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ABSTRACT 

The increasing demand for electric vehicles and technological 

advancements in vehicles have brought with them many problems in recent 

years. One of these problems is the increasing demand for charging and the 

investment in charging stations. The number of charging stations has not yet 

reached the desired level, creating numerous challenges for users. The high 

investment costs, particularly for fast charging stations, are leading 

manufacturers to consider alternative solutions. This paper explores the 

design and implementation of a medium-power electric vehicle charger (3 to 

11 kW) integrated into existing streetlight infrastructures. The proposed 

system aims to leverage the widespread availability of streetlight poles to 

provide convenient charging solutions without the need for extensive new 

infrastructure. 

 
Electric vehicles, streetlight chargers, medium-power charging, sustainable urban 

mobility 

 

 

INTRODUCTION  

 

Electric vehicles have seen resurgent demand in recent years 

(Haghani, Sprei, Kazemzadeh, Shahhoseini, & Aghaei, 2023). This demand 

can be attributed to several reasons. First, rising gasoline prices and the 

political instability in countries producing gasoline are driving people toward 

alternative fuel sources (Fei, Qin, Chu, Zheng, Tan-Soo, & Zhang, 2025; 

Ahmed, Zheng, Amine, Fathiannasab, & Chen, 2021; Li, Chen, & Wang, 

2017). Furthermore, there are various studies suggesting that fossil fuel 

resources could be depleted the next 50-100 years (Bushnell, Muehlegger, & 

Rapson, 2022). Consequently, EVs are increasingly perceived as sustainable 

and cost-effective alternatives. 

Another key reason is that electric vehicles are highly environmentally 

friendly (Lee & Nilsson, 2024; Muratori & Mai, 2020). They significantly 

reduce noise pollution, providing greater driving comfort. They also reduce 

carbon emissions to zero. When we come today, since 1970, CO$_2$ 

emissions from fuel based vehicles have increased by about %90, according 

to EPA (U.S. EPA, 2017) North America – dominated by the USA – is the 

second largest regional emitter at %18 of global emissions. It’s followed 

closely by Europe with %17 (Ritchie & Roser, 2019) per the global emission 

source. In the USA, %27 of global warming pollution is caused by the use of 

gasoline in vehicles (Brinson, 2012). There are several alternative solutions 

to fossil fuels that are being well investigated in order to replace fossil fuels 

in many aspects of human life and industries. Several economic, ecological, 
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and political ambitions lie behind this replacement, one of which is 

greenhouse gas pollution leading to global warming. One of the effected 

aspects of human life from this issue is the transportation sector (Kadur; 

Gulhane, Tarambale, & Nerkar, 2006) These criteria are important for many 

users, especially considering global warming.  

Furthermore, there is a link between the use of renewable energy 

sources and electric vehicles. Several research work have been working on 

the problems and solutions related to the impact of EV's on the grid with or 

without renewable energy integrated power grid. With renewable energy as 

the renewable generation and the utilization of electrified transportation are 

emerging as the most promising strategies to meet the increasing 

environmental concerns and energy scarcity, and as this trend is expected to 

grow in the future, significant efforts are made to assess the impact of 

renewables with and without EVs. Because renewable energy sources are not 

completely reliable in terms of production, using them with a battery bank 

makes it possible to establish a healthier and more sustainable system 

(Banerji, Sharma, & Singh, 2021; Shi, Li, Zhang, & Lee, 2020). In this 

context, by incorporating batteries from electric vehicle fleets into the 

system as battery banks, it becomes possible to increase the use and 

efficiency of renewable energy sources (Liu, Kong, Liu, Peng, & Wang, 

2015; Tulpule, Marano, Yurkovich, & Rizzoni, 2013). This approach, known 

as vehicle-to-grid (V2G), also contributes to improving grid flexibility and 

renewable energy utilization (Battistelli, Baringo, & Conejo, 2012; Shi, Li, 

Zhang, & Lee, 2020) Addressing these issues, renewable energy integration 

with EVs (via V2G) enhances grid flexibility and sustainable energy 

utilization. Fig. 1 shows global PV and EV market share until 2024. 

 

 
Fig.1:Sales of PV and EV (IEA (2024)) 

 

Especially roof-top PVs are very attractive as the PV panels can be 

easily installed on the roof of apartments or large commercial buildings, and 

most of them has low maintenance costs. However, the amount of electricity 

that PV generation produces varies from peak sunshine hours to cloudy days. 

Besides, wind from single sites, or wind at higher than 30\% penetration, 
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would require storage. Thus, large storage capacity from the vehicle fleet 

could improve economics and increase the maximum possible penetration of 

wind energy (Kempton, W. & Letendre, S. E. (1997)). The load demand 

requires continuous supply of energy regardless of the interruption, so a 

reliable battery storage device such as Battery Energy Storage Systems 

(BESS)  is needed. In this regard, there may be valuable synergies between 

renewable energy and EVs in a future electricity system which has higher 

penetrations of both technologies. Lately, developments with EVs acting as 

the flexible mobile energy storage are considered as the considerable 

resources for the smart grid. The vehicle-to-grid (V2G) technology enables 

two-way communications and bidirectional energy flow between EVs and 

grid. The charging/discharging capability of EVs and the energy-efficient 

requirement of power grid, the vehicle-to-home (V2H), vehicle-to-vehicle 

(V2V), and vehicle-to-grid (V2G) concepts have become more and more 

attractive in recent years and probably will turn into reality in the near 

future.  

Electric vehicles have been getting popular in the market again as 

there are promising approaches in vehicle management to solve most of 

these concerns. Massive adoption of EVs offers an opportunity to improve 

the air quality through increasing fuel efficiency, and reducing greenhouse 

gas emissions. The Electric Power Research Institute (EPRI) estimates that 

PHEVs will reach a maximum of  %20 new vehicle market share in the Low 

PHEV scenario, %62 in the Medium PHEV scenario, and %80 in the High 

PHEV scenario by 2050 (Duvall, Knipping, Alexander, Tonachel, & Clark, 

2007). In Fig. 1 (Duvall, Knipping, Alexander, Tonachel, & Clark, 2007), 

the prediction of sales share and market share of BEV and PHEV from 2010 

to 2050 are compared. 

  

 
Fig. 2: Share of new vehicle sales (Duvall, Knipping, Alexander, Tonachel, 

& Clark, 2007). 

Despite all these advantages, the range problem and long charging 

times remain a concern for users (Guo, Yang, & Lu, 2018). Owners of 

electric vehicles, especially on long journeys, experience range anxiety 

(Bonges & Lusk, 2016). While access to traditional gas stations is easy, 
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charging stations are less readily available, especially on long journeys. For 

this reason, vehicle owners tend to recharge their vehicles before reaching a 

critical charge level (Pevec, Babic, Carvalho, Ghiassi-Farrokhfal, Ketter, & 

Podobnik, 2020). Advances in battery technology have led to the range 

achieved on a fully charged battery reaching nearly the same level as that of 

internal combustion engines. To achieve this, larger battery packs are used, 

but as the batteries grow, some charging sockets still deliver the same power 

output. This leads to longer charging times and negatively impacts user 

comfort. In addition, the uneven distribution of charging stations further 

contributes to user inconvenience. At this point, users are forced to choose 

between a faster charge or a more affordable but longer charge. 

The scarcity of charging stations, particularly in older parking lots and 

buildings, creates difficulties for users (Zhang, Zhao, & Hu, 2023; Tan, Ren, 

Pan, Wang, & Chen, 2023). The high cost of new infrastructure investments 

is forcing municipalities and investors to seek alternative solutions. One such 

solution is upgrading lighting poles to make them compatible with vehicle 

charging. Integrating medium-power EV chargers into existing streetlight 

infrastructures offers a viable solution to the growing demand for accessible 

charging stations. This method makes use of the existing electrical 

infrastructure, reducing installation and maintenance costs. The proposed 

system demonstrates the feasibility of such integration, providing a cost-

effective and scalable approach to expanding the EV charging network. 

Moreover, such systems can play an important role in promoting sustainable 

urban mobility and accelerating the transition to smart cities. 

 

 ELECTRIC VEHICLE CHARGING STATION INFRASTRUCTURE 

 

The increasing number of electric vehicles has brought many 

questions and problems. The most significant of these concerns charging 

stations. For over a century, internal combustion engines have been in use, 

and access to gasoline or diesel fuel stations has been relatively easy almost 

anywhere in the world. Some are even operated by international companies 

in many countries. However, with the rise of electric vehicles, there have not 

been many charging stations designed for these vehicles. Higher-than-

expected vehicle sales have also revealed that the planned infrastructure for 

these stations will struggle to meet demand. Municipalities and various 

companies have stepped up their efforts with various investment scenarios to 

meet this demand. 

These charging stations generally utilize DC fast chargers to shorten 

charging times. Table I classifies these chargers according to their power 

output. However, fast chargers can also create network problems due to their 

high current and voltage levels. Fig. 2 (Admin, 2018) demonstrates possible 

issues of grid integration. Some of them are as follows. 
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Table 1: Classification of Electric Vehicle Charging Stations 

Level Type Power Range(kW) Typical Use 

Level 1 AC 1.4-3.3 Residential (home) 

Level 1 AC 3.3-7.7       Public / Workplace 

Level 1 AC 7.4-22 Public / Workplace 

DC Fast DC 25-150 Highway / Commercial 

Ultra Fast (HPC)  DC 150-350 
Long-distance 

corridors 

Streetlight integrated AC 3.7-11 Urban roadside 

 

 

 
Fig. 3: Effects of EV integration on the grid. 

 

1. Power Quality 

 

The battery sizes of electric vehicles range from 16 kWh up to 100 kWh, 

leading to grid overloading and subsequent voltage fluctuations. In (Khatiri-

Doost & Amirahmadi, 2017; Wang & Wang, 2013; Alam, Muttaqi, & 

Sutanto, 2015) it was discussed that uncontrolled and random charging can 

significantly harm distribution power system causing sub-optimal dispatch, 

voltage fluctuations, and degraded system efficiency.   

 

2. Harmonics 

 

There are studies about power quality of the grid system after integrating 

electric vehicles. Ref. (Li, Wang, & Deng, 2018; Pan, Zhu, Ren, Chen, Wen, 

& Yun, 2016) shows that when electric vehicles connect to grid system, EV 

chargers develop power harmonics. Every manufacturer produces different 

type of charger. Especially first generation of charger’s cause 3rd and 5th 

harmonics.   
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3. Transformers Efficiency 

 

Transformers efficiency, bench life, temperature calculations according to 

different loads case is another research topic (Gong, Midlam-Mohler, 

Marano, & Rizzoni, 2012; Moses, Masoum, & Hajforoosh, 2012; Moses, 

Masoum, & Smedley, 2011; Liu, Ho, Fu, & Hai, 2010) The K factor is 

expressed as: 

 

 factor  

4. Phase Imbalance 

 

In EV context phase balancing becomes relevant when using single phase 

chargers. Connecting a number of single phase chargers to different phases 

won’t help, if cars with different charging times and profiles are connected 

(Admin, 2018; Khatiri-Doost & Amirahmadi, 2017) 

 

TECHNICAL REQUIREMENTS OF FAST CHARGING UNITS 

A unit cage, especially when considering fast DC charging units, 

contains many components. The power electronic modules (high current, 

cooling, and filtering) found in DC charging units are particularly large, so 

the typical DC fast charging unit is a floor-standing cabinet. This 

necessitates the creation of new space for these cabinets. The numerical 

details are given following: 

Fast charging units for electric vehicles (EVs) typically operate at high 

power levels ranging from {50~kW} to {350~kW}. The current demand 

depends on the charging voltage level as follows: 

 

• For 400 V DC chargers: 

 
 

• For 800 V DC chargers: 

 

Hence, high-power chargers require thick conductors and 

appropriate protection systems to handle currents above {400~A}. The 

system must ensure minimal voltage drop and thermal stability during 

continuous operation. 
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1. Cabling, Busbar, and Conductor Sizing 

 

The selection of cable or busbar cross-section is determined by the 

maximum current and permissible temperature rise. According to 

IEC~60287 (B. Standard & B. IEC, 1997) the current-carrying capacity of 

copper conductors can be approximated as: 

 

 

 

Where is the allowable current density, typically between {2.5–

4~A/mm2}.  For example, a 400~A charger requires: 

 

 

Thus, a busbar or cable with at least {150~mm2} cross-section is 

recommended for reliable operation. 

 

2. Thermal and Cooling Requirements 

 

High charging currents generate substantial heat losses due to 

conductor resistance and power electronics switching. The total heat 

dissipation can be estimated using: 

 

 

For a 400~A current and 2 mΩ total resistance: 

 

 

 

This thermal energy requires efficient cooling methods: 

 

• Forced air cooling for chargers below 100~kW. 

• Liquid cooling (glycol-water systems) for high-power cables above 

250~kW. 

 

3. Safety, Standards, and Maintenance Considerations 

 

Fast charging units must comply with several international safety standards: 

• IEC~61851 – Electric vehicle conductive charging system (Di 

Giorgio, Liberati, & Canale, 2013). 
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• IEC~62196 – Connector and inlet configurations (I. E. Commission 

et al., 2016).  

• ISO~17409 – Safety requirements for DC charging (L ISO, 2020). 

 

Regular maintenance involves inspection of: 

• Cable integrity and insulation resistance. 

• Connector wear and corrosion. 

• Cooling fluid levels (if applicable) 

 

Proper grounding, residual current protection (RCD Type~B), and 

emergency shutdown mechanisms are mandatory to ensure user and system 

safety. 

 

STREETLIGHTS AS EV CHARGERS 

 

When we look driver profile's, users will consider two factors; 

traveling time, and charging expense, when they make charging reservation 

decisions. Although fast charging reduces charging time, the total charging 

cost also increases. Table II compares charging costs for a 60 kWh vehicle. 

At the same time, as fast-charging stations become increasingly popular, 

they become more congested, and drivers may have to wait in line to charge, 

creating a poor user experience. 

 
Table II: Comparison of AC and DC Charging Stations by Power and Cost 

Level 
Power 

Range(kW) 

Avg. Cost 

($/kWh) 

Total Cost (60 

kWh) 

Typical Use 

  
AC Charging 

 

  

Level 1 1.4-3.3 
0.12 – 0.20 $7 – $12 Residential 

(home) 

Level 2 3.3-7.7 
0.25 – 0.35 $15 – $21       Public / 

Workplace 

Level 3 7.4-22 
0.35 – 0.45 $21 – $27 Public / 

Workplace 

  
DC Charging 

 

  

DC Fast 25-150 
0.40 – 0.55 $24 – $33 Highway / 

Commercial 

Ultra Fast 

(HPC)  
150-350 

0.55 – 0.70 $33 – $42 Long-distance 

corridors 

On the other hand, choosing energy-efficient routes is crucial for 

vehicles. Unlike conventional internal combustion vehicles, electric vehicles 

cannot be pushed when they run out of fuel, but instead can be towed to 

another location. Therefore, choosing the route that will consume the least 
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amount of energy plays a crucial role. Current applications like Google 

Maps have now added this option to their list of options. 

The increasing number of vehicles creates an increasing energy demand. 

To meet this demand, charging stations must be installed in numerous 

locations, and the grid must be modernized. When user satisfaction is 

specifically examined, DC fast charging units are in increasing demand. 

However, identifying suitable locations for these charging units and ensuring 

that the existing infrastructure meets this demand is a separate study. One 

alternative approach to addressing this demand is converting existing city 

lighting poles into charging units. This approach is believed to offer 

numerous advantages. Chief among these is the lack of a new location. 

Lighting poles are already installed and operational in most major cities. It's 

anticipated that a smaller investment in these poles could meet some of the 

charging unit needs. Furthermore, since these poles are typically located 

along roadsides, they will also be able to meet the charging needs of vehicles 

while parked. This project is expected to significantly improve the 

convenience of those who work or park their vehicles on the streets in the 

evening. Since charging time isn't a priority for these users, it will save them 

the trouble of having to return their vehicles to a charging station and wait 

for a charge. This approach will also reduce reliance on charging stations 

and distribute the charging load across more locations. 

 

1. Connection of Charging Units 

 

The first connection type integrates three-phase power from the grid 

directly into the charging unit. In this case, the charging unit can output up to 

(400V-32A) 22 kW using the maximum current and output values from the 

grid. Connection details is given Fig. 4. 

 
Fig. 4: Single phase connection of charging units. 

 

 

 

A second option is to connect the charging station to a single phase 

of the line. This phase can be used only for the charging unit, and the power 
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for the lighting poles can be drawn from the remaining two phases. 

However, because the voltage and current differential is reduced with a 

single phase, the unit can generate up to a maximum of (230V-32A) 7 kW. 

 

 
Fig. 5: Three phase connection of charging units. 

 

With this units, an ev can be charged during the shift or over the night 

which price rate is lower. Furthermore, drivers do not have to commute 

between home and charging stations.  

Unlike DC fast charging units, AC charging systems especially those 

intended for streetlight integration operate directly from the existing AC 

distribution network.   

Therefore, several components required in DC chargers become 

unnecessary. Table III summarizes the comparison between DC fast chargers 

and AC streetlight chargers and Table IV shows the completed and projected 

studies around the world. Also, Fig. 6 show the prototype of charging station 

that combined (Ajansı A., 2025) or integrated (Metropolitan Energy Center, 

2024)with poles. 

 

 

 
Fig. 6: Design of the chargers. 

