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Abstract— One of the most important strategies for improving power utilization and lowering total energy 

usage in distribution systems is energy-efficient Demand Side Management (DSM). Within a substation's 

load profile, this study assesses the effects of swapping out incandescent lights for consumer-preferred, 

energy efficient substitutes like LEDs and Compact Fluorescent Lamps (CFLs). Despite certain harmonic 

distortion issues related to non-linear lighting loads like CFLs, DSM techniques in particular, demand 

response strategies have been demonstrated to lower power costs, improve power factors, but increase 

Total Harmonic Distortion (THD). The study evaluates system metrics, including power, THD, power 

factor, and energy consumption, under different load combinations using MATLAB simulations. The 

findings of analyzing optimal power flow (OPF) on a six-bus network and modeling a balanced three-

phase system show decreases in real power demand, operational losses, and system expenses. Additionally, 

the economic advantages of DSM interventions are highlighted by differences in Locational Marginal 

Pricing (LMP) among bus nodes. Results indicate that DSM techniques greatly improve system 

sustainability and efficiency in power distribution networks by implementing targeted load reduction and 

energy-efficient lighting. 

Keywords: OPF, THD, Power quality, CFL 

1. INTRODUCTION

Energy efficiency has become a crucial area of focus in power management due to the ongoing increase in

global energy consumption and the depletion of fossil fuel resources. Demand Side Management (DSM) 

techniques have been shown to be successful in lowering costs and conserving energy by providing incentives for 

customers to switch or reduce their power consumption during periods of high demand. In order to lower total 

power consumption and enhance system performance, DSM requires replacing traditional high-energy lighting 

with energy-efficient substitutes like light-emitting diodes (LEDs) or compact fluorescent lamps (CFLs) [1]. 

Energy consumption is decreased, operational expenses are decreased, and a more balanced and dependable power 

distribution network is achieved by substituting energy-efficient lights for incandescent ones [1]. According to 

studies, DSM techniques in distribution systems maximize power flow, guarantee voltage stability, and reduce 

power losses, making them a workable way to save money and energy. However, using non-linear loads, such as 

CFLs in place of traditional incandescent lights, results in harmonic distortions, which can alter voltage 

waveforms and impact power quality. Large-scale lighting changes are therefore possible for operational and 

financial reasons, as research shows that these power quality problems stay within allowable regulatory bounds 
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[2]. This study examines the effects of switching out incandescent lighting in a substation with consumer-preferred 

energy-efficient substitutes, with a particular concentration on how it affects cost-effectiveness, power quality, 

and load flow. This study adds to the increasing amount of research that highlights the advantages of DSM in 

power distribution networks from an economic and environmental standpoint [3]. 

2. PROBLEM STATEMENTS

Compact fluorescent lamps (CFLs) and other non-linear lighting loads like LEDs have improved energy

efficiency but increased harmonic distortion, particularly third-order harmonics. Harmonic pollution from these 

devices occurs because they draw current in a way that distorts the voltage waveform, injecting high-frequency 

currents that create total harmonic distortion (THD) [4-8]. This distortion can lead to increased losses, reduced 

equipment lifespan, and interference in electronics and transformers not designed for high harmonic levels. 

Studies show that CFLs can produce THD levels as high as 120% or 72% without filtering, far exceeding the 

limits set by power quality standards and the much lower distortion of traditional incandescent lights [9-12]. 

Demand Side Management (DSM) and Demand Response (DR) are being used more and more to control load 

demand, promote energy efficiency, and lower harmonics to enhance power quality and load profiles, particularly 

with non-linear loads like LEDs and CFLs. Energy-efficient lighting is encouraged by utilities and Independent 

Service Operators (ISOs) to improve grid efficiency, prolong equipment life, and reduce maintenance expenses. 

Aggregators encourage load shifts to balance grid demand and lessen peak load pressure, which aids in 

coordinating end-user involvement in DR schemes. To improve power quality and equipment longevity, passive 

or active filters are employed to reduce Total Harmonic Distortion (THD), especially at substations. DSM and 

DR allow for real-time modifications to optimize grid costs, while Locational Marginal Pricing (LMP) reflects 

supply-demand restrictions at network locations [13-17]. To provide stable and affordable power distribution, 

LMP promotes DR interventions during periods of high demand or congestion. 

3. METHODS AND PROCEDURES

User-defined load combinations can provide an output load that is applied to a node bus in a six-bus system.

Replacing the system load by a percentage reduces output consumption. The lower estimated load is utilized to 

generate an OPF solution for the system. 

Fig. 1. Process of cost calculation 
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3.1  Template Base Load Calculation 

Data was collected using a computer-controlled setup and saved in a server system before being analyzed [10]. 

During a capture period, NT samples are obtained as NT-length sequences, as indicated in (1) and (2) 

𝑣𝑎𝑐𝑞 = {𝑣𝑎𝑐𝑞(𝑛)} 𝑁𝑇
𝑛=1

    (1) 

𝑖𝑎𝑐𝑞 = {𝑖𝑎𝑐𝑞(𝑛)} 𝑁𝑇
𝑛=1

 (2) 

Power may be obtained for specific loads, such as CFLs and FLs, with electronic or magnetic ballasts at any time. 

𝑃𝑙𝑜𝑎𝑑  =  
1

𝑁
 ∑ 𝑣𝑡𝑚𝑝(𝑛)𝑖𝑡𝑚𝑝(𝑛)𝑁

𝑛=1  (3) 

For any mixed combination, the power can be calculated as 

𝑃𝑚𝑖𝑥𝑒𝑟𝑙𝑜𝑎𝑑 = 
1

𝑁
 ∑ 𝑣𝑡𝑚𝑝(𝑛) [𝑛𝐶𝐹𝐿(𝑛) ∗  𝑖𝐶𝐹𝐿(𝑛) + 𝑛𝐸𝐹𝐵𝐿 (𝑛) ∗ 𝑖𝐸𝐹𝐵𝐿(𝑛) + 𝑛𝑀𝐹𝐵𝐿(𝑛) ∗  𝑖𝑀𝐹𝐵𝐿(𝑛) + ⋯ ]𝑁

𝑛=1     (4)

3.2 The Optimal Power Flow (OPF) Solution Formulation of The Network 

The OPF solution is calculated using MATPOWER software. To determine the OPF solution, use the following 

equation: 

min
𝑥

𝐹(𝑥) =  ∑ 𝑓𝑝
𝑖(𝑝𝑔

𝑖 ) + 𝑓𝑄
𝑖(𝑞𝑔

𝑖 )
𝑁0
𝑖=1    (5) 

