

applications, particularly in developing countries like India. Falling costs, long lifespans, and 

scalability make solar energy a key solution for sustainable power generation. 

3. HYBRID POWER SYSTEM CONFIGURATIONS 

 

3.1 Series connected hybrid system configuration 

Rapid advancements in green technologies have enabled renewable energy generators 

to harness natural resources with improved efficiency and flexibility. Although modern 

renewable generators and power conversion units enhance energy harvesting, the actual energy 

delivered to consumers depends largely on the energy flow path and component arrangement 

within a hybrid power system. A typical hybrid system may include diesel generators, 

photovoltaic (PV) systems, wind turbines, and battery storage, which can be interconnected in 

different ways [20]. These configurations are generally classified into series and parallel 

arrangements, as discussed in previous studies. 

In a series configuration, also known as a DC-coupled system, all components are 

connected through a DC bus. The inverter and battery bank must be sized to meet peak load 

demand, as power from both PV and diesel generators passes through the battery before 

reaching the load. Frequent battery usage reduces battery lifespan and lowers overall system 

efficiency due to repeated energy cycling, making this configuration less efficient in long-term 

operation. 
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                                         Fig1: Series hybrid energy configuration 

3.2 Parallel connected hybrid power system configuration 

The parallel configuration is suitable for DC, AC, or mixed bus hybrid power system 

designs, as discussed in earlier studies shown Fig2. This configuration allows different energy 

sources to be connected so that generators can directly supply load demand. Unlike the series 

configuration, renewable energy sources and diesel generators in a parallel system can deliver 

power directly to AC or DC loads without passing through the battery, improving overall 

efficiency. Excess energy produced is stored in the battery for peak shaving, which helps supply 

additional power during high-demand periods, such as evening peak loads. In terms of 

controllability, the parallel configuration offers greater flexibility, allowing advanced control 

strategies to efficiently dispatch and manage different energy sources. Because of its 

operational flexibility, direct power supply capability, and efficient control of dispatchable 

components, the AC-coupled parallel hybrid power system is selected for detailed analysis and 

discussion in this thesis. 
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                                   Fig2: Parallel hybrid energy configuration 
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Fig3: Hybrid energy system connected to an AC bus 

4. CONSTANT SPEED DIESEL GENERATOR (CSDG) AND VARIABLE SPEED DIESEL GENERATOR 

(VSDG) 

From the previously discussed hybrid system configurations, fossil fuel–based diesel 

generators, typically constant speed diesel generators (CSDGs), are often required to operate 

alongside renewable energy sources to ensure a reliable power supply to consumers. Despite 

their widespread use, CSDGs have several operational limitations. Traditionally, a CSDG is 

designed and sized to meet peak load demand, which usually occurs only for a short duration 

during daily operation [21]. As the name suggests, a CSDG operates at a constant rated speed 

regardless of load variations and is generally recommended to run above a minimum load level 

of 30–50% of its rated capacity. Manufacturers suggest this operating range to avoid engine-

related issues such as hydrocarbon buildup, glazed piston rings, and cylinder wall damage 

caused by prolonged low-load operation. Continuous operation at low load and constant speed 

can result in inefficient fuel combustion, premature engine aging, and reduced system flexibility, 

making CSDGs less suitable for modern hybrid power systems. 

 

To address these limitations, the development of variable speed diesel generators 

(VSDGs) has gained significant attention in recent years. VSDGs are designed to automatically 

adjust engine speed according to power demand, making them suitable for both standalone and 

hybrid energy systems [22][23]. Typically, a VSDG employs a doubly fed induction generator 

driven by an internal combustion engine, allowing flexible and efficient operation under varying 

load conditions. This technology helps mitigate the issues associated with CSDGs, particularly 

under light load conditions, where VSDGs maintain satisfactory performance and efficiency. 

 

Several studies have compared CSDGs and VSDGs in terms of performance and 

economic benefits [24]. Research by Pena et al. (2008) and Nayar (2008) [25] highlights the 

advantages of variable speed engine operation in overcoming the operational constraints of 

constant speed systems. Unlike CSDGs, which must operate above 40% of rated power, VSDGs 

can function efficiently over a wide operating range, allowing optimal power extraction and 

improved system performance under low-load conditions. 

 

A key advantage of VSDGs is their ability to operate at optimal engine speed depending 

on load demand, leading to higher fuel efficiency and reduced operational costs (Regen Power 

Pvt. Ltd., 2010) [26][27]. The engine operates at lower speeds during low power demand and 

increases speed when higher power is required, ensuring efficient fuel consumption. This 

flexibility also enhances the integration of renewable energy sources in hybrid systems by 

allowing better coordination between diesel generators and renewable power generation. 