 

As seen in Table III, the AC streetlight charger eliminates the need for a 

rectifier stage, liquid cooling, and dedicated busbar systems.   
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TABLE III: Comparison of DC Fast Chargers and AC Street-light Chargers 

Component / Requirement DC Fast Charger 
AC Streetlight 

Charger 

High-power rectifier / inverter unit Required Not required 

AC/DC conversion stage Required Not required 

DC busbar and thick cables (>100 

mm2) 
Required 

Simplified(standard 

AC cable) 

Liquid cooling system 
Required for 

>250 kW 

Not required (air- 

cooled) 

Separate protective enclosure / cage 
Required due to 

high DC voltage 

Not required 

Dedicated transformer connection Often required 
Uses existing dis- 

tribution line 

Power electronics control 

(IGBT / SiC modules) 
Required 

Not required (sim- 

ple AC relay) 

Complex safety systems 

(DC leakage, RCD type B) 
Required 

Simplified (RCD 

type A sufficient) 

Maintenance frequency 
High (thermal + 

cooling) 

Low (passive de- 

sign) 

 

The existing AC infrastructure already available for lighting can supply the 

charging unit through an additional protection and metering circuit. This 

significantly reduces both installation and maintenance costs while ensuring 

compatibility with urban infrastructure. 

 

Project / 

Location 

[Ref] 

Country 
Charger 

Type 

Power 

(kW) 

Mountin

g Type 

Key Features 

/ Description 

TEMSAN 

Smart 

Streetlight 

Prototype 
(Ajansı, 

2025; 

Metropolitan 

Energy 

Center, 

2024; D. S. 

with 

Agencies, 

2025) 

Turkey N/A N/A 

Integrate

d into 

pole 

body 

LED lighting 

+ EV charger 

+ wheclchair 

charging + 

USB + WiFi 

+ sensors; 

planned solar 

support 
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Voltpost 

Level-2 
(Voltpost, 

2023) 

Germany 
AC 

Level 2 
7.6 

Separate 

module 

attached 

to pole 

1-4 ports, 

remote 

monitoring, 

retrofit on 

existing lamp 

post 

Voltpost 

Air 
(Voltpost, 

2025) 

Germany 
AC 

Level 2 
9.6 

Top-

mounted 

module 

on pole 

Retractable 

cable, 1-2 

ports, 

modular, 

weather/vand

al resistant 

Kansas 

City 

Streetlight 

Pilot 
(Metropolita

n Energy 

Center, 

2024) 

USA 
AC 

Level 2 
7.2 

Wall-

mounted 

module 

on 

streetligh

t 

 

charge rate, 

individual 

metering, 

maintenance 

integrated 

with lighting 

system 

Ubitricity 

Berlin 

LampPost 

Chargers 
(Ubitricity, 

2025) 

Germany 

AC 

Level 

I 

3.7 

Retrofit 

lamp 

post 

Deployed in 

dense 

neighborhood

s; low-cost 

public 

charging; 

existing 

lighting 

power used 

Prague 

SmartPole 

Project 
(THMP, 

2024) 

Czech 

Republic 

AC 

Level 

2 

11 

Integrate

d into 

smart 

lighting 

Adaptive 

lighting 

control, IoT 

monitoring, 

pilot stage 13 

poles; 

planned 1000 

by 2026 

Riga 

SimpleCha

rge Pilot 
(S.. C. of 

Riga, 2022) 

Latvia 

AC 

Level 

2 

N/A 

Pole-

mounted 

retrofit 

Low-cost 

installation, 

pilot zone in 

Kipsala, 

Baltics 
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Utrecht 

IRIS 

Project  

Netherlands 

AC 

Level 

1 

3.7 

Pole + 

wall 

hybrid 

mount 

Low Power 

Charging 

(LPC), night 

parking 

usage, 600 

cabinets 

potential, 

1800 points 

 

 

 

 

RESULTS AND DISCUSSION 

 

This section examines the needs and design examples for integrating medium-power 

electric vehicle (EV) charging units (3-11 kW) into existing streetlight pole 

infrastructure in urban areas as an alternative solution. It is believed that these 

projects can address some of the pressing problems associated with electric vehicles 

in the short term. 

The primary motivation for this study is the idea that by leveraging the existing grid 

infrastructure, the EV charging ecosystem will become more widespread and 

economically more predictable. Unlike DC charging stations, this method eliminates 

the need for many new components. It will integrate existing locations into the 

system and eliminate the need for new station sites. 

Thanks to the existing infrastructure, especially in city centers, daily commuters will 

not have to travel to the station additionally, and congestion at stations during 

certain hours of the day will be mitigated. 

Initial tests of the integrated EV charger have demonstrated successful operation 

within the desired power range (3-11 kW). However, challenges such as ensuring 

adequate power supply and managing peak demand, especially in single-phase 

connection configurations, need to be addressed with intelligent load management 

strategies. 
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ABSTRACT 

 

The depletion of fossil fuel reserves and the increase in energy demand have 

made energy efficiency a critical issue on a global scale. Worldwide statistics 

show that a significant portion of total energy consumption occurs in 

buildings, and a large part of this consumption is due to lighting. This situation 

necessitates making lighting systems more efficient. Technological advances 

in power electronics have paved the way for solutions aimed at improving 

energy usage and have led to the rapid proliferation of LED lighting 

technologies in particular. 

LEDs stand out as a powerful alternative to traditional lighting systems thanks 

to their high light efficiency, long lifespan, low maintenance requirements, 

and environmentally friendly design. These features have enabled the 

widespread use of LED technology in residential, commercial, and industrial 

lighting applications. However, the non-linear current-voltage characteristic 

of LEDs limits their direct power supply from voltage sources and necessitates 

the use of current-controlled driver circuits. 

LED driver circuits ensure the safe and stable operation of LEDs while also 

improving energy efficiency and power quality. Errors in driver design can 

negatively affect LED lifetime and light quality. Therefore, it is crucial to 

examine the structural characteristics of LED systems and driver topologies 

in detail. This study aims to provide a theoretical foundation for driver circuits 

by addressing the basic principles of LED lighting systems. 

Keywords: LED lighting, energy efficiency, power electronics, LED 

drivers, lighting systems 

INTRODUCTION 

 

The depletion of fossil fuel resources has made the energy problem a global 

issue. According to world statistics, buildings account for 30% of total energy 

consumption and 60% of electricity consumption. Furthermore, indoor and 

outdoor lighting is a major source of consumption, and improving lighting 

efficiency is a problem that needs to be solved(Liu et al. 2021)(Wang, Alonso, 

and Ruan 2017). 

With the increase in technological developments in the 21st century, interest 

in the field of power electronics has grown in order to use energy more 

efficiently. Technological developments at the end of the 20th century 

highlighted the importance of energy efficiency, which has taken on different 
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dimensions. For this reason, studies have been conducted in this field by 

examining the structures of the lighting equipment currently in use. With the 

development of LED lighting technologies, it has been considered that they 

could be an alternative to traditional lighting methods, and scientific and 

commercial studies have been conducted for this transformation. As a result 

of these developments, LED lighting has been accepted as a general lighting 

solution (Karunatilaka et al. 2015). 

The primary application area for LEDs, thanks to their advantages, is to 

replace low-efficiency lighting solutions traditionally used in residential and 

commercial spaces connected to the alternating current grid. In this context, 

Figure 1 presents forecasts for the lighting sector up to 2022. As can be seen 

from the graph, LED technology is expected to first replace incandescent 

bulbs and then begin to replace compact fluorescent lamps during the same 

period(Castro et al. 2019). 

Figure 1 shows the number of lamps installed worldwide according to light 

source technologies. 

 

Figure 1. Number of installed lamps worldwide by light source technology (Castro 

et al. 2019) 

The figure illustrates the evolution of the global installed base of lighting 

technologies from 2014 to 2022. LED units exhibit a continuous and 

significant growth over the analyzed period. In contrast, the installed base of 
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incandescent lamps declines sharply, decreasing from approximately 9 billion 

units in 2014 to below 2 billion units in 2022. Fluorescent and CFL 

technologies also show a steady reduction in their global share. Halogen lamps 

experience a moderate but consistent decrease. These trends indicate a clear 

transition toward energy-efficient and long-lifetime LED lighting systems, 

driven by efficiency regulations and sustainability requirements(Castro et al. 

2019). 

Considering the capacity of the lighting industry, LED lighting has gained 

significant ground in the field of power electronics with its semiconductor 

structures and driver circuits. The use of driver circuits in LED lighting offers 

advantages such as power quality regulation compared to the energy 

consumption of older lighting methods, low power consumption, high 

efficiency, and controllability(Bodetto et al. 2017)(Castro et al. 2019).  

LED technology offers high light efficiency due to its ability to directly 

convert electrical energy into light; it also stands out for its long lifespan, low 

maintenance requirements, and environmentally friendly design. These 

features have enabled LEDs to be used in a wide range of applications, not 

only in residential and office lighting, but also in street lighting, industrial 

facilities, automotive lighting systems, agricultural production areas, 

healthcare applications, and visual display technologies. Nevertheless, the 

widespread adoption of LEDs has also brought new technical requirements 

for system design to the forefront(Teixeira et al. 2022). 

When examining their electrical characteristics, LEDs are defined as 

semiconductor elements with a non-linear current-voltage relationship. Small 

changes in the voltage at the LED terminals can cause significant increases in 

the current flowing through the LED. This makes it inadvisable to power 

LEDs directly from constant voltage sources and increases the risk of thermal 

damage caused by excessive current. Thus, current-controlled power supply 

is necessary for LEDs to operate safely, stably, and with a long 

lifespan.(Abdelmessih et al. 2022; Gürçam and Almalı 2023). 

At this point, LED driver circuits emerge as an indispensable component of 

LED lighting systems. LED drivers not only provide a constant current to the 

LED; they also ensure electrical compatibility between the input source and 

the LED module, increase energy efficiency, and determine the overall 

performance of the system. Numerous studies in the literature have shown that 

errors in driver design significantly shorten the life of LEDs and negatively 

affect light quality.(Esteki, Darvishrahimabadi, et al. 2023; Gürçam and Nuri 

Almalı 2025). 

For this reason, a detailed examination of the structural characteristics of LED 

systems and LED driver topologies is of great importance from both an 
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academic and industrial perspective. The literature review presented in this 

section aims to establish a theoretical foundation for the driver topologies that 

will be examined in subsequent sections by addressing the fundamental 

components of LED systems and LED module structures within a conceptual 

framework.(Castro et al. 2019; Onushkin et al. 2009). 

Figure 2 shows the main areas of application for AC-DC LED systems. 

 

Figure 2 Design models and main applications of LED systems(Esteki, 

Khajehoddin, et al. 2023) 

1.BASIC COMPONENTS OF LED SYSTEMS 

 

LED lighting system consists of three basic components that interact with each 

other: the LED module, the LED driver circuit, and the mechanical/thermal 

structure. Inadequate or incompatible design of any of these components 

directly affects the overall performance and reliability of the system. 

Therefore, LED lighting systems must be approached holistically. 

The LED module constitutes the light-emitting part of the system. The module 

structure is usually created by connecting multiple LED chips in a specific 

geometric arrangement. This arrangement directly affects optical parameters 

such as luminous flux, color temperature, color rendering index, and light 
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distribution. Furthermore, the electrical connection configuration of the LED 

chips is an important factor that also determines the design of the driver 

circuit(Celidonio et al. n.d.). 

The LED driver circuit is responsible for converting the electrical energy 

supplied from the input source into the electrical values required by the LED 

module. During this conversion process, drivers perform many critical 

functions, such as providing constant current, input and output isolation, 

overvoltage and overcurrent protection, short-circuit safety, and dimming 

compatibility. Especially in high-power LED applications, the efficiency of 

the driver circuit plays a decisive role in the overall energy performance of the 

system(Esteki, Darvishrahimabadi, et al. 2023). 

The mechanical and thermal structure contributes to the long-term operation 

of the system by ensuring that the LED junction temperature is kept under 

control. The light output and operating life of LEDs are directly related to 

junction temperature. Inadequate cooling conditions can lead to problems 

such as reduced light output, color shift, and premature failure in LEDs. 

Therefore, heat sinks, thermal interface materials, and appropriate mechanical 

design are essential elements of LED systems(Huang et al. 2011). 

Research in the literature emphasizes that the LED module, driver circuit, and 

thermal structure must be optimized together, not separately. A system with a 

high-efficiency driver but an inadequate thermal design cannot deliver the 

expected performance. Similarly, a good optical design can be rendered 

ineffective by an inappropriate driver selection. In this context, it is clear that 

LED systems require a multidisciplinary design approach. 

2. LED MODULE STRUCTURES 

 

LED module structures are classified into different categories based on the 

type of power supply used and the electrical connection configuration of the 

LEDs. In the literature, LED modules are generally examined under two main 

headings: DC-LED and AC-LED modules. This classification also serves as 

an important reference for determining driver topologies. 

DC-LED modules consist of LED arrays designed to operate under direct 

current. In these modules, LEDs are typically connected using series, parallel, 

or series-parallel connections. In a series connection, the same current flows 

through all LEDs, eliminating the current balancing problem, but if one LED 

fails, there is a risk that the entire array will be disabled. In contrast, parallel 

connections increase system reliability, but additional balancing circuits are 

required to ensure current sharing(Onushkin et al. 2009). 
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Series-parallel connection structures aim to combine the advantages of both 

approaches. In these configurations, LED arrays are connected in series in 

specific groups, and these groups are operated in parallel. This ensures both 

current equality and increased fault tolerance for the system. For this reason, 

series-parallel structures are widely preferred, especially in medium and high-

power lighting applications. 

For this reason, LED modules can be divided into AC-LED and DC-LED 

modules as shown in Figure 3. Examples of LED module configurations are 

provided in the referenced studies(Esteki, Khajehoddin, et al. 2023; Huang et 

al. 2011) 

 

 

 

 

Figure 3 AC LED and DC-LED module structures (Esteki, Khajehoddin, et al. 

2023). 
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The figure classifies LED module topologies according to their supply type 

and connection structure. DC-LED modules are divided into constant-current-

fed and constant-voltage-fed configurations. Series, series–parallel, and 

matrix connections are illustrated for both supply methods. Current equalizers 

and regulators are employed to mitigate current imbalance among LED 

strings. AC-LED modules are presented with anti-parallel, bridge, and hybrid 

arrangements. These structures enable direct operation from AC sources 

without external rectifiers. Overall, the figure highlights design trade-offs 

between current control, circuit complexity, and reliability in LED lighting 

systems(Esteki, Darvishrahimabadi, et al. 2023; Esteki, Khajehoddin, et al. 

2023). The primary goal of this approach is to reduce system costs by 

minimizing the need for external rectifiers and complex driver circuits. AC-

LED modules are based on the principle of arranging LEDs to conduct 

alternately during the positive and negative half-cycles of the mains 

voltage(Esteki, Khajehoddin, et al. 2023; Gürçam and Almalı 2023). 

However, in AC-LED modules, LEDs periodically entering transmission and 

cutoff regions depending on the mains frequency can lead to light flickering 

and low LED utilization rates. This situation is considered a limiting factor, 

especially in applications where visual comfort is important. Therefore, AC-

LED solutions are limited to certain low-cost or specialized applications; DC-

LED modules are preferred in systems requiring high performance. 

 

2.1 AC -Powered LED Drivers 

AC-powered LED drivers are among the most commonly used driver types in 

lighting systems that operate directly from the city grid. A large portion of 

LED systems in residential, commercial, and industrial lighting applications 

are powered by alternating current (AC) mains. This necessitates that LED 

driver circuits be designed to comply with mains standards while also meeting 

the requirements of LED modules. 

Since the mains voltage is typically an alternating signal with a frequency of 

50 or 60 Hz and high amplitude, it is not possible to operate LEDs directly 

from this source. Therefore, the primary purpose of AC-powered LED drivers 

is to convert the alternating voltage at the input into the constant direct current 

required by the LED modules. During this conversion process, criteria such as 

power quality, electromagnetic compatibility, and energy efficiency come to 

the fore(Mukherjee et al. 2021). 

Figure 4 shows the block schematic diagram of the LED driver circuit 

connected to the AC power supply. 
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Figure 4 Block schematic diagram of the LED driver circuit connected to the AC 

power supply (Musumeci 2021). 

 

When examining a typical AC-DC LED driver architecture, it can be seen that 

the system consists of multiple functional layers. The electromagnetic 

interference (EMI) filter located at the input stage is used to suppress 

interference that may come from the mains and to limit the electromagnetic 

noise that the driver may emit into the environment. EMI filters are of critical 

importance, especially in switched-mode power electronics circuits, in terms 

of compliance with legal regulations(Musumeci 2021). 

Following the EMI filter, a rectifier stage is typically included. This stage 

rectifies the alternating voltage to produce a smooth DC voltage. Classic 

bridge rectifier structures are widely preferred due to their simplicity and 

reliability. However, the voltage obtained after the rectification process 

contains high ripple and is not suitable for directly powering LED modules. 

For this reason, there is usually a DC filtering stage at the rectifier output. 

One of the fundamental problems encountered in AC-powered LED drivers is 

the non-sinusoidal nature of the input current, which results in a low power 

factor and high harmonic distortion. This situation creates an additional load 

on the grid and negatively affects energy quality. For this reason, the use of 

power factor correction (PFC) circuits has become widespread, especially in 

medium and high-power LED lighting systems(Esteki, Darvishrahimabadi, et 

al. 2023; Gürçam and Almalı 2023). 

PFC circuits aim to increase the power factor by aligning the input current 

with the mains voltage and making it as sinusoidal as possible. Two main 

approaches are defined in the literature: passive and active PFC methods. 