Subject to 

      𝐻(𝑥) = 0          (6) 

      𝐺(𝑥)  ≤ 0          (7) 

 𝑥𝑚𝑖𝑛 ≤ 𝑥 ≤  𝑥𝑚𝑎𝑥  (8) 

     𝑥 =  

[

𝜃
𝑉𝑚𝑖𝑛

𝑃𝑔
𝑄𝑔 ]

      (9) 

The objective function, F, is the sum of each generator's real power cost function. 𝑓𝑃
𝑖 and reactive power cost

functions, 𝑓𝑄
𝑖  where i=1… and 𝑛𝑔 is the number of generators. The equality constraints, H, refer to the nonlinear

real and reactive power balancing equations 𝐻𝑃 and 𝐻𝑄 , where i=1 and 𝑛 𝑏= the number of buses:

𝐻 =  {
𝐻𝑃(𝜃, 𝑉𝑚, 𝑃𝑔) =  𝑃𝑖(𝜃, 𝑉𝑚) + 𝑃𝑑

𝑖 − 𝑃𝑔
𝑖

𝐻𝑄(𝜃, 𝑉𝑚, 𝑃𝑔) =  𝑄𝑖  (𝜃, 𝑉𝑚) + 𝑄𝑑
𝑖 − 𝑄𝑔

𝑖
        (10) 

 The inequality constraints, G, consist of apparent power flow limits for the from F_f, and to F_t, ends of each 

line:     

 𝐺 =  {
𝑔𝑓 = |𝐹𝑓(𝜃, 𝑉𝑚)| − 𝐹𝑚𝑎𝑥

𝑔𝑡 = |𝐹𝑡(𝜃, 𝑉𝑚)| − 𝐹𝑚𝑎𝑥

 (11) 

The optimization vector includes vectors for voltage angles, voltage magnitudes (𝑉𝑚), and generators' real and

reactive power outputs (𝑃𝑔and 𝑄𝑔)[18-21].
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Fig. 2. Diagram of the Six Bus System 

4. CASE STUDIES FOR DIFFERENT TYPES OF LOAD COMBINATIONS

Start
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substation

END

Input
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THD 

Calculati
on of 

Substati
on

Fig. 3. Mathematical Flow chart 

Power, Total Harmonic Distortion (THD), Power Factor (PF), and energy requirements are among the system 
factors that are assessed for a variety of loads inside a substation in this research. A MATLAB program  is used to 
compute these parameters, and the results are used to optimize the load-serving entities (LSEs) at the nodal level 
[22].  

Table 1: Loads under a 200 MVA transformer 

Load Type Loads under a 200 MVA transformer 
Unit 
Power 

Quantity Total Power 

(Watt) (1000Pcs) (KWatt) 
Fan 60 360 21600 
Refrigerator 150 120 18000 
AC 1500 30 45000 
Washing Machine 500 45 22500 
Heater 1000 45 45000 
Lamp 60 270 16200 
CFL 23 345 7935 
TL with MB 40 225 9000 
TL with EB 40 165 6600 
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Assumptions that make on the overall network consideration: 

•The system was modelled as a balanced three-phase system, with loads distributed equally across single-

phase units.

•Calculations were performed in a single-phase representation for simplicity.

 The power parameters can be used to create load-serving entities (LSEs) at the nodal level, incorporating demand 

response (DR) strategies. DR often involves reducing energy consumption, such as replacing incandescent lamps 

with energy-efficient options like CFLs. Studies show this leads to notable energy savings, reduced peak demand, 

lower power losses, and improved system stability. 

Possibilities for Demand-Side Management The substitution of energy-efficient substitutes like CFLs for 

traditional illumination (incandescent lights) is one of the study's major contributions to DSM. Numerous studies 

have shown that these kinds of changes can result in a significant drop in energy usage, which lowers overall 

demand and the lowest peak power needs. As reflected in the above table, the percentage reduction in incandescent 

load due to CFL replacements results in a reduction of both real power demand and overall THD (Total Harmonic 

Distortion), leading to an improvement in the power factor. Such reductions help improve the efficiency of the 

overall system and contribute to significant energy savings. 

4.1 Optimal Power Flow (OPF) Solution for a Six Bus System 

In the Second Step, consideration had been taken for a six bus system shown in the figure (Fig. 2). The details 

of the system setup are listed in Table III. This phase is essential for calculating the overall cost and loss of the 

system, depending on the load configurations. Through the use of MATPOWER, the system is assessed under a 

range of load scenarios, including the effects of load reductions brought on by DSM (switching from incandescent 

to CFL bulbs). Results of the OPF Analysis: The OPF solution highlights the savings obtained by substituting 

conventional lamps by displaying the system's overall cost and loss under various demand response scenarios. 

The predicted loss and cost per hour, along with the load flow statistics, demonstrate how DSM improves system 

efficiency. The system converges rapidly, and DSM's reduction of the fifth bus's load lowers operating expenses 

and improves system dependability. All the other parameters were taken from the reference [23]. 

Fig. 4. Current voltage waveforms for LSE for a Node Bus 

4.2 Units Load Reduction at the Nodal Level 

Every 25% replacement of CFLs for incandescent lamps results in a decrease in load at the nodal level. A 

progressive reduction in the overall system power and an increase in the power factor may result from this demand 

response. The consequences of the load reduction are shown in Energy consumption and system costs, which are 

greatly decreased when traditional incandescent lamps are swapped out with more energy-efficient models, like 
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CFLs, in the substation's load profile. By putting DSM techniques into practice, especially at the consumer level, 

utilities can improve the system's overall power quality, minimize operating losses, and lessen demand. The 

Current voltage waveforms for LSE for a Node Bus are shown in Figure 4. 

5. OUTCOMES AND EVALUATION 

The results of this study are consistent with other studies on DSM and energy efficiency, suggesting that these 

tactics can be very important for maximizing energy use and promoting sustainable energy systems. The system 

output data also illustrates how DSM affects the overall real and reactive power as well as the operational cost of 

the system. In Table II, all variations in the real and reactive power, along with the costing per hour, are included. 

Also, the LMP analogy for different calculations is shown in the graph (Fig. 5). 