 

Furthermore, VSDGs reduce the negative effects associated with low-load operation in 

CSDGs and can extend engine lifespan by operating at lower speeds during reduced load 
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conditions. Overall, variable speed diesel generators provide improved fuel efficiency, 

operational flexibility, enhanced renewable energy utilization, and longer engine life, making 

them a more suitable alternative to conventional constant speed diesel generators in modern 

hybrid power systems. 

5. ENERGY STORAGE SYSTEMS 

Most hybrid power systems discussed in the literature rely on large energy storage units 

to store excess renewable energy and meet peak load demand. Although various hybrid system 

structures and operational strategies have been explored, the high initial cost of large battery 

banks makes such systems less suitable for small and medium-scale remote applications. The 

total installation cost increases due to battery housing, auxiliary components, transportation, 

and installation, and becomes even higher with greater renewable energy penetration. Batteries 

are also the most sensitive components in hybrid systems, requiring continuous monitoring of 

state of charge (SoC) to avoid overcharging or deep discharging [28]. Their relatively short 

lifespan, typically five to ten years, and the lack of proper recycling and disposal facilities in 

many developing countries add further challenges. 

Energy storage systems are often integrated with diesel generators to manage load 

variations and reduce transient effects. However, conventional charging strategies may lead to 

energy overflow and losses due to inefficient charging and discharging processes. Among 

available battery technologies, lithium-ion batteries are increasingly preferred because of their 

high energy density, longer lifespan, flexibility, and lower operational costs, making them more 

suitable for hybrid solar, wind, and diesel generator systems. 

6. POWER MANAGEMENT STRATEGIES 

Power management strategy plays a crucial role in ensuring satisfactory performance of 

hybrid power systems, particularly in remote area applications, as it directly affects fuel 

consumption and diesel generator lifespan. Simple and robust hybrid systems that combine 

renewable energy generators with diesel generators, without complex control or large energy 

storage systems, are often considered more practical for remote electrification. Systems with 

high renewable energy penetration usually require large battery banks and complex control 

mechanisms, which increase cost and operational difficulty. Therefore, several studies have 

proposed hybrid systems without energy storage elements, demonstrating their feasibility 

through wind–diesel and renewable–diesel retrofit systems [29][30]. 

Hybrid power system control strategies are generally classified into dynamic strategies, 

which maintain voltage and frequency stability, and dispatch strategies, which manage power 

flow and system balance. Various optimisation and intelligent control methods, including 
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genetic algorithms, fuzzy logic, and neural networks, have been developed to improve fuel 

efficiency and system performance. However, most existing research focuses on conventional 

constant speed diesel generators, with limited studies on variable speed diesel generators 

(VSDGs). 

This research addresses this gap by proposing off-grid PV–VSDG hybrid configurations 

for rural electrification, offering flexible control, reduced fuel consumption, minimal power 

electronics, and improved reliability while avoiding the complexity of multi-renewable systems. 

7. CONCLUSION 

A reliable and cost-effective power supply is essential for remote hamlets to meet basic 

energy requirements such as electricity, water supply, and communication services. 

Traditionally, constant speed diesel generators (CSDGs) have been used to provide dependable 

power for small lighting loads and communication towers in such areas. However, the rapid 

development of photovoltaic (PV) and other renewable energy technologies has transformed 

the global power sector. In India, several regions with high solar irradiation and wind potential 

have been identified, leading to increased research focus on solar- and wind-based renewable 

energy systems. The advancement of power electronic technologies has enabled hybrid systems 

that combine renewable energy sources with diesel generators, using both AC and DC bus 

configurations reported in various studies. To enhance system reliability, energy storage 

systems are often integrated, but this increases circuit complexity and overall cost. Additionally, 

conventional CSDGs suffer from low efficiency at part-load operation, making them 

uneconomical for community power supply where load demand varies throughout the day. In 

this context, variable speed diesel generators (VSDGs) offer a suitable alternative, as they can 

operate efficiently under varying load conditions. 

Integrating PV systems with VSDGs further improves energy efficiency, reduces fuel 

consumption, and lowers carbon emissions. Advanced power electronic converters enable 

variable voltage and frequency generation to be converted into stable grid-compatible power. 

However, incorporating multiple renewable energy sources into hybrid systems increases the 

complexity of power management and control. Although some studies report improved 

efficiency in hybrid systems without battery cycling, detailed parametric analysis of VSDGs and 

effective power flow management algorithms remain limited in the literature. Furthermore, the 

integration of lithium-ion batteries with VSDGs presents a promising alternative to conventional 

lead-acid battery and CSDG systems due to higher efficiency and longer lifespan. Therefore, the 

development of effective power management and control strategies for PV–VSDG and VSDG–

lithium-ion battery hybrid systems for remote hamlet electrification represents a significant 

research gap and a potential solution for reliable and sustainable power supply. 
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