Passive PFC solutions are typically implemented using large inductors and 

capacitors, but they have limited applications today due to their volume and 

weight disadvantages. In contrast, active PFC circuits offer more compact and 

high-performance solutions thanks to their switched structures(Bodetto et al. 

2017; Wang et al. 2018). 
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AC-powered LED drivers typically feature a DC-DC converter stage 

following the PFC stage, which performs current regulation. This stage 

ensures the safe operation of LEDs by providing a constant and controlled 

current to the LED modules. Flyback, buck, boost, and LLC resonant 

topologies are among the DC-DC converter structures commonly used in AC-

DC LED drivers. The choice of topology varies depending on factors such as 

power level, isolation requirements, and cost(Cheng et al. 2019; Le Minh et 

al. 2008; Poorali and Adib 2016). 

AC-powered LED drivers are classified as single-stage and multi-stage 

systems based on their structure. In single-stage drivers, rectification, power 

factor correction, and current regulation are performed through a single power 

electronics stage. While this approach offers the advantage of reducing circuit 

complexity and cost, it also presents disadvantages such as control difficulties 

and limited performance(Suganthi, Sundararaman, and Sethuraman 2022). 

In multi-stage AC-DC LED drivers, PFC and current regulation are designed 

as separate layers. This structure provides a higher power factor, low harmonic 

distortion, and a more stable output current(Lee et al. 2016; Lee, Nguyen, and 

Rim n.d.). The literature shows that two-stage driver topologies are preferred, 

especially in high-power street lighting and industrial applications. However, 

multi-stage structures have disadvantages in terms of cost and volume 

compared to single-stage solutions(Esteki, Darvishrahimabadi, et al. 2023). 

Efficiency is one of the most critical performance indicators in AC-powered 

LED drivers. Rectification losses, switching losses, and transmission losses 

directly affect overall efficiency. Particularly under low load conditions, the 

fixed losses generated by control circuits and auxiliary supplies cause 

efficiency to drop. This necessitates a detailed analysis of the efficiency-load 

characteristics(Zhang et al. 2024). 

New generation AC-DC LED drivers developed in recent years offer higher 

efficiency and stable operation across a wider load range thanks to advanced 

semiconductor technologies and digital control methods. In particular, wide 

bandgap semiconductors and high-frequency switching techniques both 

increase power density and reduce the size of passive components. These 

developments significantly push the performance limits of AC-powered LED 

drivers(King and Alvarez-Bada 2020). 
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2.2  DC-Powered LED Drivers 

 

DC-powered LED drivers are preferred in lighting systems that use direct 

current sources instead of alternating current mains as the input source. 

Battery-based systems, solar energy applications, wind energy-supported 

hybrid structures, DC microgrids, and Power-over-Ethernet (PoE)-based 

lighting solutions are among the main application areas where DC-powered 

LED drivers are widely used. The absence of an AC-DC conversion stage in 

such systems provides a significant advantage in terms of improving overall 

system efficiency(Latin and Transactions 2021). 

In LED systems using DC power sources, the primary function of driver 

circuits is to convert the DC voltage supplied at the input into constant current 

levels suitable for the requirements of the LED modules. Due to the current-

controlled structure of LEDs, an effective regulation mechanism is required to 

prevent fluctuations in the input voltage from being reflected in the LED 

current. In this context, DC-powered LED drivers are typically implemented 

using switched DC-DC converter topologies(Pallapati and Chinthamalla 

2024). 

Figure 5 shows the topologies of non-isolated converters for LED driver 
circuits in the following order: (a) Buck converter, (b) Boost converter, 
(c) Buck-boost converter, (d) Cuk converter, (d) SEPIC converter, and (e) 
Zeta converter. 

Figure 5 Non-isolated converters for LED driver circuits. (a) Buck converter, (b) 

Boost converter, (c) Buck-boost converter, (d) Cuk converter, (e) SEPIC converter, 

(f) Zeta converter (Esteki, Khajehoddin, et al. 2023; Musumeci 2021) 
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In the literature, the most commonly used topologies among DC-DC 

converter-based LED drivers are Buck, Boost, Buck-Boost, SEPIC, and Cuk 

converters. Buck converter-based drivers are preferred when the input voltage 

is higher than the LED string voltage and offer high efficiency advantages due 

to their simple structure. In contrast, boost converters are used in applications 

where the input voltage is lower than the LED string voltage.(Musumeci 

2021). 

Buck-Boost and SEPIC topologies offer suitable solutions for applications 

where the input voltage can vary both below and above the LED module 

voltage. Especially in battery-based systems, where the input voltage can vary 

over a wide range, the use of such flexible topologies is necessary. However, 

these topologies also have disadvantages such as more complex control 

structures and relatively lower efficiency values(Poorali and Adib 2016). 

The isolation requirement for DC-powered LED drivers varies depending on 

the application. In low-voltage systems where there is no risk of direct contact 

with the user, non-isolated topologies can be preferred, thereby gaining 

advantages in terms of both cost and efficiency. On the other hand, isolated 

DC-DC converters are used in high-voltage applications or those where safety 

standards are paramount. Flyback and forward-based structures are commonly 

preferred in isolated DC LED drivers(Esteki, Khajehoddin, et al. 2023; 

Gürçam and Almalı 2023; Poorali and Adib 2016). 

Figure 6 shows the classification of single-stage LED drivers based on their 

power consumption values. 

 

Figure 6 Classification of single-stage LED drivers based on power consumption 

values (Musumeci 2021). 
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The flyback converter is widely used in low-power applications due to its 

simple structure and low cost(Cheng et al. 2019; Gürçam and Almalı 2023). 

However, the requirement to store energy in the magnetic component limits 

efficiency and electromagnetic interference performance as power levels 

increase. The half-bridge converter distributes the input voltage across two 

switching devices, enabling more balanced operation. This topology provides 

acceptable efficiency in medium-power applications. The push-pull converter 

improves magnetic utilization by exciting the transformer core in both 

directions. Nevertheless, the high voltage stress on the switches requires 

careful design(Musumeci 2021). The full-bridge converter applies the full 

input voltage to the transformer, allowing high power transfer and improved 

efficiency(Trong et al. 2014). However, the increased number of switches 

results in higher circuit complexity and cost. The LLC half-bridge converter 

employs soft-switching characteristics to reduce switching losses and EMI. 

As a result, high efficiency is achieved in medium- and high-power ranges. 

The LLC full-bridge converter combines resonant operation with a full-bridge 

configuration. This approach delivers superior efficiency, high power density, 

and stable performance over a wide load range at very high power 

levels.(Chen, Li, and Chen 2012). 

Control methods in DC-powered LED drivers are of great importance in terms 

of precisely and stably regulating the output current. Current-mode control, 

voltage-mode control, and digital control approaches are among the methods 

frequently examined in the literature. Current-mode control is widely used in 

LED driver applications due to its advantages such as fast dynamic response 

and natural overcurrent protection. 

When evaluated in terms of efficiency, DC-powered LED drivers generally 

offer higher performance compared to AC-powered drivers. The main reason 

for this is the absence of additional conversion stages such as rectification and 

power factor correction. However, the switching frequencies of DC-DC 

converters, semiconductor selections, and passive component losses are 

among the key factors determining overall efficiency. 

Efficiency-load characteristics in DC-powered LED drivers are of critical 

importance, particularly in battery-based systems. The constant power 

consumed by the driver under low load conditions can negatively affect the 

system's overall energy efficiency. Therefore, new-generation DC LED 

drivers are optimized to provide high efficiency across a wide load range. 

Light load modes, adaptive switching frequency, and advanced control 

algorithms are the primary methods used for this purpose. 

In recent years, the proliferation of DC microgrids and renewable energy-

based systems has further increased the importance of DC-powered LED 

drivers. In these systems, LED lighting solutions are compatible with energy 
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storage systems and can be integrated with smart control infrastructures. In 

this context, DC-powered LED drivers are considered one of the cornerstones 

of future smart and sustainable lighting systems. 

3. SINGLE-STAGE AND MULTI-STAGE DRIVER 

TOPOLOGIES 

 

LED driver circuits are classified as single-stage and multi-stage structures 

depending on the number of power electronics layers used in the energy 

conversion process. This classification directly affects the circuit complexity, 

cost, efficiency, power quality, and control strategies of the drivers. The 

literature indicates that both approaches offer specific advantages and 

limitations for different power levels and application areas. 

Figure 7 shows the structure of LED drivers. (a) Single-stage. (b) Two-stage. 

(c) Integrated stage driver structures are given. 

 

Figure 7 shows the structure of LED drivers. (a) Single-stage. (b) Two-stage. (c) 

Integrated stage (Pallapati et al. 2022). 

 

A single-stage LED driver performs power factor correction and output 

current regulation within a single power conversion stage, which leads to a 

compact structure and reduced system cost(Chen et al. 2012; Gürçam and Nuri 

Almalı 2025; Liu et al. 2017). A two-stage LED driver separates the power 

factor correction function from the DC–DC current regulation stage, allowing 

improved efficiency and more stable LED current control (Mukherjee et al. 

2021; Wang et al. 2014).An integrated-stage LED driver merges the functional 
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advantages of single-stage and two-stage architectures within a unified 

topology, reducing component count while maintaining high power quality 

and reliable current regulation(Pallapati and Chinthamalla 2024). 

To overcome the large size and high cost of two-stage converters, integrating 

the PFC cell and PC cell is a suitable method adopted by many topologies. For 

an integrated type, a switch is used to control the PFC function and the PC 

function simultaneously, thus reducing the number of power 

switches(Pallapati et al. 2022). 

Figure 8 shows the block diagram for the classification of AC-DC LED driver 

circuits. 

 

Figure 8 Shows the block diagram for the classification of AC-DC LED driver 

circuits(Castro et al. 2019) (Musumeci 2021). 

 

In single-stage LED drivers, basic functions such as rectification, power factor 

correction, and current regulation are performed through a single power 

electronics stage. This approach offers significant advantages in terms of cost 

and volume by reducing the number of circuit elements. Single-stage drivers 

are widely preferred, especially in low and medium-power lighting 

applications, due to their simple structure(Gürçam and Nuri Almalı 2025).  



42 

One of the most important advantages of single-stage driver topologies is their 

ability to provide high power density. The use of a single switching stage 

reduces the number of passive components and allows the driver circuit to be 

designed in a more compact structure. However, single-stage structures 

require more complex algorithms in terms of control and necessitate careful 

optimization during the design process(Bodetto et al. 2015, 2017; Musumeci 

2021; Wang et al. 2018). 

One of the main challenges encountered in single-stage LED drivers is the 

difficulty in simultaneously achieving power factor and output current 

regulation. In such systems, a balance must be struck between power factor 

correction performance and output current ripple. The literature reports that 

single-stage drivers generally offer limited power factor performance and that 

harmonic distortion problems can occur at high power levels. 

In multi-stage LED drivers, however, the energy conversion process is divided 

into multiple power electronics layers. In a typical two-stage driver structure, 

the first stage performs the power factor correction function, while the second 

stage is responsible for regulating the LED current. This approach allows each 

layer to be optimized for its specific task, resulting in higher performance 

values.  

The most important advantage of multi-stage drivers is that they offer high 

power factor and low total harmonic distortion values. This feature is of great 

importance, especially in lighting systems where grid standards are strict and 

operate at high power levels. In addition, the more stable output current 

contributes to reducing light ripple in LEDs. 

However, multi-stage LED drivers contain more circuit elements compared to 

single-stage designs, and therefore may be disadvantageous in terms of cost 

and size. Furthermore, the presence of multiple switching stages can increase 

total switching losses and negatively affect the driver's efficiency-load 

characteristics. Therefore, in multi-stage driver design, each layer must be 

carefully optimized to operate efficiently. 

Comparative studies in the literature show that single-stage drivers offer 

sufficient performance in low-power applications, but multi-stage designs 

become more advantageous as the power level increases. It is observed that 

two-stage drivers are widely used, especially in street lighting and industrial 

LED systems. In such applications, power quality and long-term stable 

operation take precedence over cost criteria. 

New generation LED driver topologies developed in recent years aim to 

combine the advantages of single and multi-stage designs. Thanks to 

integrated control techniques, digital signal processing-based control 

algorithms, and advanced semiconductor technologies, higher power factors 
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and efficiency can be achieved in single-stage drivers, while losses can be 

minimized in multi-stage designs. These developments are enabling a 

reassessment of traditional approaches in LED driver design. 

4. DİMMİNG TECHNİQUES İN AC LED SYSTEMS 

In LED lighting systems, dimming is considered a critical function not only 

for adjusting light levels but also for achieving energy savings, increasing user 

comfort, and extending system lifespan. The semiconductor-based structure 

and fast switching capabilities of LEDs allow for more flexible and precise 

dimming methods compared to traditional lighting sources. Therefore, 

dimming techniques have become an integral part of LED driver design. 

Figure 9 shows the dimming methods for AC systems. 

 

Figure 9 Shows the dimming methods for AC systems(Esteki, Khajehoddin, et 

al. 2023) 

Dimming methods are generally classified into two main groups: input-side 

dimming methods and methods where the output current is directly controlled. 

Input-side dimming methods offer advantages, particularly in terms of 

compatibility with existing AC infrastructures, while output-side dimming 

techniques allow for more precise control of the LED current. Both 

approaches have specific advantages and limitations(Esteki, Khajehoddin, et 

al. 2023). 

One of the most common dimming methods in AC-powered LED systems is 

phase-cut dimming. In this method, a certain portion of the mains voltage is 

cut off, reducing the effective voltage applied to the LED driver. Phase-cut 

dimming is widely preferred, especially in residential applications, due to its 

compatibility with existing dimming infrastructures. However, in this method, 

the distortion of the input voltage can negatively affect the stability of the 

driver circuit and lead to light fluctuation problems.  
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Phase-cut dimming is implemented in two different ways: forward phase and 

backward phase. Forward phase-cut dimming is used in older and simpler 

dimming circuits, while backward phase-cut dimming offers a more 

compatible structure with modern electronic drivers. In the literature, it is 

stated that backward phase-cut dimming works more stably with LED drivers 

and reduces electromagnetic interference levels(Bodetto et al. 2015). 

Among the dimming techniques applied on the output side, analog current 

dimming and pulse width modulation (PWM) based dimming methods stand 

out. In the analog dimming method, the light level is controlled by directly 

reducing the average current value passing through the LED. This approach 

offers the advantage of low flicker and simple control structure, but it can 

cause optical problems such as color shift at low current levels. 

In the PWM dimming method, LEDs are fed with constant amplitude current 

pulses, and the light level is adjusted by changing the pulse width. The PWM 

method offers a significant advantage in terms of color stability because it 

ensures that the peak value of the LED current remains constant. Therefore, 

PWM dimming is widely preferred, especially in high-quality lighting and 

display applications. However, if the switching frequency used in the PWM 

method is not chosen to be high enough, light flickers that can be perceived 

by the human eye may occur. 

The effect of dimming techniques on LED driver efficiency is another 

important issue frequently studied in the literature. At low dimming levels, 

constant losses of the driver circuits become dominant, and system efficiency 

decreases. This situation can lead to a failure to achieve the expected gain, 

especially at low light levels where energy saving is targeted. Therefore, new 

generation LED drivers are designed to provide high efficiency even under 

light load conditions. 

The light flickering problem that occurs with dimming is considered an 

important parameter in terms of user comfort and health. Studies in the 

literature show that low-frequency light fluctuations can lead to negative 

effects such as eye strain, headaches, and distraction. Therefore, control 

strategies are being developed to reduce flicker levels in modern LED drivers. 

With the increasing popularity of smart lighting systems in recent years, 

digital dimming protocols have also gained importance. Communication-

based dimming systems such as DALI and DMX offer centralized and 

synchronized control, making energy management more efficient. In such 

systems, LED drivers function not only as power electronics circuits but also 

as communication and control units. 
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5. EFFICIENCY AND LOAD CHARACTERISTICS OF LED 

DRIVES 

In LED driver circuits, efficiency is a fundamental performance indicator 

showing how much of the electrical power drawn from the input can be 

transferred to the LED module as useful power. In modern lighting systems 

where energy efficiency is paramount, the efficiency characteristic of the 

driver circuit should be evaluated not only at the nominal operating point but 

also throughout the entire load range. Especially in LED systems operating 

under dimming and variable load conditions, the efficiency-load relationship 

becomes a critical factor determining total energy consumption(Esteki, 

Darvishrahimabadi, et al. 2023; Esteki, Khajehoddin, et al. 2023).  

Figure 10 shows the efficiency variation of the LED driver depending on the 

load ratio. At low load levels, the efficiency is low due to the effect of constant 

losses, and as the load increases, the efficiency increases and reaches its 

maximum value around the nominal load. In operating conditions close to full 

load, a slight decrease in efficiency is observed due to the increase in 

conduction and switching losses.  

As can be seen from the voltage and current (VI) characteristic of LEDs in 

Figure 10, the voltage of the LED is inversely proportional to the temperature; 

in particular, the voltage of the LED decreases when the temperature 

increases. If the LED is powered from a voltage source, the LED current 

increases rapidly when it operates for a long time and the temperature 

increases, which causes the temperature to rise.(Celidonio et al. n.d.). 

Figure 10 shows the voltage and current (VI) characteristic of LEDs. 

 

Figure 10. Voltage and current (VI) characteristic of LEDs. (Celidonio et al. n.d.) 
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In conclusion, if heat cannot be dissipated in time, the current will increase 

until the LED burns out. However, if a constant current source is adopted, the 

increase in temperature will only cause a voltage drop that does not damage 

the LEDs. Therefore, LEDs should always be driven by a constant current 

source(Celidonio et al. N.d.) 