Table 2: Load Replacement by Percentage for Demand Response 

Load 

Parameter for Demand Response 

Real Reactive Total THD PF 

Reduction Power Power Total 

(MWatt) (MVAR) (MAmp) (pc) (pc) 

No Reduction 147.16 5.59 6.79 5.14 0.971 

25 pc Reduction 144.77 5.59 6.69 6.25 0.97 

50 pc Reduction 142.39 5.59 6.58 7.39 0.969 

75 pc Reduction 137.48 5.59 6.28 9.92 0.98 

100 pc Reduction 137.43 5.59 6.26 9.98 0.98 

The table summary shows that the total cost per hour is lower for Demand Response (DR) at any node, even 
when energy-efficient alternatives are used to replace lighting demands (as shown in Table II). Though it stays 
within the bounds specified by the IEEE 519 standard, this modification can cause a slight decline in the network's 
power quality. The Locational Marginal Pricing (LMP) at each node changes considerably across different bus 
points, according to the graphical study. Nodes two and three maintain a constant LMP value, whereas other buses, 
like bus five, experience a decline in LMP value as load is reduced. It's interesting to see that when the load drops, 
the LMP at the generator on one bus somewhat increases. In conclusion, the overall system cost will be reduced as 
DSM activities replace incandescent lights with energy-efficient lighting; however, the LMP at various network 
locations will not show consistent reductions. 

The calculated data illustrates the hourly variation of Locational Marginal Prices (LMP) and their impact on 
economic metrics such as the difference with retail tariffs and objective value throughout the day. During early 
hours (1:00–6:00), the LMP remains relatively stable with low price differences compared to the retail tariff, 
resulting in modest objective values between $32,000 and $33,000. However, as demand increases from 7:00 
onwards, LMP values escalate, especially during peak hours (12:00–17:00), where prices and objective values rise 
significantly, reflecting increased energy consumption costs. Notably, from 18:00 to 22:00, the LMP range widens 
drastically, with maximum LMP values spiking to above $300/MVA-hr, resulting in negative differences with the 
retail tariff, indicating a possible surplus generation scenario. This leads to exceptionally high objective values, 
peaking at $82,105 during the 19:00 hour. These trends reflect typical demand-supply dynamics and the importance 
of strategic DSM measures to optimize energy usage, particularly during high-price intervals. 

The graph in Figure 6 shows the effects of varying levels of power reduction on key electrical parameters for 
an industrial system. As the percentage reduction in real power increases from 0% to 100%, real power output 
decreases steadily from 147.16 MW to 137.43 MW. Interestingly, reactive power remains constant at 5.59 Mvar 
across all reduction levels, indicating that reactive power demand is independent of the real power reduction in this 
scenario. 

The total current also decreases progressively from 6.79 A at 0% reduction to 6.26 A at 100% reduction, aligning 
with the reduced real power consumption. However, Total Harmonic Distortion (THD) increases significantly from 
5.14% to 9.98%, suggesting that power quality may deteriorate as reductions in real power are applied. The power 
factor (Pf) starts at 0.971 and slightly improves to 0.98 at higher reduction levels, likely due to the consistent 
reactive power and decreased real power. These observations emphasize the trade-offs between energy savings, 
power quality, and system efficiency in Demand-Side Management (DSM) strategies 
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Fig. 5. LMP (max/ min) Vs objective values for a Node Bus 

Fig. 6. Quality Vs objective values for a Node Bus 

. 

6. CONCLUSION 

The paper suggests a novel method for modelling loads using waveform templates. Real-time waveforms that 
have been acquired undergo manipulation to create the templates. The power quality parameters of a distribution 
system with various load combinations are ascertained using these templates. It is discovered that the individual 
current waveform of CFL contains THD of greater than 12%. The THD of an electronic ballast is close to 20%. 
The CFL and electronic ballast each have extremely significant individual harmonic distortions. The overall power 
scale shrinks to about 20% of the lamp load when a CFL is used in place of a lamp. Nevertheless, the leading power 
factor drops from unity to 0.57. However, the power quality does not change much when an electronic ballast is 
used in place of a tube light with a magnetic ballast. Even so, it raises the power factor from a lagging 0.57 to nearly 
unity. The THD is not greatly impacted when switching the ballast for tube light loads from an electronic ballast to 
a normal magnetic ballast. 
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Abstract—The combination of drones and smart reconfigurable surfaces (RISs) is becoming increasingly 

important for improving energy efficiency and wireless communication performance in Internet of Things 

(IoT) networks. This research focuses on developing an iterative optimization algorithm based on the 

fmincon algorithm in MATLAB. Sensing and transmission parameters are updated simultaneously at each 

iteration to achieve maximum energy efficiency. The algorithm starts with initial values. To optimize the 

energy efficiency of a system integrating a drone that provides mobile edge computing (MEC) services to 

IoT devices, the proposed system takes into account several critical factors, including drone trajectory 

optimization, optimal bit allocation between local and drone processing, and phase shift optimization in 

smart reconfigurable surfaces. The goal is to maximize overall energy efficiency by jointly optimizing 

these elements through a novel algorithm that alternates between optimizing the smart reconfigurable 

surfaces' phase shifts, the drone trajectory, and bit allocation. Simulation results demonstrate that the 

proposed solution significantly outperforms other measurement approaches in terms of energy efficiency, 

while examining the impact of variables such as the number of users, the reflectance elements of 

reconfigurable smart surfaces, and base station antennas on system performance. In conclusion, this 

research presents a novel approach to enhancing energy efficiency in RIS-enabled and drone-enabled MEC 

systems for IoT networks, achieving significant improvements over existing methods 

Keywords:  Cognitive radio networks (CRNs), unmanned aerial vehicles (UAVs), Reconfigurable 

Intelligent Surfaces (RIS), Mobile Edge Computing (MEC), Energy Internet of Things (IoT) 