If the drop-off effect of the LED is ignored, as shown in Figure 11, the 

luminous efficiency of the LED is directly proportional to its forward current 

when the junction temperature is constant(Lee et al. 2016). However, since 

non-radiative recombination increases with temperature, the growth rate of the 

luminous efficiency will slow down when the forward current reaches a 

certain level. Therefore, junction temperature must also be considered in 

practical applications.  

Figure 11 shows the relationship between the forward current and luminous 

efficiency of the LED. 

 

 

Figure 11. Relationship between forward current and luminous efficiency of LED. 

(Celidonio et al. N.d.). 

 

The efficiency of LED drivers varies depending on many parameters such as 

driver topology, semiconductor components used, switching frequency, and 

control strategies. Generally, when efficiency curves are examined, it is 

observed that drivers reach their maximum efficiency value around the 

nominal load, and efficiency decreases in low and high load regions. This is 

directly related to the loss mechanisms that become dominant at different load 

levels. Figure 12 shows the output voltage-current characteristic of a constant 

current controlled LED driver. While the LED current is kept constant, the 

output voltage changes depending on the electrical characteristics of the LED 
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array. This characteristic confirms the driver's constant current regulation 

capability(Musumeci 2021; Wang et al. 2018). 

 Figure 12 Shows the LED Driver Load Characteristic (Constant Current 

Mode). 

 

 

Figure 12. I-V curve characteristic for a white LED(Musumeci 2021) 

Under low load conditions, constant losses are prominent in LED drivers. The 

power consumed by the control circuits, in-driver auxiliary supplies, and 

switching losses constitute a significant proportion compared to the low output 

power. Therefore, driver efficiency decreases significantly at light loads and 

low dimming levels. Studies in the literature show that low load efficiency is 

a serious limitation, especially in conventional LED drivers(Musumeci 2021). 

As the load level increases, conduction losses become dominant in driver 

circuits. The conduction resistances of power switches, voltage drops in 

rectifier elements, and copper losses in magnetic components cause a decrease 

in efficiency at high current levels. Therefore, a balance between conduction 

and switching losses must be established in the selection of semiconductors 

used in driver design. 

In AC-powered LED drivers, the efficiency-load characteristics exhibit a more 

complex structure due to the presence of rectification and power factor 

correction stages. Especially under low load conditions, the efficiency of PFC 

circuits decreases significantly, negatively affecting the overall driver 

efficiency. Therefore, various PFC control strategies aimed at improving light 

load efficiency are proposed in the literature(Vishnuram et al. 2025). 
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In DC-powered LED drivers, the efficiency-load characteristics generally 

exhibit a more advantageous profile. The absence of rectification and PFC 

stages makes it possible to achieve higher efficiency values even in low load 

regions. However, as the switching frequencies of DC-DC converters 

increase, the effect of switching losses on the total efficiency can increase. 

This is a point that needs to be considered, especially in high-frequency 

compact designs.  

There are significant differences in efficiency-load characteristics between 

single-stage and multi-stage LED drivers. Single-stage drivers can offer high 

efficiency at low and medium load levels due to having fewer conversion 

stages. However, control difficulties and increased losses under high load 

conditions lead to decreased efficiency. In contrast, multi-stage drivers offer 

a more stable efficiency profile over a wide load range; however, constant 

losses caused by additional layers under low load conditions can limit 

efficiency. 

Dimming applications make efficiency-load characteristics even more critical 

in LED drivers. At low dimming levels, the driver output power decreases, but 

the driver's internal consumption remains largely constant. This leads to a 

significant decrease in system efficiency at low light levels. The literature 

shows that new generation LED drivers are trying to overcome this problem 

with light load modes, adaptive switching frequency, and modular control 

approaches. 

Advanced control techniques used in new generation LED drivers play a 

significant role in improving efficiency-load characteristics. Digital control-

based drivers can dynamically adjust the switching frequency and control 

parameters depending on the load condition. In this way, efficiency can be 

increased and energy losses can be minimized in both low and high load 

regions. 

The increasing use of wideband gap semiconductors in LED drivers provides 

significant improvements in efficiency-load characteristics. These types of 

semiconductors reduce both conduction and switching losses thanks to their 

lower conduction resistances and faster switching capabilities. Thus, drivers 

can operate with high efficiency over a wider load range.  

In conclusion, studies in the literature show that efficiency-load characteristics 

in LED drivers are not only an indicator of instantaneous performance but also 

a decisive criterion in terms of the long-term energy consumption and 

sustainability of the system. Therefore, when comparing traditional and new 

generation LED drivers, it is necessary to evaluate efficiency profiles covering 

the entire load range rather than just nominal efficiency values. 
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 CONCLUSION 

 

This study analyzes LED driver systems by focusing on power supply types, 

topological configurations, dimming techniques, and efficiency–load 

characteristics. The literature indicates that LED driver design is not limited 

to electrical power conversion. It represents a multidisciplinary engineering 

field that addresses energy efficiency, power quality, user comfort, and system 

sustainability. 

 Traditional LED drivers are generally designed based on constant load 

conditions and nominal operating points. While this approach allows for high 

efficiency values in laboratory settings, it leads to a decrease in performance 

under variable load and dimming conditions encountered in real-world use 

scenarios. In the literature, this situation is associated with efficiency losses 

and increased light fluctuation problems, especially at low load levels. AC-

powered LED drivers offer significant advantages in terms of compatibility 

with existing grid infrastructure.  

However, the presence of rectification and power factor correction layers 

negatively impacts efficiency-load characteristics, especially under low load 

conditions. In contrast, DC-powered LED drivers have a high efficiency 

potential due to their simpler energy conversion chain. The literature 

emphasizes the increasing importance of DC-powered LED drivers with the 

widespread adoption of DC microgrids and renewable energy-based systems. 

Comparisons between single-stage and multi-stage driver topologies yield 

different results depending on design objectives. Single-stage drivers stand 

out in low and medium-power applications due to their low cost and high 

power density advantages. However, as power levels increase and grid 

standards tighten, multi-stage drivers offer more stable and high-performance 

solutions. This highlights the importance of application-specific optimization 

rather than the absolute superiority of any single approach in the literature. 

When examining dimming techniques, it is evident that a delicate balance 

must be struck between energy saving objectives and light quality. Input-side 

dimming methods are compatible with existing infrastructures, while output-

side dimming techniques allow for more precise control of the LED current. 

The literature indicates that PWM-based dimming is advantageous in terms of 

color stability, but can lead to flicker problems if the appropriate frequency 

selection is not made. 

Evaluations in terms of efficiency-load characteristics show that expressing 

the performance of LED drivers solely through nominal efficiency values is 

insufficient. Especially in dimming applications and under variable load 

conditions, the light load performance of drivers becomes a critical factor 
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determining total energy consumption. In this context, the literature reveals 

that new generation LED driver designs focus on increasing low-load 

efficiency. 

Digital control techniques and advanced semiconductor technologies used in 

new generation LED drivers are among the common trends highlighted in the 

literature. Digital control provides a wide efficiency range by offering 

adaptive operation depending on load conditions. The use of wide-bandgap 

semiconductors improves power quality by reducing both transmission and 

switching losses. 

When the literature is evaluated generally, it is seen that future trends in LED 

driver design are shaped towards higher energy efficiency, lower light ripple, 

intelligent control capabilities, and integration with sustainable energy 

systems. These trends show that LED drivers are becoming not only an 

auxiliary component but also an active and intelligent part of lighting systems. 

In conclusion, this literature review reveals that efficiency-load characteristics 

should be considered as a central criterion in comparing traditional and new 

generation LED drivers. Future studies involving long-term measurements 

representing real-world use cases and experimental evaluation of adaptive 

control strategies will significantly contribute to the development of LED 

driver technologies. 
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ABSTRACT 

 

Aggregation is one of the core behaviors in swarm robotics and often 

acts as a stepping stone to coordinated motion, task allocation, and formation 

keeping. This chapter reviews how aggregation is produced in robot swarms, 

focusing on two major lines of work: signal-based models and self-

organizing models, and how their local rules shape global dynamics. 

Optimization is then discussed through the objectives most commonly used 

in practice, such as reducing aggregation time, minimizing travel distance, 

and reducing energy consumption. It is common practice to use simulation to 

evaluate large physical swarms, as these are costly to build and maintain. 

The following tools are therefore considered: Webots, ARGoS, Gazebo, 

CoppeliaSim, and Swarmulator are some of the platforms that can be used. 

Overall, performance depends strongly on operating conditions rather than 

on a single best method, and recent studies increasingly rely on hybrid 

designs that combine signaling, probabilistic decision rules, artificial physics 

interactions, and learning components to handle noise and environmental 

change. 

 

Keywords – Swarm Robotics, Aggregation, Self-Organization, Optimization, 

Simulation environments.  

 

INTRODUCTION 

 

Robotic systems are increasingly being used in a broader range of 

complex and challenging environments. Since single robots often reach their 

practical limits, multi-robot coordination has been a frequently studied topic 

in recent research. Swarm robotics is one response: many simple robots 

cooperate without a central controller, yet still complete a shared task (Dias 

et al., 2021; Schranz et al., 2020). The appeal is not just about scale. 

Distributed decision-making, tolerance to individual failures, and 

adaptability in response to changing conditions are generally considered to 

be the defining properties of a swarm system (Kegeleirs and Birattari, 2025; 

Milner et al., 2023). These properties are well-suited to missions such as 

exploration, search and rescue, surveillance, environmental monitoring, and 

warehouse operations, in which robots may need to cluster, split, regroup, or 

reshape their spatial arrangement as conditions change (Cengiz et al., 2025; 

Nguyen, 2024). 

Aggregation is one of the basic collective behaviors used for that 

purpose. In aggregation, robots concentrate in a region based on local 

sensing and nearby interactions, rather than relying on global commands. 

Many studies treat it as a building block for more advanced swarm 

capabilities, including coordinated motion and structured group behaviors 

(Misir and Gökrem, 2021). It is also operational effectively: aggregation can 
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create an initial formation and can be triggered again to reorganize the 

swarm during a mission. For this reason, aggregation continues to attract 

work on modeling, control design, and performance improvement (Sadeghi 

Amjadi et al., 2024). 

Several algorithmic families are commonly used to generate 

aggregation. Signal-based approaches rely on explicit or implicit cues 

exchanged between robots (Sadeghi Amjadi et al., 2022). Self-organizing 

models produce clustering through local rules, including probabilistic 

decision mechanisms, artificial-physics interactions, or evolutionary design 

choices (Kuckling, 2023; Wu et al., 2023). More recently, learning-based 

controllers have also been explored, especially when the environment is 

noisy or difficult to model directly (Abdelli et al., 2024; Sadeghi Amjadi et 

al., 2024). Each approach entails trade-offs related to sensing quality, 

communication limitations, and task constraints. As the size of the swarm 

grows, these trade-offs become more significant, and scalability often 

becomes the main limiting factor rather than the underlying behavioral 

principles. 

This chapter is organized around that viewpoint. The aggregation 

approaches are grouped and compared, then discussed alongside the 

evaluation metrics and optimization objectives most frequently used to 

evaluate performance. The aim is to demonstrate the strengths and 

weaknesses of each method, identify areas where they break down, and 

explain why hybrid solutions are becoming increasingly common. 

 

BASIC CONCEPTS AND THEORETICAL FRAMEWORK 

 

Basic Features of Swarm Robots 

Swarm robotics studies how large groups of relatively simple robots 

can achieve capabilities that would be difficult for a single platform. Control 

is typically distributed: each robot reacts to local sensing and nearby 

interactions rather than to a global commander. The idea was inspired by 

biological swarms, in which coordinated group patterns emerge from the 

basic individual behaviors of their members. In practice, this style of control 

is attractive when a system must scale to many agents and remain functional 

even when some units fail. Although sensing and computation are limited at 

the individual level, the group can still exhibit collective behavior, share the 

workload, and adapt to environmental changes. 

A small set of system-level expectations consistently reappears across 

swarm robotics studies (Dorigo et al., 2021). While the emphasis varies 

depending on the application, three features are generally considered non-

negotiable: flexibility, scalability, and robustness. Flexibility is primarily 

concerned with continuity. When tasks change or a robot drops out, the 

swarm should continue moving by reallocating work or reshuffling roles 

rather than stopping (Dias et al., 2021; Schranz et al., 2020). Scalability is 



58 

the second critical feature. A controller that works for ten robots should be 

able to cope with fifty, and performance should not deteriorate when robots 

are removed (Milner et al., 2023; Schranz et al., 2020). Robustness addresses 

the complexities of real-world settings, including noisy sensing, cluttered 

spaces, uneven terrain, and other disturbances that deviate from ideal 

conditions (Milner et al., 2023; Schranz et al., 2020). Many platforms also 

add mission-specific features on top of this baseline. Depending on the 

mission, designers often add features beyond the usual baseline. Autonomy, 

self-organization, self-assembly, decentralized control, and stigmergy are 

common examples (Calderón-Arce et al., 2022; Kano et al., 2020; 

Madridano et al., 2021; Mavrovouniotis et al., 2017; Salman et al., 2024). In 

this context, autonomy refers to a robot's ability to act on its local sensory 

inputs without requiring constant operator intervention. Self-organization 

refers to coordination that forms through repeated interactions rather than a 

precomputed plan. Self-assembly goes further by allowing robots to connect 

– physically or functionally – when the task demands a tighter, more 

integrated unit. Decentralized control follows the same philosophy: no leader 

is required, and decisions remain local, spreading through neighbor-to-

neighbor effects. Stigmergy refers to indirect coordination through the 

environment. For instance, when robots modify a shared medium or leave 

traces that influence the later actions of others, in a way loosely analogous to 

pheromone trails in insect colonies. 

Taken together, these properties shape both software design and 

hardware selection in swarm systems. They also serve as practical 

constraints when designing aggregation algorithms, as the desired 

aggregation behavior must remain stable under noise, scale with the swarm 

size, and degrade gracefully when robots fail. 

 

Types of Collective Behavior 

Swarm robotic tasks are typically composed of a small set of recurring 

group behaviors. Robots do not require global maps for these patterns to 

appear; instead, they adjust their heading and spacing using cues from 

nearby neighbors and the local environment. In practice, the literature most 

often discusses five families of behaviors: aggregation, dispersion, 

clustering, formation control, and exploration & navigation (Kaiser and 

Hamann, 2020). 

Aggregation describes the tendency of robots to concentrate in a 

region and stay together. Dispersion does the opposite: agents spread out to 

maintain separation and improve area coverage, which is beneficial for 

scanning and search operations. Clustering sits between the two, allowing 

the swarm to split into subgroups in response to local stimuli or interaction 

patterns. Formation control focuses on keeping a geometric shape while 

moving, whereas exploration and navigation behaviors emphasize 

coordinated motion for collecting information over a wider area. 
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These behaviors rarely appear in isolation. Many applications switch 

between them during a mission, sometimes running two simultaneously. 

Aggregation is often treated as a starting point, as gathering the swarm is a 

simple way to initiate coordination before transitioning to more structured 

behaviors. 

 

CLASSIFICATION OF AGGREGATION BEHAVIORS 

 

Aggregation is one of the most extensively studied collective 

behaviors in swarm robotics and is often regarded as a fundamental building 

block for higher-level swarm functions (Misir and Gökrem, 2021). It arises 

when robots adjust their heading and speed based on local cues such as 

neighbor positions, simple signals, or environmental stimuli, until a compact 

group forms and remains stable in a region. For this reason, aggregation is 

usually described with agent-based models. Each robot is represented by a 

small set of state variables and a local update rule, together with an 

interaction range that limits what can be sensed or communicated. Common 

modeling choices include potential-field formulations, probabilistic decision 

rules, and other local rule sets that generate clustering through repeated 

interactions with neighbors. Without a central coordinator, stability and 

accuracy largely depend on how these local rules handle noise, density 

changes, and boundary effects. 

A wide range of algorithms has been proposed to generate and 

regulate aggregation, and they are grouped here into two main categories 

(Figure 1). The first category covers signal-based approaches, where robots 

respond to direct or indirect cues exchanged within the swarm (Hunt et al., 

2019; Sadeghi Amjadi et al., 2022; Talamali, 2020). The second category 

encompasses self-organizing approaches, which include probabilistic models 

(Firat et al., 2020; Katada, 2018), distributed control (Parhizkar et al., 2020; 

Salimi, 2021), artificial physics–based approaches (Khaldi et al., 2019; Wu 

et al., 2023), and evolutionary approaches (Kuckling, 2023). This taxonomy 

clarifies the factors that influence aggregation within each family, 

facilitating a more straightforward comparison of the strengths, limitations, 

and suitable operating conditions of different methods. 
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Figure 1. Classification of aggregation behaviors 

 

This section examines the aggregation approaches in a structured way. 

Each family is described through the assumptions it makes, the modeling 

choices it relies on, and the type of control rule it implements. The 

approaches are compared by looking at their convergence speed, scalability, 

robustness under noise, and computational cost in typical use cases. The aim 

is to clarify the strengths and weaknesses of each approach, so that the 

algorithmic details in the following sections can be understood in this 

context. 

 

Signal-Based Approaches 

Signal-based approaches cover controllers where robots respond to 

cues circulating within the swarm, either directly or through the environment 

(Sadeghi Amjadi et al., 2022). The policy is usually lightweight: a robot 

samples signals from nearby neighbors and adjusts heading and speed using 

a local rule. Which signal is used depends on what the platform can sense 

and what the setting allows. Common choices range from light or infrared 

sources to short-range RF messages and acoustic cues; in some cases, robots 

also rely on environmental traces that support stigmergy coordination 

(Nguyen, 2024). Since each robot only reacts within a limited sensing radius, 

the group-level cluster forms through repeated interactions with neighbors, 

rather than through centralized planning (Jones and Hauert, 2025). This is 

also why these approaches scale easily. 

Signal-based approaches are efficient. They are easy to implement, 

and the computations are inexpensive, meaning the controller can run on 

limited hardware. The weak point is the sensing channel itself. Noise, 

interference, occlusion, and changes in lighting can distort the sensed signal 

and undermine its reliability. Light and infrared-based setups are especially 

affected when the cue is partially blocked or misunderstood; clustering may 

slow down, and the group can become unstable. This is why many signal-

based demonstrations report strong results indoors, while deployments in 
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open or variable conditions often need additional filtering, redundancy, or 

recovery logic (Brenes-Torres et al., 2022). 

This trend is also visible in prior studies. Hunt et al. formed clusters 

by steering robots toward a fixed light source (Hunt et al., 2019). Talamali et 

al. demonstrated that simple rules driven by signal intensity can lead to the 

formation of structured patterns (Talamali, 2020). Sadeghi Amjadi et al. 

improved both convergence speed and robustness by adapting the signaling 

mechanism under changing conditions (Sadeghi Amjadi et al., 2022). In 

practice, signal-based aggregation works best when the sensing channel 

stays reasonably stable; otherwise, it is commonly combined with self-

organizing or optimization-oriented elements to keep the behavior from 

becoming fragile. 

 

Self-Organizing Approaches 

A self-organizing approach does not require a leader or a central 

controller. Each robot reacts to local information, and clustering appears 

through repeated neighbor interactions. This approach is often preferred in 

large swarms because it scales without heavy coordination and can continue 

to operate when a few robots fail or leave the group. 

There are several ways to implement self-organizing aggregation. 

Probabilistic models enable robots to transition between basic actions (e.g., 

moving, waiting, or exploring) using transition probabilities that are adjusted 

according to local density or environmental feedback. Randomness can help 

the swarm to avoid getting stuck and reduce its sensitivity to noisy 

measurements. Artificial physics approaches represent neighbor effects 

through attraction and repulsion terms derived from a potential function. 

Motion follows the potential gradient: attraction pulls robots together, while 

repulsion prevents them from collapsing into a mass. Evolutionary 

approaches differ in that they automatically search for rule sets. Controllers 

are evolved against a fitness function, which can produce interaction patterns 

that would not be obvious through manual design. 

In practice, these methods are valued for their adaptability and 

scalability, but their behavior is not always consistent. Different runs may 

lead to different outcomes, early configurations can bias the final cluster, and 

parameter tuning can become a substantial part of the work. For this reason, 

self-organizing components are often combined with additional optimization 

or support mechanisms to maintain stable performance across various 

conditions. 

 

SWARM ROBOT PLATFORMS AND SIMULATION 

ENVIRONMENTS 

 

Swarm controllers are commonly assessed in two settings: physical 

experiments and simulations. Real robots expose effects that are hard to 



62 

model faithfully, such as sensing noise, mechanical tolerances, wheel–

ground interactions, and practical communication issues. These factors often 

determine whether a controller remains stable outside a controlled setup. 

However, there is a scalability issue. Larger swarms increase costs and 

maintenance requirements, and make experiments more vulnerable to 

failure, as even a small number of errors can cause an entire run to be 

interrupted. 

Simulation is therefore used extensively in swarm robotics research 

(Baumann and Martinoli, 2022; Ligot and Birattari, 2022). It supports large 

swarms, repeatable trials, and controlled variation of key conditions (initial 

configurations, noise levels, and obstacle layouts). It is also helpful during 

the early stages of development for quick parameter adjustments, especially 

when the design is still subject to change (Ligot and Birattari, 2022). Most 

platforms allow the dynamics, sensing, communication, and interaction with 

the environment to be adjusted. Tools such as Webots (Chiu et al., 2024), 

ARGoS (Pinciroli et al., 2011), Gazebo (Alexovič et al., 2022), CoppeliaSim 

(V-REP) (Rohmer et al., 2013), and Swarmulator (Coppola et al., 2021) are 

frequently chosen because they can efficiently run multiple robots and 

provide flexible scenario setup. 

However, simulation is never the whole story. Real platforms often 

differ from ideal assumptions due to factors such as mechanical play, sensor 

drift, uneven surfaces, and irregular communication delays. While such 

effects can be approximated, they are rarely reproduced exactly. 

Consequently, simulation findings should be treated as evidence rather than 

proof. Where possible, final claims should be verified using physical robots. 

Combining these two methods can significantly accelerate the process of 

screening and debugging. However, it is essential to conduct real 

experiments to ensure that the system's performance is maintained when 

faced with practical constraints. 

 

OPTIMIZATION APPROACHES AND PERFORMANCE 

EVALUATION CRITERIA 

 

Quantitative evaluation is essential in swarm robotics. In large 

swarms, even small differences in aggregation speed, cluster stability, and 

operating costs can determine whether a controller is usable. This is why 

aggregation studies are typically framed as optimization problems and then 

evaluated using a shared set of performance indicators. 

A key design choice is the objective function. Most formulations are 

either single-objective or multi-objective (Cengiz, Yılmaz, et al., 2021). 

Single-objective work often targets one dominant criterion, such as reducing 

convergence time (Rasouli et al., 2024; Yılmaz et al., 2024), reducing total 

travel distance (Suiçmez et al., 2021), lowering energy consumption 

(Ziouzios et al., 2025), or reaching a desired density level as quickly as 
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possible (Luan and Thinh, 2023). Other studies treat aggregation as a trade-

off problem and optimize more than one criterion at once – for example, 

time and energy – rather than forcing them into a single scalar score (Cengiz, 

Yilmaz, et al., 2021). In that case, solutions are compared through Pareto-

optimality, and the controller is evaluated across operating conditions by 

inspecting the resulting trade-offs (Ramos et al., 2025). This perspective is 

closer to practice, where objectives frequently conflict (fast aggregation, low 

energy, and safe motion rarely improve together). Instead of one best point, 

the aim becomes a set of non-dominated solutions that outline the achievable 

compromises. Multi-objective methods are typically discussed in three 

families: Pareto-based, decomposition-based, and indicator-based. These 

families, depending on whether they rely on dominance, solve scalarized 

subproblems, or optimize quality indicators for the Pareto set. 

Optimization in aggregation studies also differs in how controllers are 

tuned. Deterministic methods are sometimes used when the model is small 

or the objective is smooth enough to support direct parameter adjustment. 

More commonly, researchers employ heuristics and meta-heuristics when 

the search space is large or discontinuous. Genetic algorithms, particle 

swarm optimization, ant colony optimization, and tabu search are repeatedly 

used to tune rule parameters or to shape the interaction policy that drives 

clustering. A third direction has grown quickly in recent work: learning-

based approaches. Here, decision strategies are learned from interaction data, 

allowing parts of the tuning process to be handled automatically rather than 

through manual calibration. 

Across these studies, evaluation tends to rely on a consistent set of 

metrics: aggregation time, stability of the formed cluster, area coverage, 

collision count, energy or motion cost, and scalability. These indicators 

enable the comparison of methods along time–cost–safety axes and the 

identification of method-specific weaknesses. In short, the effectiveness of 

aggregation algorithms cannot be judged without a careful pairing of 

objectives, metrics, and test scenarios.  

 

RESULTS AND DISCUSSION 

 

The chapter contrasts signal-based and self-organizing approaches to 

aggregation, discussing how they are evaluated and tuned. Across the 

literature, aggregation still comes from local rules. However, the choice of 

model and control style changes what the swarm does in practice: how fast it 

clusters, how stable the cluster is, and how sensitive the behavior is to noise 

or density shifts (Dorigo et al., 2021; Schranz et al., 2020). Signal-based 

approaches are often a good fit for controlled settings because they are 

simple to implement and computationally inexpensive. Self-organizing 

approaches typically perform better when conditions change, sensing 

becomes unreliable, or the environment is not well-behaved (Hénard et al., 
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2023). The implication is straightforward: there is no universal best 

aggregation approach, and selection should follow the constraints of the 

intended deployment. 

Evaluation, therefore, matters as much as the controller itself. 

Measures such as aggregation time, energy or motion cost, collision rate, and 

scalability make the trade-offs visible, allowing methods to be compared on 

a common ground (Milner et al., 2023). Simulation has made this kind of 

comparison easier to do well. Open tools and reusable platforms support 

repeatable experiments, wider parameter sweeps, and systematic stress tests 

– especially in regimes where physical swarms are too costly or too fragile to 

scale up (Baumann and Martinoli, 2022; Ligot and Birattari, 2022). A 

second trend is also clear: aggregation controllers are no longer pure. Many 

recent designs integrate signaling with probabilistic rules, artificial physics 

interactions, and learning components to prevent performance from 

collapsing under changing conditions (Kuckling, 2023; Sadeghi Amjadi et 

al., 2024). 

Even so, large-scale field deployment is still the exception rather than 

the norm. Communication limits, safety and security constraints, and the 

demand for understandable decisions under uncertainty remain open 

problems (Hénard et al., 2023; Kegeleirs and Birattari, 2025; Winfield et al., 

2025). Progress is likely to come from tighter coupling between aggregation 

and three lines of work: uncertainty-aware decision policies, multi-objective 

optimization, and learning-based control. Under noisy sensing, delayed 

information, or intermittent links, probabilistic reasoning and robust 

optimization can prevent brittle behavior. Multi-objective formulations can 

make time–energy–safety trade-offs explicit, rather than hiding them in a 

single score. Learning-based controllers can adapt to new conditions if they 

are equipped with safety checks that mitigate risk while the policy is being 

changed. This combination of adaptation and safety measures is a realistic 

approach to creating swarms that can operate outside controlled 

environments. 
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ABSTRACT 

 

The increasing complexity of modern energy systems, driven by 

renewable energy integration, power electronic interfaces, and stringent 

performance requirements, has intensified the need for effective and robust 

control strategies. Despite the availability of advanced control techniques, 

PID controllers and their structural variants continue to play a dominant role 

in energy system applications due to their simplicity, transparency, and 

practical reliability. However, the performance of PID-based controllers is 

highly dependent on appropriate parameter tuning, which remains 

challenging under nonlinear dynamics, parameter uncertainties, and 

disturbance-prone operating conditions. 

This book chapter presents a design-oriented perspective on 

optimization-based tuning of PID controllers and their variants for energy 

system applications. Rather than providing an exhaustive algorithm-by-

algorithm review, the chapter focuses on structural controller choices, 

general optimization frameworks, and the suitability of recent metaheuristic 

optimization strategies. Classical, enhanced integer-order, and fractional-

order PID structures are discussed in relation to their application domains, 

while a unified optimization framework highlights key design steps such as 

decision variable selection, objective function formulation, and constraint 

handling. Recent metaheuristic optimizers proposed between 2022 and 2025 

are examined through a taxonomy based on search behavior and adaptability, 

emphasizing their relevance to renewable-integrated and disturbance-

dominant energy systems. By synthesizing recent developments into 

practical design guidelines, this chapter aims to support informed controller 

and optimizer selection for both academic researchers and practicing 

engineers. 
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INTRODUCTION 

 

Energy systems have undergone a profound transformation in recent 

decades due to the large-scale integration of renewable energy sources, the 

widespread use of power electronic interfaces, and the increasing demand for 

efficiency, reliability, and operational flexibility. These developments have 

significantly altered the dynamic characteristics of modern energy systems, 

introducing strong nonlinearities, parameter uncertainties, and frequent 

disturbances across a wide operating range (Çelebi et al., 2024; Tran et al., 

2024; Almutairi et al., 2025). As a result, control system design has become 

a critical and challenging task in renewable energy systems, power grids, and 

electromechanical energy conversion processes. 

Despite the rapid development of advanced and intelligent control 

strategies, proportional-integral-derivative (PID) controllers and their 

variants continue to be widely employed in energy-related applications. 

Their popularity stems from their simple structure, ease of implementation, 

robustness, and clear physical interpretation, which are particularly valued in 

industrial energy systems (Heroual et al., 2025). Consequently, instead of 

being replaced, PID controllers have evolved into enhanced structures such 

as filtered PID controllers, two-degree-of-freedom (2-DOF) PID 

configurations, cascaded architectures, and fractional-order PID (FOPID) 

controllers to address the increasing complexity of modern energy systems 

(Boonkirdram et al., 2025; Ba Wazir et al., 2025). 

The performance of PID-family controllers is, however, highly 

dependent on the appropriate selection of tuning parameters. Classical tuning 

techniques, typically derived for linear systems operating around nominal 

conditions, often fail to provide satisfactory performance in energy systems 

characterized by nonlinear dynamics, renewable intermittency, and external 

disturbances (Tran et al., 2024). This limitation has motivated the adoption 

of optimization-based tuning frameworks, in which controller parameters are 

determined by explicitly minimizing well-defined performance indices under 

practical constraints. 

Metaheuristic optimization algorithms have emerged as a powerful 

solution within this framework. Unlike gradient-based or analytical tuning 

methods, metaheuristic optimizers are capable of exploring complex, 

nonconvex, and multimodal search spaces without requiring explicit 

mathematical models of the objective function (Li et al., 2023; Saglam et al., 

2024; Almutairi et al., 2025). Over the last few years, a wide range of 

metaheuristic algorithms have been successfully applied to tune PID and its 

variants in energy systems, including load frequency control, renewable-

integrated power systems, photovoltaic converters, and energy storage 

systems (Heroual et al., 2025; Energies, 2024). 

Recent studies have further demonstrated that enhanced PID 

structures, such as fractional-order and cascaded configurations, can 
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significantly improve transient response, robustness, and disturbance 

rejection capabilities when combined with appropriately designed 

metaheuristic optimization strategies (Almutairi et al., 2025; Tran et al., 

2024). In particular, the additional degrees of freedom provided by 

fractional-order controllers have been shown to be highly effective in energy 

systems exhibiting memory-dependent and slow dynamic behavior 

(Energies, 2024). 

However, the rapid proliferation of metaheuristic algorithms in the 

literature has also introduced a new challenge. Many studies focus on the 

application of a specific optimizer to a specific energy system, often 

emphasizing numerical superiority without providing a systematic 

explanation of the underlying design choices. As a result, the selection of 

controller structures, objective functions, and optimization algorithms 

frequently appears ad hoc, making it difficult for researchers and 

practitioners to generalize findings across different energy applications 

(Heroual et al., 2025). 

This book chapter addresses this challenge by adopting a design-

guideline-oriented perspective on optimization-based PID control in energy 

systems. Rather than presenting an exhaustive algorithm-by-algorithm 

review, the chapter synthesizes recent developments by focusing on the 

relationship between controller architectures, optimization strategies, and the 

dynamic characteristics of energy systems. Special attention is given to 

recent metaheuristic optimizers proposed between 2022 and 2025, which are 

analyzed in terms of their search behavior and suitability for tuning various 

members of the PID family (Almutairi et al., 2025). 

By emphasizing practical design considerations instead of algorithmic 

novelty, this chapter aims to provide a structured and application-oriented 

reference for both academic researchers and practicing engineers working on 

energy system control. 

 

 

 

PID FAMILY CONTROLLERS IN ENERGY SYSTEMS 

 

PID controllers constitute the backbone of control practice in energy 

systems due to their structural simplicity, intuitive parameter interpretation, 

and reliable performance under a wide range of operating conditions. In 

applications such as renewable energy integration, load frequency control, 

photovoltaic power conversion, and electromechanical energy conversion, 

PID-based controllers offer a practical balance between control performance 

and implementation complexity (Heroual et al., 2025; Tran et al., 2024). 
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Figure 1: Classification of PID Family Controllers in Energy Systems 

 

As modern energy systems increasingly exhibit nonlinear dynamics, 

parameter uncertainties, and disturbance-prone operation, the classical PID 

framework has evolved into several structurally enhanced variants. Figure 1 

illustrates a systematic classification of PID family controllers commonly 

employed in energy system applications, grouping them into classical 

controllers, enhanced integer-order structures, and fractional-order control 

architectures. This classification provides a conceptual map for selecting 

suitable PID-based control structures according to the dynamic 

characteristics of the target energy system. 

 

Classical PI and PID Controllers 

Classical PI and PID controllers represent the most fundamental 

members of the PID family, as depicted in Figure 1. These controllers are 

widely used in energy systems where robustness, steady-state accuracy, and 

implementation simplicity are primary requirements. In photovoltaic 

converters, energy storage interfaces, and grid-connected power electronic 

systems, PI controllers are particularly preferred due to their noise immunity 

and ease of digital realization (Heroual et al., 2025). 

However, classical PI and PID controllers are typically tuned using 

linearized models or nominal operating conditions. In energy systems 

subject to renewable intermittency, load variations, and external 

disturbances, such tuning approaches often result in degraded transient 

performance, increased overshoot, or slow settling times (Tran et al., 2024). 

Consequently, while classical PI and PID controllers remain effective 

baseline solutions, their performance is highly sensitive to parameter 

selection. 

 

Enhanced Integer-Order PID Structures 

To overcome the limitations of classical PID controllers, several 

structural enhancements have been proposed and successfully applied in 

energy systems. One common modification involves the introduction of 

filtering mechanisms, leading to filtered PID (PIDF or PIDN) controllers. By 

attenuating high-frequency noise in the derivative term, filtered PID 

controllers improve robustness in power electronic and grid-connected 
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applications, where measurement noise and switching effects are 

unavoidable (Tran et al., 2024). 