1. INTRODUCTION

The rapid development of the Internet of Things (IoT), data traffic will increase completely, necessitating a

large amount of spectrum. Cognitive radio (CR) technology has been proposed as a solution to the spectrum 

scarcity problem[1] .It improves spectrum efficiency. In cognitive IoT, secondary IoT devices can coexist with 

nearby primary IoT devices on the same spectrum while ensuring that secondary users' interference is kept to a 

minimum The utilization efficiency of the licensed spectrum can be increased. Integrating ground-based and air-

based networks is one of the challenges in building a six-generation (6G) communication system[2] . Unmanned 

aerial vehicle (UAV) assisted communication has been extensively researched in civil and military applications 

due to its numerous benefits, including high maneuverability [3], on-demand deployment, and so on. UAVs can 

be used as aerial base stations, providing wireless service to ground users Because of the bottleneck in battery 

technology [4], the UAV system's operating time will be reduced. Therefore, it is urgent to improve the energy 

efficiency (EE) of the UAV system. The UAV is deployed as an aerial base station, providing wireless services 

to ground users. The UAV's trajectory, bandwidth allocation, and user communication scheduling are optimized 

to maximize EE while meeting user quality-of-experience (QoE) requirements Consider a spectrum sharing 

system in which the UAV circles the PU transmitter and detects its status using spectrum sensing. When detected 

to be idle, UAVs can use the licensed spectrum for short packet communications [5]. Because of the UAV's high 
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altitude, wireless channels between and ground nodes are assumed to be links. For micro rotary-wing UAVs that 

are typically powered by batteries, EE is an important performance metric to consider. First, we calculate the 

effective throughput of the UAV communication system by taking into account the effect of imperfect sensing 

and packet error rate [6]. The average energy consumption of the UAV system is then calculated, which includes 

hovering energy, propulsion energy, and communication energy. The EE is the ratio of average throughput to 

average power consumption [7]. We aim to maximize EE by designing the packet error rate, sensing duration, 

normalized sensing threshold, and the UAV's transmit power. 

The packet error rate, sensing duration, normalized sensing threshold, and UAV transmit power are all 

optimized together to maximize the UAV system's EE [8]. 

The integration of (UAVs) and Reconfigurable Intelligent Surfaces (RIS) marks a significant step forward in 

the design of next-generation wireless communication networks [8]. UAVs, with their mobility and flexibility, 

offer a dynamic platform for improving wireless coverage and capacity, especially in challenging environments. 

Simultaneously, RIS technology provides a novel method of controlling the propagation environment [9], 

enabling intelligent manipulation of electromagnetic waves to improve signal strength and reduce interference In 

the context of Mobile Edge Computing (MEC) [10], which needs to bring computation and storage closer to end 

users, the collaboration between UAVs and RIS has the potential to significantly improve the efficiency and 

reliability of data processing and transmission in Internet of Things (IoT) networks. However, optimizing such a 

complex system presents numerous challenges [11], particularly in terms of energy efficiency, which is critical 

given UAVs' limited power resources and need for long-term operation without frequent battery replacements or 

recharges [12]. 

In This paper the objective: Develop a comprehensive optimization framework to enhance energy efficiency in 

a RIS-assisted UAV-enabled MEC system. 

2. RELATED WORKS 

. This study focuses on using (UAVs), Reconfigurable Intelligent Surfaces (RIS), and Multi-Access Edge 

Computing (MEC) to improve energy efficiency in wireless networks. Several studies have investigated these 

approaches separately or in combination to improve wireless network performance. 

In (UAVs) The UAVs have shown to be a valuable tool for increasing energy efficiency and expanding wireless 

coverage. For example, Ghamari et al. (2022) conducted a review of UAV applications in civil domains, 

emphasizing their benefits in terms of wireless coverage and spectrum efficiency. Research has mostly focused 

on optimizing UAV trajectories and resource utilization to reduce energy consumption and Reconfigurable 

Intelligent Surfaces (RIS) 

RIS is a novel breakthrough in wireless communication that provides new techniques to regulate the 

propagation environment. In a comprehensive analysis, Ahmed et al. (2024) underlined that RIS improves signal 

strength, decreases interference, and broadens wireless communication possibilities, making it a potential solution 

for future networks (MEC). 

MEC dramatically improves wireless network performance by lowering latency and increasing data processing 

efficiency. Narayanan et al. (2020) examined important achievements in MEC for industrial IoT applications, 

noting its critical role in enhancing data transmission reliability, especially when linked with UAV and RIS 

technologies, and challenges and improvements in energy efficiency. 

Despite tremendous advances in these fields, increasing energy efficiency remains a serious problem. Key 

concerns include UAVs' limited energy resources and the necessity for long-term operations without regular 

battery replacement. To solve these difficulties, this research provides a comprehensive system that includes 

UAVs, RIS, and MEC. The suggested solution uses iterative algorithms and gradient-based approaches to 

optimize system parameters over several time periods, with the goal of significantly improving energy efficiency. 

The associated works stress the need for ongoing research to increase energy efficiency in integrated wireless 

systems. Building on previous contributions, this study presents a novel paradigm that may be used to real-world 

settings, paving the way for more sustainable and efficient wireless communication systems. 
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TABLE 1. Abbreviation for related works. 

REF PAPER Field Main Goals and Results 

[9] 2024 

 

Active Reconfigurable Intelligent Surface 

es: Expanding the frontiers of wireless 

communication. 

(RIS) Comprehensive review of RIS 

technology and its potential to 

improve signal strength and 

reduce interference in wireless 

communication. 

[13] 2023 Joint optimization of resource Allocation, 

phase shift, and UAV trajectory for 

Energy Efficient RIS-Assisted UAV-

Enabled MEC. 

EE optimization Optimization resource allocation, 

phase shift, and UAV trajectory to 

maximize EE in RIS-assisted UAV-

enabled MEC. 

[11] 2023 Reconfigurable intelligent surface for 

physical layer security in 6G-IOT 

physical layer security Improving security in 6G-IOT 

networks using RIS, 

[1] 2022 Throughput optimization of interference 

limited cognitive Radio Radio-based IOT 

Network. 

IOT Networks Enhancing spectrum efficiency by 

optimizing throughput in cognitive 

Radio Radio-based IOT Networks. 

[3] 2022 UAV communications for civil 

Applications 

UAV communications Reviewing the civil applications of 

UAVs and their benefits in 

enhancing wireless coverage and 

spectrum efficiency.   

[10] 2020 Key Advances in pervasive Edge 

computing for Industrial IOT. 

Edge computing Enhancing efficiency and 

reliability of data transmission in 

industrial IOT networks through 

edge computing technologies. 

[2] 2019 IOT Enabled wireless sensor Network for 

physiological data Acquisition. 

Wireless sensor 

networks. 

Improving physiological data 

acquisition using IOT-enabled 

wireless sensor networks. 

This 

Paper 

2025 

Energy Efficiency optimization in 

cognitive Radio Networks RIS assisted 

UAV Enabled MEC system. 

Energy Efficiency 

In Networks. 

Proposing a comprehensive frame 

work to optimize Energy Efficiency 

by integrating UAVs, RIS, MEC. 