Another widely adopted enhancement is the two-degree-of-freedom 

(2-DOF) PID structure. Unlike conventional single-loop PID controllers, 2-

DOF configurations decouple set-point tracking from disturbance rejection, 

allowing independent tuning of reference response and robustness 

characteristics. This feature is particularly beneficial in energy systems such 

as load frequency control and renewable-integrated grids, where reference 

changes and disturbance dynamics exhibit fundamentally different behaviors 

(Almutairi et al., 2025). 

The Cascaded PID-based architectures represent an additional class of 

enhanced control structures. In such configurations, multiple PID controllers 

are arranged in hierarchical loops to regulate different dynamic layers of the 

system. Cascaded structures are frequently employed in photovoltaic 

converters, motor-driven energy systems, and thermal processes, where inner 

loops handle fast dynamics while outer loops address slower energy-related 

variables (Heroual et al., 2025). Although cascaded designs increase 

structural complexity, they provide improved stability margins and dynamic 

performance when properly tuned. 

 

Fractional-Order PID Controllers 

Fractional-order PID (FOPID) controllers extend the classical PID 

framework by introducing fractional integration and differentiation orders, 

typically denoted by non-integer parameters. This additional degree of 

freedom allows FOPID controllers to more accurately capture the memory 

and hereditary properties inherent in many energy systems (Energies, 2024). 

Recent studies have demonstrated that FOPID and related fractional-

order structures can significantly enhance robustness and transient 

performance in energy applications characterized by slow dynamics, long 

time constants, and parameter uncertainties. In renewable energy systems 

and interconnected power networks, fractional-order controllers have shown 

superior flexibility in shaping system response compared to their integer-

order counterparts (Almutairi et al., 2025). 

Despite their advantages, fractional-order controllers introduce 

additional tuning parameters, which complicate the design process. 

Analytical tuning rules are often impractical, particularly for nonlinear 

energy systems. As a result, optimization-based tuning approaches, and 

especially metaheuristic optimization methods, have become the dominant 

strategy for determining FOPID parameters in practical energy applications 

(Energies, 2024). 
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Design-Oriented Comparison and Practical Implications 

From a design perspective, the choice among classical, enhanced 

integer-order, and fractional-order PID structures should be guided by the 

specific requirements of the energy application under consideration. Table 1 

provides a concise design-oriented comparison of PID-based controller 

structures and their typical energy applications. 

  

 
Table 1: Design-oriented comparison of PID-based controller structures for energy 

system applications 

Controller Type Key Structural Feature Typical Energy Applications 

PI / PID 
Simple structure and low 

computational cost 

Photovoltaic converters, energy 

storage interfaces 

Filtered PID (PIDF / 

PIDN) 

Noise attenuation in 

derivative action 

Power electronic systems, grid-

connected converters 

Two-Degree-of-

Freedom PID 

Decoupled set-point 

tracking and disturbance 

rejection 

Load frequency control, multi-

area power systems 

Cascaded PID 

Structures 

Hierarchical control of 

multi-timescale 

dynamics 

Photovoltaic systems, motor-

driven energy systems 

Fractional-Order PID 

(FOPID / FOPI) 

Additional tuning 

flexibility via fractional 

orders 

Renewable-integrated grids, 

systems with slow dynamics 

 

Classical PI and PID controllers remain suitable for applications with 

relatively simple dynamics and limited disturbance levels. Enhanced integer-

order structures, such as filtered and 2-DOF PID controllers, offer improved 

robustness and flexibility for disturbance-dominant and noise-sensitive 

energy systems. Fractional-order PID controllers, while more complex, 

provide additional degrees of freedom that can be advantageous in systems 

with slow or memory-dependent dynamics, provided that advanced 

optimization techniques are employed for parameter tuning. These 

considerations highlight the importance of adopting a systematic tuning 

framework, which is discussed in detail in the following section. 

 

 

OPTIMIZATION-BASED PID TUNING FRAMEWORK 

 

The limitations of classical rule-based tuning techniques have 

motivated the widespread adoption of optimization-based approaches for 

PID controller design in modern energy systems. Nonlinear dynamics, 

operating-point variations, renewable intermittency, and disturbance-prone 

environments necessitate tuning strategies capable of systematically 

addressing multi-objective control performance requirements (Energies, 
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2024; Tran et al., 2024). The general framework of optimization-based 

tuning of PID-family controllers for energy system applications is 

summarized in Figure 2. 

ENERGY SYSTEM MODEL

PID/FOPID Controller Structure

Decision Variables & Constraints

Objective Function Definition

Optimal Controller Parameters

Closed-Loop Performance Evaluation

Metaheuristic Optimization Algorithm

 
Figure 2: General framework of optimization-based tuning of PID-family controllers 

in energy system applications. 

 

As shown in Figure 2, controller design is formulated as an iterative 

process in which controller parameters are systematically adjusted and 

evaluated based on closed-loop system performance. This framework 

provides a unified and modular perspective that can be applied across a wide 

range of energy system applications. 

 

Controller Parameters and Constraints 

In optimization-based tuning, controller parameters are treated as 

decision variables within a constrained search space. For classical PI and 

PID controllers, these variables include proportional, integral, and derivative 

gains. Enhanced and fractional-order PID structures introduce additional 

parameters such as derivative filter coefficients, set-point weighting factors, 

and fractional orders. Parameter bounds are selected based on system 

dynamics and practical implementation limits to avoid actuator saturation 

and instability (Heroual et al., 2025). 

 

Performance Objectives in Energy Applications 

Performance objectives in energy-oriented PID tuning are commonly 

defined using time-domain indices such as the integral of absolute error 

(IAE), integral of squared error (ISE), and integral of time-weighted absolute 

error (ITAE), which quantify tracking performance over time. In many 

applications, these indices are combined with penalties on overshoot, settling 
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time, or control effort to reflect application-specific priorities. Composite 

objective functions are particularly effective in renewable-integrated and 

disturbance-dominant energy systems, where competing performance 

requirements must be balanced (Almutairi et al., 2025). 

 

General Optimization Workflow 

The overall workflow of optimization-based PID tuning is illustrated 

in Figure 2. The framework begins with the selection of an appropriate PID 

controller structure, followed by the definition of decision variables, 

constraints, and performance objectives. A metaheuristic optimization 

algorithm then iteratively evaluates closed-loop system performance to 

identify optimal controller parameters. This modular framework is 

independent of the specific optimizer employed and has been successfully 

applied across a wide range of energy system applications. 

 

RECENT METAHEURISTIC OPTIMIZERS FOR ENERGY-

ORIENTED PID TUNING  

 

The rapid growth of optimization-based controller tuning in energy 

systems has been accompanied by the introduction of numerous 

metaheuristic algorithms in recent years. While early studies predominantly 

relied on classical optimizers such as genetic algorithms and particle swarm 

optimization, recent research has increasingly focused on developing new 

metaheuristic frameworks capable of addressing the nonlinear, multimodal, 

and disturbance-prone nature of modern energy systems (Mirjalili et al., 

2014; Abdelaziz et al., 2022; Li et al., 203; Zhang et al., 2023). 

Between 2022 and 2025, a significant number of metaheuristic 

optimizers have been proposed and successfully applied to the tuning of 

PID-family controllers in energy-related applications. Rather than describing 

these algorithms individually, a design-oriented classification based on their 

search behavior and adaptation mechanisms provides a more informative and 

transferable perspective for controller design (Joseph et al., 2022; Enad et 

al., 2024; Heybetli et al., 2025). 

 

Search Behavior-Based Taxonomy 

From a tuning perspective, recent metaheuristic optimizers can be 

broadly classified according to how they balance exploration and 

exploitation during the search process. Exploration-dominant strategies 

emphasize global search capabilities and are particularly effective in highly 

multimodal optimization landscapes, which commonly arise in nonlinear 

energy systems and renewable-integrated grids. Such optimizers are often 

preferred during the early stages of PID parameter tuning, where avoiding 

local minima is critical (Yang, 2010; Yang, 2014). 
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In contrast, exploitation-enhanced optimizers focus on local 

refinement once promising regions of the search space have been identified. 

These methods are well suited for fine-tuning PID parameters in energy 

systems with relatively smooth objective functions, such as power electronic 

converters and electromechanical drives, where convergence accuracy is 

prioritized over global diversity (Gandomi & Yang, 2014). 

Recent algorithms increasingly adopt adaptive transition mechanisms, 

in which the balance between exploration and exploitation evolves 

dynamically during the optimization process. This adaptive behavior has 

been shown to be particularly advantageous for tuning enhanced PID 

structures, such as 2-DOF and fractional-order controllers, whose parameter 

spaces are high-dimensional and strongly coupled (Zhang et al., 2023). 

 

Energy-Oriented Suitability of Recent Optimizers 

The suitability of a metaheuristic optimizer for PID tuning is closely 

related to the characteristics of the target energy system. In disturbance-

dominant applications, such as load frequency control and renewable-

integrated power systems, optimizers with strong global search and memory 

mechanisms are often favored to ensure robustness against operating-point 

variations and external perturbations (Almutairi et al., 2025). 

For converter-based and electromechanical energy systems, where fast 

dynamics and real-time constraints are critical, computational efficiency 

becomes a primary consideration. In such cases, lightweight optimizers with 

rapid convergence behavior are typically preferred, even if their global 

exploration capability is limited (Heroual et al., 2025). 

Fractional-order PID tuning presents additional challenges due to the 

increased number of decision variables and the nonlinearity of fractional 

dynamics. Recent studies indicate that adaptive and hybrid metaheuristic 

strategies are particularly effective in this context, as they can 

simultaneously manage global exploration and local refinement without 

excessive computational burden (Aldosary, 2024; Sime et al., 2024; 

Shahouni et al., 2025). 

 

Design Implications and Emerging Trends 

An important observation from recent literature is that the 

performance of optimization-tuned PID controllers is often influenced more 

by the compatibility between the optimizer’s search behavior and the control 

problem structure than by the novelty of the algorithm itself. This insight 

reinforces the importance of selecting metaheuristic strategies based on 

problem characteristics rather than algorithmic inspiration (Abdel-Basset et 

al., 2018; Mojumder et al., 2024). 

Emerging trends in energy-oriented PID tuning include the integration 

of constraint-handling techniques, the use of composite and multi-objective 

formulations, and the incorporation of adaptive mechanisms to improve 
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robustness under varying operating conditions. These developments suggest 

a gradual shift from algorithm-centric comparisons toward design-centric 

optimization frameworks, which align more closely with practical energy 

system requirements (Abdelaziz et al., 2022; Zhang et al., 2023). 

 

CONCLUSIONS AND PRACTICAL OUTLOOK 

 

This book chapter has presented a design-oriented perspective on 

optimization-based tuning of PID-family controllers for modern energy 

systems. Rather than focusing on individual algorithms or application-

specific case studies, the discussion emphasized structural controller choices, 

general optimization frameworks, and the suitability of recent metaheuristic 

strategies for energy-oriented control problems. 

PID controllers and their variants remain central to energy system 

control due to their simplicity, transparency, and practical robustness. As 

demonstrated through the classification of PID-family structures, classical PI 

and PID controllers continue to provide effective solutions for systems with 

relatively simple dynamics, while enhanced integer-order and fractional-

order controllers offer increased flexibility for disturbance-dominant, 

nonlinear, and renewable-integrated energy systems. The inclusion of 

structural enhancements such as filtering, two-degree-of-freedom 

configurations, and fractional orders allows PID-based controllers to adapt to 

the growing complexity of modern energy applications. 

Optimization-based tuning frameworks have been shown to play a 

critical role in unlocking the full potential of these controller structures. By 

formulating controller design as a constrained optimization problem, 

performance objectives and practical limitations can be systematically 

incorporated into the tuning process. The general workflow presented in this 

chapter highlights that effective controller tuning is largely independent of 

the specific optimization algorithm employed, provided that decision 

variables, objective functions, and constraints are appropriately defined. 

Recent metaheuristic optimizers introduced between 2022 and 2025 

further reinforces this observation. The analysis indicates that successful PID 

tuning in energy systems depends more on the compatibility between an 

optimizer’s search behavior and the control problem characteristics than on 

algorithmic novelty. Adaptive and balanced search strategies are particularly 

effective for high-dimensional and disturbance-prone tuning problems, such 

as those encountered in renewable-integrated power systems and fractional-

order controller design. 

From a practical standpoint, this chapter highlights several important 

design considerations. First, controller structure selection should precede 

optimizer selection and be guided by system dynamics and performance 

requirements. Second, objective function formulation should reflect 

application-specific priorities rather than relying on generic performance 
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indices alone. Finally, optimization complexity should be balanced against 

computational constraints, especially in real-world energy systems where 

robustness and reliability are paramount. 

Looking forward, several research directions remain open. The 

integration of multi-objective optimization frameworks, surrogate-assisted 

tuning methods, and robustness-oriented performance metrics represents 

promising avenues for future work. In addition, the increasing availability of 

data-driven and hybrid modeling approaches may further enhance 

optimization-based PID tuning strategies for next-generation energy 

systems. 
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ABSTRACT 

 

The rapid growth of electric vehicle (EV) adoption poses significant 

challenges to existing power systems, particularly in terms of grid capacity, 

peak load management, and carbon emissions. In this context, the integration 

of renewable energy sources into EV charging infrastructure has emerged as 

a critical strategy to enhance energy sustainability and system resilience. 

This book chapter examines renewable energy integrated EV charging 

stations from a holistic engineering and policy-oriented perspective, 

emphasizing hybrid system architectures and intelligent energy management 

approaches. 

The primary objective of this study is to analyze the technical 

rationale, architectural frameworks, and operational benefits of integrating 

photovoltaic and wind energy systems into EV charging stations. The 

chapter adopts a comprehensive literature-based approach, synthesizing 

recent academic studies, international case examples, and system-level 

design concepts. Key charging technologies, including AC and DC charging 

systems, are reviewed alongside the limitations of grid-only charging 

models. Particular attention is given to hybrid AC/DC architectures, energy 

storage integration, and smart charging algorithms designed to mitigate 

renewable intermittency and optimize energy flows. 

The findings indicate that renewable-integrated charging systems can 

significantly reduce grid dependency, improve load flexibility, and 

contribute to emission reduction targets. Moreover, intelligent energy 

management systems and bidirectional grid interaction enable EV charging 

stations to function as active components of future smart grids rather than 

passive loads. The chapter concludes that renewable energy integrated EV 

charging infrastructure represents a viable and scalable solution for 

sustainable transportation and energy transitions. The insights presented aim 

to support researchers, system designers, and policymakers in developing 

resilient and low-carbon charging ecosystems aligned with long-term energy 

and climate goals. 

 

Keywords – Electric vehicle charging infrastructure; Renewable energy integration; 

Hybrid AC/DC charging systems; Grid-interactive charging stations; Sustainable 

transportation systems. 

 

INTRODUCTION  

 

The rapid electrification of the transportation sector has emerged as a 

central pillar of global decarbonization strategies, driven by the urgent need 

to reduce greenhouse gas emissions, mitigate climate change impacts, and 

decrease dependence on fossil fuels. Electric vehicles (EVs) are increasingly 

recognized not only as a cleaner alternative to internal combustion engine 
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vehicles, but also as active components of future energy systems that interact 

dynamically with power grids and renewable energy resources (International 

Energy Agency [IEA], 2023; Richardson, 2013). As EV adoption accelerates 

worldwide, the deployment of reliable, efficient, and sustainable charging 

infrastructure has become a critical challenge for energy planners and 

policymakers. 

While the electrification of transport offers substantial environmental 

benefits, it simultaneously introduces new pressures on existing power 

systems. Conventional grid-dependent EV charging infrastructures may lead 

to increased peak demand, localized grid congestion, voltage deviations, and 

higher operational costs if deployed without adequate coordination and 

planning (Clement-Nyns, Haesen, & Driesen, 2010; Muratori, 2018). These 

challenges are particularly pronounced in urban areas and regions 

experiencing rapid EV penetration, where simultaneous charging behaviors 

can significantly strain distribution networks. Consequently, the transition 

toward large-scale electromobility necessitates innovative charging 

paradigms that go beyond traditional grid-only supply models. 

In this context, the integration of renewable energy sources—such as 

photovoltaic (PV) and wind power—into EV charging infrastructures has 

gained increasing attention in both academic research and energy policy 

discussions. Renewable energy–integrated charging stations offer a pathway 

to decouple EV charging demand from fossil-based electricity generation, 

thereby enhancing the overall environmental performance of electric 

mobility systems (Lund et al., 2017). Moreover, locally generated renewable 

energy can reduce transmission losses, improve energy autonomy, and 

contribute to long-term energy security objectives at both regional and 

national scales. 

Beyond environmental considerations, renewable-integrated EV 

charging stations represent a structural shift in how energy generation, 

storage, and consumption are coordinated. Hybrid charging architectures that 

combine PV systems, wind turbines, battery energy storage systems (BESS), 

and grid connections introduce a system-level perspective in which charging 

operations are optimized based on energy availability, demand patterns, and 

grid conditions (Brenna et al., 2020; Heath et al., 2024). Such architectures 

enable flexible energy management strategies that can mitigate renewable 

intermittency while ensuring reliable charging services. 

Recent advances in smart energy management systems (EMS) and 

charging optimization algorithms further strengthen the case for renewable 

energy–integrated charging infrastructures. By incorporating forecasting 

techniques, demand response mechanisms, and real-time control strategies, 

smart charging systems can balance competing objectives such as cost 

minimization, grid stability, and user convenience (Sortomme and El-

Sharkawi, 2011; Tayri and Ma, 2025). These capabilities are particularly 

relevant in hybrid renewable charging stations, where variability in 
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renewable generation must be effectively managed to maintain operational 

reliability. 