 

3. SYSTEM MODEL 

This system model describes the integration of (UAVs), Reconfigurable Intelligent Surfaces (RIS), The model 

encompasses the operational parameters and interactions between these components, focusing on energy 

efficiency optimization. 

4. OPTIMIZATION OF THE ORIGINAL SYSTEM  

In this section, we focus on optimizing the performance of the UAV system supported by the reconfigurable 

intelligent surface (RIS) in terms of energy efficiency 

The goal is to maximize the (EE) by adjusting various system parameters. 

4.1 Energy Efficiency Optimization 

The objective function is the function we aim to r maximize (EE) of the system. 

The energy efficiency of the UAV system can be calculated using the following equation: 
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𝐸𝐸 =  
 1−𝑞(𝑥(2)−1)√√

𝑥(1).𝑓𝑠

𝑤
 )).(𝑀−𝑥(1)).(1−𝑥(4))

𝑥(1).𝑝𝑠+(𝑀−𝑥(1)).(𝑥(3)+𝑝𝑐)+
𝑚𝑈𝐴𝑉.𝑔

√2𝜋.𝑁𝑢.𝑝
 +𝑜𝑡ℎ𝑒𝑟 𝑡𝑒𝑟𝑚

      (1) 

x1 represents the sensing duration, x2 the sensing threshold, x3 the UAV transmit power, x4 the packet 

error rate, q the gaussian q-function, fs is the sampling frequency, W is the bandwidth, M is the number 

of symbols [14], pc circuit power, ps represents sensing power, g is the gravitational acceleration, Nu is 

the number of rotors, and mUAV is the UAV's mass [15]  . 

 

 
Fig 1: System Model illustrating UAV, RIS, and MEC -Assisted communication for IOT 

5. CONSTRAINTS  

Constraints are important in any optimization problem because they ensure that the optimal solutions meet 

particular requirements or limitations. To optimize the energy efficiency of a UAV system supported by a 

Reconfigurable Intelligent Surface (RIS), certain restrictions must be considered to ensure that the system operates 

properly and efficiently. 

5.1 Detection Probability 

The detection probability refers to the likelihood of successfully detecting the signal. To achieve consistent 

performance, the detection probability must be high. We utilize the Gaussian Q-function to get the detection 

probability: 

𝑝𝑑 = 𝑄 (𝑘 − 𝑦𝑠 − 1) √
𝑛𝑓𝑠

𝑤(2𝑦𝑠+1)
)    (2) 

Where: 

Q is the Gaussian Q-function, which represents the likelihood that a Gaussian random variable will surpass a 

given value w. (SNR), fs is the sampling frequency ys, and w is the bandwidth . 

We want to achieve a detection probability of at least 0.9 for effective signal detection . 
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False alarm likelihood pf  

𝑝𝑓 = 𝑄 ((𝑘 − 1)√
𝑛𝑓𝑠

𝑤
)       (3) 

where κ is the normalized threshold of the energy detector, fs is the sampling frequency [13], Q(x) is the 

complementary distribution function of the standard Gaussian, γs is the signal-to-noise ratio (SNR) of the primary 

signal at the UAV [14]  

γs = β0Pp/ (rα s σ2 u)          (4) 

 where σ2 u is the noise power. 

5.2 Sensing duration  

The sensing duration is the time period during which the UAV collects information [16]. It must be within 

reasonable limits to ensure system efficiency : 

Ts = (1+𝛾.log(d)). (1+𝛼.
𝑝𝑡

𝑝𝑡 𝑚𝑎𝑥
). (1+⅄.

𝐼

𝑝𝑡
). (1+𝛽.

1

1+𝑒𝑥𝑝 (−𝛿.𝑑)
   ( 5) 

γ the factor adjusts the influence of distance, while α adjusts the effect of transmit power. β represents the 

environmental effect, while δ represents the effect over distance . 

5.3  .Sensing Threshold   

The sensing threshold is the signal level that is deemed sufficient to detect the signal. It must fall inside specified 

boundaries: 

Ө = η.log (1+
𝑝𝑡

𝜎
). (1+ ζ.

𝑑

𝑅
). (1+α.

𝐼

𝑝𝑡
).(1 + 𝛽.

1

1+𝑒𝑥𝑝 (−𝛾.𝑆𝑁𝑅)
).( 1+δ.E)  (6) 

η.log (1 + pt/σ) This section depicts the influence of transmission power pt in relation to noise. σ is heavily 

influenced by the signal-to-noise ratio in the communication environment. (1+ ζ.d/R) reflects the effect of distance 

(d) and R. The efficacy of communication diminishes. 

5.4 UAV Transmit Power 

The transmit power refers to the energy utilized by the UAV to send the signal. To avoid excessive energy use 

and ensure energy efficiency, it must adhere to particular constraints. 

Pt = ( 
𝛼

𝛽+𝛾
). (1+log ( 

𝑑

𝑅
)). (1+ δ. exp (-ϵ. d)). (1+𝜁. 𝑆𝑁𝑅). (1+η.

𝐼

𝑝𝑡
). (1+ө.E)  ( 7) 

α, β, and γ are scaling parameters, while δ and ϵ are adjustment parameters. 

5.5 Packet Error Rate (PER) 

The packet error rate is the percentage of packets that do not arrive at their intended destination. To ensure the 

quality of communication, it must be within reasonable boundaries. 

pe = 
𝜇

1+𝜔.𝑃𝑡
.(1+ ζ.

 𝑝𝑒𝑖𝑛𝑡𝑒𝑟

𝑝𝑡
). (1+Ɛ.log( 

𝑑

𝑅
))          ( 8) 

μ, ω, ζ , Ɛ constants adjusted for different effects. 

6. COMMUNICATION MODEL   

Tthe channel gain between the UAV and the RIS at time slot n can be given by:   

 ℎ𝑅𝑢[𝑛] = √𝑝𝑑𝑅𝑢−2[𝑛] [1, … , 𝑒−𝑗 
2𝜋

𝜆
 (𝑀−1)𝑑𝜑𝑅𝑢[𝑛]]       (9) 
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where ρ is the path loss at the reference D0 =1 m, d is the antenna separation; λ is the carrier wavelength; RU[n] 

is the cosine of the AD of the signal from the RIS to the UAV at time slot n [17]. 

the channel gain from the IoT device to the UAV at time slot n can be expressed as:  

 𝐻𝑖𝑢[𝑛] =  √𝑝 𝑑−𝜖𝑖𝑢 [𝑛]𝑔𝑖𝑢    (10) 

the IoT device at timeslot n; ε is the pathloss exponent and giu represents the random scattering component 

[18]. For the communication links from the IoT devices to the RIS [19]. we assume that they are Rician fading 

channels. 

the channel gain between the IoT device and the RIS at time slot n can be given by: 

 ℎ𝑖𝑅 [𝑛] =  √p d−γiR[n] ( √
β

1+β
  hiRloS + √

1

1+β
hiRNLoS  )     ( 11) 

the distance between the IoT device and the RIS is dir., γ denotes the path loss exponent; β represents the Rician 

factor; h loss and N loss are the Loss component and N Loss component [20], respectively For h loss . 