In addition to their technical and economic advantages, renewable-

integrated EV charging stations align closely with broader energy transition 

frameworks, including smart grids, sector coupling, and vehicle-to-grid 

(V2G) concepts. EVs equipped with bidirectional charging capabilities can 

function as distributed energy storage units, providing ancillary services 

such as frequency regulation, peak shaving, and renewable energy balancing 

(Kempton & Tomić, 2005; Hu et al., 2016). From this perspective, charging 

stations are no longer passive electricity consumers but become active nodes 

within an interconnected and flexible energy ecosystem. 

Despite growing interest and technological progress, the design, 

operation, and large-scale deployment of renewable energy–integrated EV 

charging stations remain complex and context-dependent. Challenges related 

to renewable intermittency, uncertainty in charging demand, regulatory 

frameworks, and economic feasibility continue to shape research and 

implementation efforts (Conejo, Morales, & Baringo, 2010; Wang et al., 

2023). Addressing these challenges requires an integrated approach that 

combines engineering design, energy management optimization, and policy-

oriented planning. 

Against this backdrop, this book chapter aims to provide a 

comprehensive and structured examination of renewable energy–integrated 

EV charging stations. Rather than focusing on isolated technical solutions, 

the chapter adopts a holistic perspective that encompasses charging 

technologies, hybrid system architectures, smart energy management 

strategies, and grid interaction mechanisms. By synthesizing insights from 

recent academic literature, real-world case studies, and policy frameworks, 

the chapter seeks to contribute to the development of sustainable, scalable, 

and resilient EV charging infrastructures suitable for future energy systems. 

 

BACKGROUND ON ELECTRIC VEHICLE CHARGING 

TECHNOLOGIES 

 

The effectiveness and sustainability of EV deployment are inherently 

linked to the availability, performance, and scalability of charging 

technologies. Charging infrastructure not only determines user convenience 

and adoption rates but also plays a decisive role in shaping the interaction 

between electric mobility and power systems. Understanding the 

fundamental characteristics of EV charging technologies is therefore 

essential for evaluating the integration of renewable energy sources and 

advanced energy management strategies. 

EV charging technologies are commonly classified based on current 

type (alternating current or direct current), power level, charging duration, 

and application context. Each charging category exhibits distinct technical 
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requirements, grid impacts, and suitability for integration with renewable 

energy systems (Yilmaz & Krein, 2013). This section provides an overview 

of the dominant AC and DC charging levels and critically examines the 

limitations associated with conventional grid-only charging infrastructures. 

 

AC and DC Charging Levels 

 

EV charging technologies are broadly divided into alternating current 

(AC) charging and direct current (DC) charging, reflecting differences in 

power conversion, charging speed, and infrastructure complexity. In AC 

charging systems, electrical energy is supplied from the grid as AC power 

and converted to DC inside the vehicle through an onboard charger. As a 

result, the charging power is limited by the capacity of the vehicle’s onboard 

converter, typically ranging from a few kilowatts to approximately 22 kW 

(Yilmaz & Krein, 2013). 

AC charging is commonly categorized into low-power (Level 1) and 

medium-power (Level 2) charging. Level 1 charging, generally operating at 

power levels below 3.7 kW, is primarily used in residential settings and is 

characterized by long charging durations. Level 2 charging, with power 

levels between 7.4 kW and 22 kW, is widely deployed in residential, 

commercial, and workplace environments, offering a balanced trade-off 

between charging speed and infrastructure cost (Deb et al., 2018). Due to its 

relatively low installation cost and compatibility with existing distribution 

networks, AC charging remains the most prevalent charging method 

globally. Figure 1 classifies EV charging into AC and DC types, which 

differ fundamentally in power delivery, charging speed, and infrastructure 

needs 

 

 
Figure 1: AC and DC EV Charging Levels 
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In contrast, DC charging systems bypass the vehicle’s onboard 

charger and deliver DC power directly to the battery through an external 

power conversion unit. This architecture enables significantly higher 

charging power levels, typically ranging from 50 kW to 350 kW, and 

drastically reduces charging times (Brenna et al., 2020). DC fast charging 

stations are primarily deployed along highways, urban fast-charging hubs, 

and fleet depots, where rapid turnaround is critical. 

Despite their advantages in terms of charging speed, DC charging 

stations impose substantial technical and economic challenges. High-power 

DC chargers require robust grid connections, advanced power electronics, 

and sophisticated thermal management systems. Moreover, the high 

instantaneous power demand associated with fast charging can exacerbate 

peak load conditions and increase stress on local distribution networks 

(Muratori, 2018). 

From a system integration perspective, AC and DC charging 

technologies exhibit different levels of compatibility with renewable energy 

sources. AC charging systems can be more easily integrated with distributed 

renewable generation, such as rooftop PV systems, due to their moderate 

power levels and flexibility in charging duration. DC charging systems, on 

the other hand, are better suited for centralized renewable integration when 

combined with battery energy storage systems (BESS) and DC bus 

architectures, which allow for efficient power flow control and reduced 

conversion losses (Heath et al., 2024). 

 

Limitations of Grid-Only Charging 

 

While grid-connected charging infrastructures have enabled the initial 

expansion of electric mobility, reliance on grid-only charging models 

presents several technical, economic, and environmental limitations. One of 

the most significant challenges is the impact of uncoordinated charging on 

power system operation. When large numbers of EVs charge 

simultaneously—particularly during peak demand periods—distribution 

networks may experience transformer overloading, voltage drops, and 

increased line losses (Clement-Nyns et al., 2010). 

Empirical studies have demonstrated that uncontrolled residential 

charging can significantly amplify evening peak loads, leading to higher 

electricity prices and the need for costly grid reinforcements (Muratori, 

2018). These impacts are especially pronounced in urban areas with high EV 

penetration, where infrastructure upgrades may be constrained by space, 

cost, or regulatory barriers. 

Beyond grid stability concerns, grid-only charging infrastructures are 

closely tied to the carbon intensity of electricity generation. In regions where 

fossil fuels continue to dominate the energy mix, EV charging may 

indirectly contribute to greenhouse gas emissions, thereby limiting the 
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environmental benefits of electric mobility (IEA, 2023). This challenge 

highlights the importance of aligning EV charging expansion with broader 

energy transition goals. 

Another limitation of grid-dependent charging systems lies in their 

lack of operational flexibility. Traditional charging stations function 

primarily as passive electricity consumers, offering limited capability to 

adapt charging behavior in response to grid conditions, electricity prices, or 

renewable energy availability. As a result, opportunities for demand-side 

management, peak shaving, and renewable energy utilization remain 

underexploited (Sortomme and El-Sharkawi, 2011). 

Furthermore, grid-only charging infrastructures may face resilience 

challenges in the context of extreme weather events, grid outages, or supply 

disruptions. As transportation systems become increasingly electrified, the 

reliability of charging infrastructure emerges as a critical concern for both 

users and policymakers. Renewable energy–integrated charging stations 

equipped with local generation and storage resources can enhance system 

resilience by providing partial energy autonomy and backup capabilities 

(Lund et al., 2017). 

In light of these limitations, it has become increasingly evident that 

the long-term sustainability of electric mobility cannot be ensured through 

grid-only charging paradigms alone. Instead, charging infrastructures must 

evolve toward integrated energy systems that combine renewable generation, 

energy storage, and intelligent control mechanisms. This evolution sets the 

foundation for hybrid renewable EV charging stations, which are examined 

in subsequent sections of this chapter. 

 

RATIONALE FOR RENEWABLE ENERGY INTEGRATION 

 

The integration of renewable energy sources into EV charging 

infrastructures is increasingly regarded as a fundamental requirement for the 

long-term sustainability of electromobility systems. While grid-connected 

charging has enabled the early diffusion of EVs, the growing scale of electric 

mobility highlights structural limitations in conventional energy supply 

models, particularly with respect to environmental performance, grid 

capacity, and system resilience. Renewable energy integration addresses 

these challenges by aligning EV charging demand with low-carbon 

electricity generation and advanced energy management strategies. 

One of the primary motivations for renewable energy–integrated EV 

charging is the need to reduce the carbon footprint of electric mobility. 

Although EVs produce zero tailpipe emissions, their overall environmental 

impact depends strongly on the electricity generation mix. In regions with a 

high share of fossil-fuel-based power generation, grid-only EV charging may 

merely shift emissions from the transportation sector to the power sector 

(IEA, 2023). By contrast, locally generated renewable energy—such as 
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photovoltaic (PV) and wind power—enables a direct coupling between clean 

electricity generation and EV charging demand, thereby enhancing the net 

emission reduction potential of electric mobility systems (Lund et al., 2017). 

Beyond emission mitigation, renewable energy integration offers 

significant advantages in terms of grid impact mitigation. The increasing 

penetration of EVs is expected to introduce substantial additional loads to 

distribution networks, particularly during peak demand periods. Without 

adequate coordination, this may necessitate costly grid reinforcements and 

infrastructure upgrades (Muratori, 2018). Renewable energy–integrated 

charging stations can partially decouple EV charging demand from the grid 

by supplying energy from local generation and energy storage systems, 

thereby reducing peak loads and alleviating stress on distribution assets 

(Clement-Nyns et al., 2010) and mitigating harmonic-related power quality 

degradation (Karaman et al., 2024). 

Another key rationale lies in the economic dimension of EV charging 

infrastructure. Electricity price volatility, demand charges, and network 

tariffs can significantly influence the operating costs of charging stations, 

especially for high-power DC fast charging applications. By utilizing locally 

generated renewable energy and strategically deployed battery energy 

storage systems (BESS), charging operators can reduce electricity 

procurement costs, minimize peak demand charges, and enhance the 

economic viability of charging services (Heath et al., 2024). In this context, 

renewable energy integration transforms charging stations from cost centers 

into flexible energy hubs capable of optimizing energy flows based on 

market conditions. 

Renewable-integrated EV charging infrastructures also play a critical 

role in advancing the concept of smart energy systems. Rather than treating 

EVs as passive electricity consumers, integrated charging stations enable 

dynamic interaction between generation, storage, and demand. This 

interaction supports demand response, load shifting, and real-time 

optimization strategies that improve overall system efficiency (Sortomme 

and El-Sharkawi, 2011; Tayri and Ma, 2025). Such capabilities are 

particularly valuable in systems with high shares of variable renewable 

energy, where flexibility is essential for maintaining grid stability. 

From a resilience perspective, renewable energy integration enhances 

the robustness of EV charging infrastructure against external disruptions. 

Extreme weather events, grid outages, and energy supply constraints pose 

increasing risks to energy systems worldwide. Charging stations equipped 

with on-site renewable generation and storage can maintain partial 

operational capability during grid interruptions, thereby supporting critical 

transportation services and emergency response activities (Lund et al., 

2017). This resilience aspect is gaining prominence in energy policy 

discussions, particularly in the context of climate adaptation and 

infrastructure security. 
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Furthermore, renewable energy–integrated charging stations are 

closely aligned with broader energy transition frameworks, including sector 

coupling and decentralized energy systems. By linking the transportation and 

electricity sectors, these systems facilitate more efficient utilization of 

renewable energy resources and support long-term decarbonization pathways 

(Kempton & Tomić, 2005). When combined with bidirectional charging 

technologies, EVs can also contribute to grid services such as frequency 

regulation and renewable energy balancing, further strengthening the value 

proposition of integrated charging infrastructures (Hu et al., 2016). 

Despite these advantages, the integration of renewable energy into EV 

charging systems introduces additional complexity related to resource 

variability, uncertainty, and system coordination. Solar and wind generation 

are inherently intermittent, and their availability may not always coincide 

with charging demand patterns. Addressing this challenge requires the 

deployment of advanced forecasting techniques, energy storage solutions, 

and intelligent control algorithms capable of managing uncertainty and 

ensuring reliable charging services (Conejo et al., 2010; Wang et al., 2023). 

These considerations underscore the importance of carefully designed 

system architectures, which are examined in the following section. 

In summary, the rationale for renewable energy integration in EV 

charging infrastructures extends beyond environmental benefits to 

encompass grid stability, economic efficiency, system resilience, and energy 

system transformation. These environmental, economic, and system-level 

advantages collectively illustrate the strategic value of renewable energy–

integrated EV charging infrastructures, as summarized in Figure 2. 

 
Figure 2: Multi-Dimensional Benefits of Renewable-Integrated EV Charging 

Stations 

 



92 

By embedding renewable generation and intelligent energy 

management into charging infrastructure design, it becomes possible to 

support the large-scale deployment of EV while advancing broader 

sustainability and energy transition objectives. This integrated perspective 

provides the conceptual foundation for the hybrid renewable charging 

system architectures discussed in the following sections. 

 

ARCHITECTURAL FRAMEWORKS FOR HYBRID 

RENEWABLE CHARGING SYSTEMS 

 

The architectural design of renewable energy–integrated EV charging 

stations plays a decisive role in determining their operational performance, 

economic feasibility, and scalability. Unlike conventional grid-only charging 

infrastructures, hybrid renewable charging systems must coordinate multiple 

energy sources, power electronic interfaces, energy storage units, and control 

layers within a unified framework. Consequently, system architecture 

becomes a critical design dimension that directly influences energy 

efficiency, flexibility, and grid interaction capability. 

Hybrid renewable EV charging stations are generally characterized by 

the integration of on-site renewable energy generation—most commonly 

photovoltaic (PV) and wind systems—with battery energy storage systems 

(BESS) and grid connectivity. The architectural configuration defines how 

these components are electrically coupled, how power flows are managed, 

and how control decisions are executed under varying operating conditions 

(Brenna, Foiadelli, & Longo, 2020). This section presents a structured 

overview of the dominant architectural frameworks proposed in the literature 

and highlights their respective advantages and limitations. The architectural 

frameworks can be broadly categorized into three types: AC-coupled, DC-

coupled, and hybrid systems, as summarized in Fig. 3. 

 

 
 

 

Figure 3: Architecture Comparison of AC-Coupled, DC-Coupled, and Hybrid 

Systems 
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AC-Coupled Architectures 

 

AC-coupled architectures represent one of the most straightforward 

approaches to integrating renewable energy into EV charging stations. In this 

configuration, renewable energy sources, energy storage systems, and 

charging units are connected to a common AC bus, typically interfaced with 

the utility grid. Each subsystem operates through its own power conversion 

stage, enabling modularity and compatibility with existing AC-based 

infrastructure (Deb et al., 2018). 

One of the primary advantages of AC-coupled architectures lies in 

their flexibility and ease of implementation. PV inverters, wind turbine 

converters, and EV chargers can be integrated using standardized AC 

interfaces, reducing system complexity and installation costs. This approach 

is particularly attractive for retrofitting existing charging stations with 

renewable energy components. However, the reliance on multiple 

conversion stages can introduce additional power losses and limit overall 

system efficiency, especially in high-power charging applications (Yilmaz & 

Krein, 2013). 

From a control perspective, AC-coupled systems often rely on 

decentralized control strategies, where each component optimizes its 

operation independently based on local measurements. While this simplifies 

control design, it may constrain the system’s ability to perform coordinated 

energy management under fluctuating renewable generation and charging 

demand conditions. Hierarchical control and energy management 

frameworks are essential for the operation of hybrid renewable EV charging 

stations, paralleling advancements in autonomous vehicle control 

architectures (Öztürk et al., 2024) 

 

DC-Coupled and Common DC Bus Architectures 

 

DC-coupled architectures have gained increasing attention as a more 

efficient alternative for renewable-integrated EV charging systems, 

particularly in the context of fast and ultra-fast charging applications. In 

these architectures, renewable energy sources, energy storage systems, and 

DC chargers are connected to a common DC bus, minimizing the number of 

power conversion stages (Heath et al., 2024). 

The common DC bus architecture offers several technical advantages. 

First, it reduces conversion losses by eliminating redundant AC–DC and 

DC–AC transformations. Second, it enables more precise control of power 

flows between generation, storage, and charging loads. Third, it is inherently 

compatible with DC fast charging technologies, which directly interface with 

EV batteries (Brenna et al., 2020). 

DC-coupled systems also facilitate tighter integration of battery 

energy storage, allowing rapid buffering of renewable energy fluctuations 
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and peak shaving of grid demand. However, these benefits come at the cost 

of increased system complexity, as DC protection, voltage regulation, and 

fault management require careful design. Additionally, interoperability with 

existing AC-based grid infrastructure necessitates bidirectional grid-tied 

converters, which can increase capital costs. 

 

Hybrid AC/DC Architectures 

 

Hybrid AC/DC architectures aim to combine the strengths of both 

AC- and DC-coupled systems by employing dual-bus configurations. In such 

systems, AC loads and infrastructure coexist with a DC bus dedicated to 

renewable generation, energy storage, and fast charging units. Power 

electronic interfaces enable controlled energy exchange between the AC and 

DC domains (Lund et al., 2017). 

This architectural approach provides a high degree of flexibility and 

scalability, making it suitable for large-scale charging hubs and energy 

nodes. Hybrid architectures can support a diverse range of charging 

technologies while optimizing renewable energy utilization. Nevertheless, 

their increased design and control complexity requires advanced energy 

management systems and robust coordination strategies to ensure stable 

operation. 

 

Hierarchical Control and Energy Management Layers 

 

Regardless of the electrical coupling strategy, effective operation of 

hybrid renewable EV charging stations depends on hierarchical control and 

energy management frameworks. Most architectures adopt a multi-layer 

control structure consisting of physical, control, and decision layers (Tayri 

and Ma, 2025). 

At the physical layer, power electronic converters regulate voltage, 

current, and power quality. The control layer coordinates local controllers 

and ensures stable operation under varying conditions. At the decision layer, 

energy management systems (EMS) optimize charging schedules, energy 

dispatch, and grid interaction based on forecasts, pricing signals, and system 

constraints (Sortomme and El-Sharkawi, 2011). 