7. SYSTEM OPTIMIZATION AFTER INTEGRATING WITH RIS AND MEC   

In this section, we will optimize the system following its integration with Reconfigurable Intelligent Surface 

(RIS) and (MEC) [21]. The goal is to increase the system's energy efficiency (EE) by adding these technologies 

and modifying the necessary system parameters. 

7.1 Formulating the Optimization Problem after Integration  

 Objective Function 

As stated in the first section, the goal is to maximize (EE). The integration of RIS and MEC increases the 

system's complexity [22], but the goal function can be stated similarly, accounting for the additional impacts. 

 Modified Objective Function 

Following the integration of RIS and MEC, the goal function is adjusted to take into account the additional 

features, such as increased signal quality from RIS and reduced latency from MEC. The modified objective 

function may be stated as: 

 𝐸𝐸(𝑋) =
𝑅(𝑥)−𝑝(𝑥) 

𝑝(𝑥)
    (12)    

Rx: Data rate (throughput) after optimization, and P(x): System power consumption after optimization. 

8. MODIFIED CONSTRAINTS 

In current UAV systems, integrating technologies such as Reconfigurable Intelligent Surface (RIS) and (MEC) 

has the potential to significantly improve overall system performance [22]. However, in order to properly utilize 

new technologies, traditional system limits must be revised. These updated limitations provide an ideal mix of 

performance, efficiency, and sustainability while adhering to legal and operational standards. 

Modified constraints are important because they can increase energy efficiency, signal quality, and reaction 

time, which includes: 

8.1. Accurate Signal Detection: Increasing the detection probability to achieve improved signal recognition 

accuracy[23] and reduce interference mistakes. 

8.2. Improving Response Time: Using MEC capabilities to reduce data processing response time and enhance 

system performance in time-sensitive applications. 

8.3  .Improving Signal Quality: Using the RIS system's reflection angles to manage signal direction and quality . 

8.4. Compliance with Legal restrictions: Ensuring that UAV transmission power is within legal and operational 

restrictions [23]. 
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1 .Detection Probability Constraint: 

The detection probability of a system relates to its capacity to detect signals accurately in the face of noise. A 

high detection probability is required to avoid missing key signals or misidentifying them as noise. This limitation 

ensures that the system's signal detection remains highly efficient. 

𝑃𝑑 = 𝑄 (
𝛾−𝑇𝑡ℎ

√
𝑁0

2𝑇

)  (13) 

Sensing Duration (T): The time required for the system to detect a signal. Longer sensing times can improve 

detection accuracy but may cause delays. 

Sensing Threshold: The threshold value used to assess whether a detected signal is meaningful or not. 

Increasing this amount may result in fewer false detections. 

Signal-to-Noise Ratio (SNR, γ) is the ratio of signal strength to background noise. High SNR ratios suggest 

clearer signals and consequently better detection, while N0 denotes the power density of noise in the signal. 

2 .MEC Constraints 

 (MEC) systems process data at the network edge, close to users, to minimize latency and boost efficiency. This 

restriction ensures that the latency caused by data processing in MEC does not exceed a predetermined level, 

hence maintaining service quality. 

  𝐷 𝑡𝑜𝑡𝑎𝑙 =
𝐿

𝑅
. (1 + ∑

𝑝 𝑢𝑠𝑒𝑟𝑖

𝑅 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑖

𝑀
𝑖=1  . 𝛿𝑖)+∑ (

𝐿𝑘

𝐶𝑘

𝑁
𝑘=1  . (1 +

𝑁𝑡𝑎𝑠𝑘𝑠 𝑘

𝜇𝑘
))   (14) 

L is the magnitude of the data being communicated, and R is the network's transmission rate. M represents the 

number of users in the system. δ Interference between users represents the number of edge servers. 

9. ANALYSIS AND PROBLEM FORMULATION 

In this research, we seek to maximize the energy efficiency of an integrated system that includes a drone-

enabled MEC and a reconfigurable smart surface (RIS) to increase connectivity to a variety of Internet of Things 

(IoT) devices. Improving energy economy and lowering overall system power consumption to ensure fast and 

reliable communications strikes a balance between performance and uptime. 

Initialized parameters are bandwidth, sampling frequency, SNR of the primary signal at the UAV, transmit 

power, path loss exponent, noise power at the UAV and SGR, UAV mass, and so on. These parameters are 

important in defining the physical characteristics of the UAV, channel models, and the energy consumption model. 

System Parameters for RIS-Assisted UAV-Enabled MEC System: The number of RIS elements, the number of 

IoT devices, the mission period, the UAV height, the maximum UAV speed, and the CPU frequency for IoT and 

UAV are all defined. These parameters are necessary for the MEC system's operation. 

Initial Positions and Channel Models: The UAV, RIS, and IoT devices' initial positions have been set. Channel 

models between UAV-RIS, IoT-UAV, and IoT-RIS are  

Defined using these positions. 

Optimization Variables: 

Variables used for optimization: Variables like the local computation bits, UAV computation bits, and phase 

shifts (theta) are all initialized, and Objective function 

 The objective function seeks to maximize energy efficiency (EE). The function takes into consideration many 

variables, such as sensing duration; furthermore, sensing threshold, UAV transmit power, and packet error rate. 

The function is defined by utilizing system parameters and optimization variables; moreover, the constraint (Pd) 

ensures that the probability of detection exceeds or equals 0.9. This is modeled as a nonlinear constraint. 