 

HANDLING RENEWABLE INTERMITTENCY AND 

UNCERTAINTY 

 

One of the most critical challenges in renewable energy–integrated EV 

charging stations arises from the inherent intermittency and uncertainty 

associated with renewable energy sources. Solar photovoltaic (PV) and wind 

power generation are intrinsically variable and weather-dependent, leading 

to temporal mismatches between energy supply and EV charging demand. 



95 

Effectively managing these uncertainties is essential to ensure reliable 

charging services, maintain grid stability, and maximize renewable energy 

utilization. 

In contrast to conventional grid-supplied charging infrastructures, 

hybrid renewable charging systems must operate under dual uncertainty: 

variability in energy generation and unpredictability in user charging 

behavior. This dual uncertainty significantly increases system complexity 

and necessitates advanced control, forecasting, and optimization mechanisms 

(Conejo, Morales, & Baringo, 2010). 

 

Sources of Uncertainty in Renewable-Integrated Charging Systems 

 

Uncertainty in renewable-integrated EV charging stations can be 

broadly categorized into generation-side uncertainty and demand-side 

uncertainty. These two categories of uncertainty are illustrated in Fig. 4. 

 
Figure 4: Classification of generation-side and demand-side uncertainties in 

renewable-integrated EV charging systems 

 

Generation-side uncertainty primarily originates from fluctuations in 

solar irradiance and wind speed, which directly affect the availability of 

renewable energy. Short-term variations caused by cloud cover or wind 

turbulence, as well as longer-term seasonal patterns, introduce significant 

challenges for real-time energy balancing (Lund et al., 2017). 

Demand-side uncertainty, on the other hand, is associated with EV 

user behavior, including arrival times, charging duration, state-of-charge 

(SoC) requirements, and charging preferences. Unlike traditional electrical 

loads, EV charging demand exhibits stochastic characteristics and is strongly 

influenced by human behavior, travel patterns, and socio-economic factors 

(Muratori, 2018). The simultaneous occurrence of high charging demand and 

low renewable generation represents a critical operating condition that must 

be addressed in system design. 
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Role of Energy Storage in Mitigating Intermittency 

 

Battery energy storage systems (BESS) are widely recognized as a key 

enabler for managing renewable intermittency in EV charging 

infrastructures. By storing excess renewable energy during periods of high 

generation and releasing it during periods of low generation or high charging 

demand, BESS provide temporal decoupling between supply and demand 

(Heath et al., 2024). 

In hybrid charging architectures, energy storage serves multiple 

functions, including peak shaving, load leveling, renewable smoothing, and 

backup power provision. Proper sizing and operational strategies for BESS 

are therefore crucial for achieving both technical reliability and economic 

efficiency. However, excessive reliance on storage may increase system 

costs, highlighting the need for coordinated strategies that balance storage 

utilization with smart charging and grid interaction (Brenna, Foiadelli, & 

Longo, 2020). 

 

Forecasting-Based Energy Management Approaches 

 

Forecasting plays a central role in addressing uncertainty in 

renewable-integrated EV charging systems. Short-term forecasts of solar 

irradiance, wind speed, and EV charging demand enable predictive energy 

management strategies that anticipate system conditions rather than reacting 

to them (Conejo et al., 2010). 

Advanced forecasting techniques, including machine learning and 

data-driven approaches, have been increasingly adopted to improve 

prediction accuracy. When integrated into energy management systems 

(EMS), these forecasts support proactive scheduling of charging sessions, 

energy storage dispatch, and grid power exchange (Wang et al., 2023). 

While forecast errors cannot be entirely eliminated, their impact can be 

mitigated through rolling optimization and real-time adjustment 

mechanisms. 

 

Robust and Stochastic Optimization Frameworks 

 

To explicitly account for uncertainty, many studies have proposed 

robust and stochastic optimization frameworks for the operation of 

renewable-integrated EV charging stations. Stochastic optimization models 

incorporate probabilistic representations of renewable generation and 
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charging demand, enabling decision-making that minimizes expected costs 

or risks under uncertainty (Sortomme and El-Sharkawi, 2011). 

 

Robust optimization approaches, by contrast, focus on ensuring 

feasible operation across a range of worst-case scenarios without relying on 

precise probability distributions. These methods are particularly attractive 

for practical implementation, as they provide guaranteed performance 

bounds under uncertain conditions (Tayri and Ma, 2025). However, robust 

solutions may be conservative, underscoring the importance of selecting 

appropriate uncertainty models and design margins. 

 

System-Level Coordination and Flexibility 

 

Beyond individual mitigation techniques, effective handling of 

intermittency and uncertainty requires system-level coordination across 

generation, storage, charging infrastructure, and grid interfaces. Flexible 

charging strategies, such as delayed charging, variable charging rates, and 

prioritized energy allocation, can significantly enhance system adaptability 

without compromising user satisfaction (Deb et al., 2018). 

Moreover, coordinated interaction with the power grid enables hybrid 

charging stations to leverage external flexibility resources when local 

renewable generation is insufficient. Such coordination becomes 

increasingly important as renewable penetration and EV adoption scale up 

simultaneously. 

 

Implications for System Reliability and Planning 

 

The ability to manage renewable intermittency and uncertainty has 

direct implications for the reliability, scalability, and acceptance of 

renewable-integrated EV charging infrastructures. Systems that fail to 

adequately address uncertainty may experience reduced service quality, 

increased operational costs, and diminished user confidence. Conversely, 

well-designed systems that incorporate forecasting, storage, and adaptive 

control can achieve high renewable utilization while maintaining reliable 

charging services. 

From a planning perspective, uncertainty-aware design principles 

should be embedded in both technical standards and policy frameworks. This 

includes supporting investments in energy storage, incentivizing smart 

charging capabilities, and enabling data sharing for improved forecasting. 

Such measures are essential for transitioning renewable-integrated EV 

charging stations from pilot projects to mainstream infrastructure 

components. 
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CONCLUSIONS AND POLICY IMPLICATIONS 

 

The rapid expansion of EV adoption is fundamentally reshaping 

transportation and energy systems worldwide. This chapter has demonstrated 

that the sustainability of electromobility is inseparable from the way EV 

charging infrastructures are designed, operated, and integrated into evolving 

energy systems. While conventional grid-only charging models have enabled 

the initial deployment of EVs, they are increasingly inadequate for 

supporting large-scale electrification without introducing significant 

technical, environmental, and systemic challenges. 

Throughout the chapter, it has been shown that renewable energy–

integrated EV charging stations offer a structurally superior alternative by 

directly coupling low-carbon electricity generation with transportation 

energy demand. By integrating photovoltaic and wind energy sources with 

battery energy storage systems and intelligent energy management 

frameworks, these charging infrastructures reduce grid dependency, mitigate 

peak demand impacts, and enhance the overall environmental performance 

of electric mobility. This integrated approach aligns EV charging 

deployment with broader decarbonization and energy transition objectives. 

A central conclusion emerging from the architectural and operational 

analyses is that system configuration plays a decisive role in determining 

performance and scalability. DC-coupled and hybrid AC/DC architectures, 

particularly those based on common DC bus structures, enable more efficient 

power flow management and facilitate the integration of high-power fast 

charging technologies. These architectures provide a robust foundation for 

advanced control strategies and improve compatibility with renewable 

energy sources and energy storage systems, although they also require 

careful consideration of protection schemes, interoperability, and regulatory 

frameworks. 

The chapter further highlights that renewable intermittency and 

uncertainty constitute core design challenges rather than secondary 

operational issues. Variability in renewable generation and stochastic EV 

charging demand necessitate the adoption of forecasting-based energy 

management, uncertainty-aware optimization methods, and appropriately 

sized energy storage solutions. Charging infrastructures that fail to address 

these challenges risk reduced operational reliability and limited user 

acceptance, whereas well-designed systems can achieve high renewable 

energy utilization while maintaining service quality. 

From a system-level perspective, renewable-integrated EV charging 

stations should be understood not merely as electricity-consuming facilities 

but as active energy nodes within future smart energy systems. Their ability 

to interact dynamically with the power grid, absorb excess renewable 

generation, and provide flexible demand underscores their strategic 

importance in enabling sector coupling and decentralized energy system 
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paradigms. In this sense, EV charging infrastructure becomes a key enabler 

of broader energy system flexibility and resilience. 

The findings of this chapter carry important implications for energy 

and transportation policy. Policy frameworks should move beyond 

technology-neutral charger deployment targets and explicitly promote the 

integration of renewable energy and energy storage into charging 

infrastructures. Regulatory support, financial incentives, and standardized 

technical guidelines can significantly accelerate the deployment of hybrid 

renewable charging systems. Moreover, long-term energy and urban 

planning processes should incorporate renewable-integrated EV charging 

stations as flexible energy resources, supporting demand response, grid 

optimization, and renewable energy integration at scale. 

In addition, standardization and interoperability emerge as critical 

policy priorities for enabling scalable and cost-effective deployment. 

Harmonized standards for power electronics interfaces, communication 

protocols, and control architectures are essential to reduce investment risk 

and facilitate coordination among utilities, technology providers, and 

charging operators. Policymakers play a central role in fostering the 

institutional and regulatory conditions necessary for such coordination. 

In conclusion, this chapter demonstrates that renewable energy–

integrated EV charging stations represent a technically feasible, 

environmentally beneficial, and strategically important component of future 

energy and transportation systems. Their successful deployment requires a 

holistic approach that integrates engineering design, intelligent control, and 

policy alignment. By adopting such an approach, renewable-integrated EV 

charging infrastructure can support the large-scale electrification of transport 

while contributing meaningfully to sustainable, resilient, and low-carbon 

energy transitions. 
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ABSTRACT 

 

The automotive industry is focused on reducing vehicle weight, aligning with 

its goals of improving fuel efficiency and lowering CO2 emissions. In 

achieving this goal, Dual-Phase (DP) steels, the most common members of 

the High Strength Advanced Steels (AHSS) family, play a critical role in 

maintaining crash safety. In this study, the microstructural properties, basic 

mechanical performances and formability limitations of DP800 steels, which 

are frequently preferred in automotive structural elements, and DP1000 steels 

in the ultra-high strength segment were examined comparatively. While 

DP1000 offers a higher strength compared to DP800, allowing for thinner 

cross-section utilization and thus mass reduction, the negative effects of 

increased strength on formability and weldability have been analyzed. The 

study aims to guide design engineers in optimizing the balance of mechanical 

properties and manufacturing processes between these two materials.   

 

Keywords – Dual-Phase Steel (DP Steel), DP800, DP1000, High-Strength Steel 

(AHSS), Automotive Structural Elements 

 

I. INTRODUCTION 

The global automotive industry has experienced a major transformation in 

material technologies over the past two decades. Traditional low-carbon steels 

have been replaced by Advanced High-Strength Steels (AHSS). This change 

is due to the need to reduce vehicle mass (efficiency) through both high energy 

absorption capacity during collision (safety) and part thicknesses. 

DP (Dual-Phase) steels are the most popular and commercially successful 

members of the AHSS family. As the name suggests, these steels harbor two 

main phases in their microstructure: the soft and ductile Ferrite matrix and the 

hard and strong Martensite islets. 

This study examines the critical differences, microstructural variability, and 

associated manufacturing challenges between DP800 (tensile strength 800 

MPa) and DP1000 (tensile strength 1000 MPa), the two most widely used DP 

grades in the automotive sector. 

II. MATERIALS AND METHOD 

 

The unique properties of DP steels stem from their specialized microstructure, 

which is achieved through controlled thermomechanical processes, 

particularly intercritical annealing followed by rapid cooling. 

A. Microstructure 

The microstructure of dual-phase steels typically consists of %70- %90 soft 

ferrite and %10-%30 hard martensite phases by volume (As the strength class 
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increases, the martensite volume fraction increases. For example, in the 

DP1000, this ratio reaches % 40-%65 [1]). 

B. Strength Mechanism 

The excellent combination of toughness and strength of DP steels  is explained 

by their Strain Hardening behavior: 

1. Low Stress: The soft Ferrite phase is the first to begin deformation. 

This gives the steel good initial ductility and a low yield strength. 

2. High Stress: As deformation progresses, high stress build-up begins 

around the islets of martensite. This causes the material to harden very 

quickly at the time of stress ($\text{n-value}$ high). This rapid 

hardening enhances the final strength of the part and ensures that the 

damage is evenly distributed throughout the material (good 

formability). 

C. MECHANICAL COMPARISON OF DP800 AND DP1000 

The primary distinction between DP800 and DP1000 is the martensite 

volume ratio and the varying mechanical properties based on this ratio. 

DP1000 offers higher strength due to its greater martensite content, but this 

reduces ductility (elongation at break). 

Table 1: Typical Mechanical Properties Comparison of DP800 and DP1000 Steels 

Feature Unit 

DP800 

(Typical 

Range) 

DP1000 

(Typical 

Range) 

Notes 

Minimum Yield 

Strength (Rp0.2) 
MPa 

450 - 

600 

600 - 

800 

Permanent 

deformation 

resistance 

under load. 

Minimum 

Tensile 

Strength (Rm - 

UTS) 

MPa 
$780 - 

$950 

980 - 

1180 

The 

maximum 

load that the 

material can 
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Feature Unit 

DP800 

(Typical 

Range) 

DP1000 

(Typical 

Range) 

Notes 

bear without 

breaking. 

Elongation at 

Break (A80) 
% 15 - 20 8 - 15 

Formability 

potential of 

the material. 

Yield/Shrinkage 

Ratio (Rp0.2/Rm) 
- 

0.55 - 

0.70 

0.60 - 

0.80 

A low ratio 

is an 

indicator of 

good 

formability. 

Martensite 

Volume Ratio 
% 

 ~20 - 

30 
~40 - 65 

High ratio, 

high 

strength, 

low 

ductility. 

 

DP steels have a low Yield-to-Tensile Ratio (usually between 0.5 and 0.8), 

resulting in better formability than conventional steels. A low ratio does not 

mean that the material will "springback" less in the mold, but it spreads the 

deformation over a wide area thanks to its hardening ability. In DP1000, this 

ratio is higher than in DP800, indicating increased formability and machining 

difficulties. 

 

III. FORMABILITY AND MANUFACTURING CHALLENGES 

Strength enhancement inevitably presents certain challenges in 

manufacturing processes: 
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A. Formability Limitations 

 

The DP1000's low elongation at break (Table 1) increases the risk of edge 

cracking and mold tearing during deep drawing and the production of complex 

geometry parts. High strength also increases the forces acting on the molds 

and accelerates mold wear. Therefore, simpler geometries or alternative 

manufacturing methods such as hot stamping are often required for DP1000 

parts. 

 

B. Weldability 

 

DP800 and DP1000 are often combined with Resistance Spot Welding 

(RSW). Due to the high carbon and alloy content, especially in DP1000, the 

full martensitic structure formed in the weld region (FZ - Fusion Zone) can be 

very hard and brittle. This can adversely affect the toughness and fatigue life 

of the weld joint. In DP1000 welding, more careful energy control and 

electrode pressure settings are required. 

 

C. Bake Hardening (BH) 

 

A significant advantage of DP steels is that their yield strength can be 

increased slightly more through low-temperature heat treatment (Baking 

Hardening) applied during the painting and firing process. This effect 

enhances the final bearing capacity and crushing resistance of the finished 

part. 

 

IV. AUTOMOTIVE APPLICATIONS 

The choice of steel depends on the part's function on the vehicle (safety, 

structural support, bodywork) and the complexity of its shape.  
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Table 2: Comparison of DP800 and DP1000 Steels Automotive Applications 

 

Steel 

Grade 

Tensile 

Strength (Rm) 
Typical Application Areas 

DP800 800 MPa 

Structural parts that require good 

formability:  

 

 

• Seat rails and reinforcements  

 

 

• Quarter panel interiors  

 

 

• Shock-absorbing reinforcements  

 

 

• Complex geometry body interior 

panels 

DP1000 1000 MPa 

Collision elements requiring high 

energy absorption:  

 

 

• Bumper Beams 
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Steel 

Grade 

Tensile 

Strength (Rm) 
Typical Application Areas 

• B-Pillar reinforcements  

 

 

• Chassis rails and crash boxes  

 

 

• Safety cage critical points 

 

 

The DP1000 is often used in critical safety parts that need to maintain the 

integrity of the passenger compartment in the event of a collision, where the 

thinnest thickness and the highest strength are targeted. DP800 is preferred 

when it needs to be subjected to more complex mold processes. 

 

V. DISCUSSIOUN AND CONCLUSION 

This study demonstrated that DP800 and DP1000 dual-phase steels play a 

key role in achieving lightweighting and safety goals in the automotive 

industry. Key findings include: 

 

1. Strength/Ductility Balance: DP1000 offers higher tensile strength 

than DP800, resulting in greater weight savings. However, this 

strength increase results in a marked decrease in the material's 

elongation at break—approximately 1/3, narrowing the formability 

window. 

 

2. Design Solution: Design engineers must optimize steel selection 

based on the complexity of the part geometry. DP800 is preferred for 

high elongation and complex shapes, while DP1000 is the optimal 

solution for maximum energy absorption and simple shapes. 

 

3. Production Optimization: More advanced mold and welding 

parameters are imperative in the production of the DP1000 to reduce 

mold wear, increased springiness, and brittleness in the weld zone. 
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Future research should focus on further improving the formability-strength 

balance of DP steels using third-generation AHSS (3rd Gen AHSS) and hybrid 

structures. 
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