The energy efficiency is calculated after integrating the system with the assisting system using the following 

iteration: 
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    𝐸𝐸 =
∑ 𝐿[𝑛]𝑁

𝑛=1

∑ 𝐸[𝑛]𝑁
𝑛=1

     (15 a) 

L is the total number of bits processed locally and, on the UAV,E is the total energy consumed, including local 

processing, UAV operation, and its movement [24] . 

s.t.|θm[n]| =1 ,∀m ∈ M,n ∈ N ,       (15b) 

q [1] = q0,q[N + 1] =qF,                  (15c) 

  ‖ʋ[𝑛]‖  ≤    𝑉 𝑀𝑎𝑥, Ɐ𝑛 𝜖 𝑁,         (15d ) 

    
Ɩ  𝑖𝑙𝑜𝑐 [𝑛]𝑐 ⅈ  

𝑡
 ≤   𝐹 i , Ɐi 𝜖 𝐼 , 𝑛 𝜖 𝑁,       (15e) 

      
       ∑  𝑙𝑖𝑈𝐴𝑉𝐼

𝑖=1   [𝑛]𝑐𝑖

𝑡
 ≤    𝐹 𝑈𝐴𝑉, Ɐ𝑛 𝜖𝑁       (15f) 

 

Fig 2: Flowchart for Energy Efficiency optimization in UAV-RIS IOT Systems  
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Constraint (15b) represents the viable set of RIS phase shifts. Constraint (15c) refers to the UAV's starting and 

ultimate horizontal locations. Constraint (15d) specifies that the speed of the UAV must be less than its maximum 

speed. Fi and FUAV represent the maximum CPU frequencies of IoT device i and the UAV, respectively. 

Constraints (15e) and (15f) require that the workloads of IoT devices and UAVs not exceed their maximum CPU 

frequency . 

10. SOLUTIONS OF THE FORMULATED PROBLEMS 

The Iteration Index is a fundamental aspect of any iterative optimization algorithm. It plays a crucial role in 

tracking and guiding the optimization process toward reaching the best possible solutions.  the Iteration Index is 

used to enhance the energy efficiency of a UAV system supported by RIS in a (MEC) environment and iterative 

algorithm is used to optimize the UAV trajectory, bit allocation, and RIS phase shifts. The algorithm consists of 

three steps, and it is repeated until convergence or until the maximum number of iterations is reached. 

10.1 Bit Allocation Optimization: 

MaXL locⅈ[n], LUAVi[n] ∑ L[n] − α ∑ E[n]N
n=1

N
n=1                     (16a) 

s.t. (7e) − (7g)                                                                             ( 16b) 

This step adjusts the local and UAV computation bits l and l UAV to minimize the energy consumption for 

processing [13]. The gradients represent the partial derivatives of the energy consumption with respect to the 

computation bits. 

10.2 Phase Shift Optimization:  

 𝑀𝑎𝑥 𝜃𝑚[𝑛]  ∑ ∑  𝐵𝑡𝑅0𝑓𝑓𝜋𝑖  [𝑛]1
𝑖=1

𝑁
𝑛=1                                          (17) 

Optimizing the phase shifts of the RIS (Reconfigurable Intelligent Surface) improves signal reception and 

system efficiency [25]. 

Then, the channel gain between IoTdevice πi[n] and the UAV can be expressed as: 

 |  hUπⅈ  [n] +  ( hRπⅈ) [n])H + dig( Ф [n])hUR [n] |
2

= |ℎ𝜋𝑖[𝑛]|^2         (18) 

10.3 UAV Trajectory Optimization: 

𝑀𝑎𝑥 𝑞[𝑛]  ∑ ∑ BtR0ffπⅈ
I
ⅈ=1

N
n=1  [n] − tα ∑ (𝖳1 υ3 [n] + 

𝖳2

υ[n] 
)N

n=1          ( 19)  

This step optimizes the UAV's trajectory to ensure it does not exceed the maximum allowable speed (υ). The 

gradient represents the change in trajectory required to minimize energy consumption [26] , and packet error rate. 

10.4 Algorithm 

Algorithm 1 : Energy-Efficient UAV-Assisted IoT Optimization 

 1. Input: System parameters, initial UAV trajectory, RIS and IoT device positions, phase shifts, and bit 

allocation. 

2. Output: Optimized energy efficiency, bit allocation, phase shifts, and UAV trajectory. 

// Initialization  

3. Set system parameters. 

4. Initialize UAV trajectory, RIS and IoT device positions, phase shifts, bit allocation. 

// Solve Optimization Problem 
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5. Define the objective function and constraints. 

6. Calculate the initial values for sensing duration, sensing threshold, UAV transmit power, and packet error 

rate. 

7. While (Energy efficiency change < threshold) 

  8. Solve Bit Allocation using Gradient Descent: Update local and UAV computation bits using  8. 

9. Solve Phase Shift Optimization using Gradient Descent: Update phase shifts of RIS elements 

using  9. 

10. Solve UAV Trajectory Optimization using Gradient Descent: Update UAV trajectory using 11. 

11. Update Energy Efficiency based on the updated bit allocation, phase shifts, and UAV trajectory. 

 12. End 

 TABLE 2: Simulation Parameters 

values parameters 

30e6HZ B 

200e6 bits Li 

0.4kg M UAV 

50e3 fs 

5w Pt max 

0.4w Pt min 

0.2w Ps 

0.1w Pc 

6 I 

40m H 

25 N 

9.8 m/s2 g 

 

11.    SIMULATION RESULTS 

Fig .3 depicts the exact of n on the EE when ps =0.2 w and pt=5w at small n=10 Energy Efficiency is low for 

rs, moderate increases in improve EE [27] , but excessive increases lead to stabilization without further 

improvements, affected by distance and time 2%. 

Fig. 4 presents the effect of each individual optimization parameter on EE,EE decreases as n 

increases past a certain point due to excessive Energy consumption for sensing and EE 

improves with increasing Pt from 0.4 to 5 w initially,but starts to decline after a peak value is 

reached,increasing packet error rate X drastically reduces EE,highlighting the importance of 

minimizing data loss.  
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Fig. 3. Energy Efficiency versus the Sensing Duration used (rs=1000,2000,3000 and 4000 m), mUAV=0.4 

kg, Nu=4, ru=0.2 m. 

 

 

 

Fig.  4.  Energy Efficiency Vs.Each optimization Parameter n=200,fs=50 x103, pc=0.1 ,ps=0.2. 
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Fig. 5. UAV Trajectories Comparison when H=40m,hR=20m,Vmax=10m/s,N=20. 

 Fig. 5  depicts the  without RIS,the UAV follows a less efficient path,leading to higher power 

consumption  and paths of the UAV 50m and  Q0=(0,0),qf=(50,50),wR=(25,25), the RIS 

position acts as a reflection point, improving communication between the UAV and IOT . IOT 

Device positions ω1fixed at (5,5),(10,10),(15,15),(20,20),(25,25),(30,30). 

 

Fig. 6. Energy Efficiency versus.Sensing Duration (M=10) 

Fig. 6 However, the    EE increased by up to 27% after integration compared to fig 4 before 

integration of RIS and MEC technologies, which shows a clear effect  in increasing EE.n starts 

from small values and extends to approximately 2x 10-8. 

Fig. 7 displays the Due to increased power consumption and computational effort, EE 

decreases as the number of users increases . 

When U=10 to 100, PRIS=10 mW, employing methods such as STAR-RIS increases EE by 

improving signal quality and lowering power loss. [28]. The most recent research outperforms 

Studies 1 and 2, improving resource allocation by 5%. 

Maximizing EE requires choosing the ideal transmission power [29].Signal enhancement 

methods, such as RIS, can increase efficiency and lower the requirement for high transmission 

power. 
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Fig. 7. Energy Efficiency vs. Number of Ground Users S=50Mbps,Pu= o.2 W, N=128, 

pn=0.01. 

 

FIGURE 8. Energy Efficiency vs. Transmission Power pRIS =10mW,pt=0.1 to 2 

W,PUAV=2 W. 

Fig . 8  display the  EE is first improved by raising because of increased transmission rates. 

12. CONCLUSION 

 Field tests can check the UAV and RIS system's performance in real-world scenarios, taking 

into account varied surroundings and UAV models to evaluate parameters such as size and 

battery capacity. Machine learning can maximize energy efficiency while also supporting 

multi-objective goals such as increased throughput and reduced latency. Furthermore, 

scalability can be examined by testing with more IoT devices and researching dynamic network 

topologies to effectively adapt to changing situations and conditions. 
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In this study, an integrated system combining UAVs and RIS was created to improve energy 

efficiency in IoT systems. Significant performance improvements were achieved over 

conventional systems using an optimization algorithm and gradient descent techniques. The 

findings indicate that this approach could be extremely useful in future applications where 

UAVs and RIS are integrated into complex wireless communication systems. These systems 

can provide broader coverage and higher energy efficiency, making them suitable for a variety 

of applications such as remote monitoring and communication in remote locations. 
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Abstract— A microcontroller-based over-voltage and over-current monitoring and protection systems 

have been developed to enhance the safety and reliability of electrical systems by automatically 

disconnecting the circuit under fault conditions. The system integrates a PIC18F2550 microcontroller, 

relay switches, transistors, current transformers (CT), potential transformers (PT), and other discrete 

components, with a Windows-based graphical user interface (GUI) programmed in Visual Basic and USB 

communication for real-time monitoring and control. The microcontroller processes voltage and current 

signals from the CT and PT, compares them against predefined threshold values, and activates the relay 

driver through a transistor when an over-voltage or over-current condition is detected, disconnecting the 

circuit after a brief delay to prevent damage. Experimental results validate the system's effectiveness; for 

example, it successfully triggered protection at 4.7 A against a 4.5 A current threshold and at 214 V against 

a 210 V voltage threshold. Various test scenarios confirmed the system’s reliability in identifying and 

responding to faulty conditions. Compared to recent research, the proposed design demonstrates improved 

performance in detection speed, operational accuracy, and system simplicity, offering a robust and cost-

effective solution for modern electrical protection needs. 

Keywords: Microcontroller, Static Relay, Fault protection 

1. INTRODUCTION

Electrical systems are often exposed to risks from voltage and current fluctuations, which can result in

equipment failure, reduced operational lifespan, or even fire hazards. An effective protection mechanism is 

essential, particularly in industrial and residential setups where reliability is crucial. This work focuses on 

developing a microcontroller-based system that continuously monitors voltage and current, compares them with 

predefined safe limits, and triggers protection mechanisms when thresholds are exceeded.  

Monitoring and controlling over-voltage and over-current conditions in power systems are crucial for 

maintaining the integrity and reliability of electrical infrastructure [1]. Electrical components such as transformers, 

insulators, generators, and transmission lines are susceptible to damage when subjected to electrical parameters 

exceeding their normal operating ranges. These anomalies can result from various factors, including consumer 

negligence, circuit breaker operations, lightning strikes, and grounding faults. Implementing effective protection 

mechanisms is essential to prevent equipment damage, ensure operational continuity, and enhance safety [2]. 

Traditional protection systems often rely on electromechanical relays and analog circuits, which, while effective, 

may lack the flexibility and precision required for modern applications [3]. The advent of microcontroller-based 

solutions offers a more adaptable and cost-effective approach to protection systems. Microcontrollers enable 

precise monitoring and control, facilitating real-time response to fault conditions and integration with user 

interfaces for enhanced system interaction [4]. 

In recent years, several studies have explored microcontroller-based protection systems. For instance, a study 

presented the design and implementation of an Arduino-based under-voltage and over-voltage protection system, 

utilizing components such as voltage regulators, bridge rectifiers, step-down transformers, relay modules, and 
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LCD displays to monitor and protect against voltage fluctuations [5]. Another research focused on a low-cost 

under- and over-voltage protective device fabricated using a microcontroller, transistors, ICs, and other discrete 

components, aiming to provide reliable protection for home and office appliances [6][7]. Additionally, a 

microcontroller-based over-voltage and under-voltage protection circuit was developed using an Arduino Nano 

to monitor voltage and control a relay for isolating loads during abnormal voltage conditions [8][9].  

Building on previous advancements, this work introduces a microcontroller-based system for monitoring and 

protecting against over-voltage and over-current conditions. The system features a Windows-based graphical user 

interface (GUI) developed in Visual Basic, providing an intuitive platform for real-time interaction. The 

microcontroller processes input signals from the CT and PT, evaluates them against predefined thresholds, and 

controls relay drivers via transistors [10]. When fault conditions are detected, the system triggers a brief delay 

before disconnecting the circuit to mitigate potential damage. Experimental validation confirms the system's 

efficiency in real-time monitoring and its reliability in protecting electrical systems from faults. In summary, the 

proposed design offers a robust solution for protecting electrical systems from over-voltage and over-current 

conditions, enhancing safety and reliability through precise monitoring and control facilitated by microcontroller 

technology. 

2. DESIGN AND METHODOLOGY 

The design of the microcontroller-based over-voltage and over-current monitoring and protection system 

revolves around real-time sensing, intelligent decision-making, and automatic circuit isolation. The core of the 

system is a PIC18F4550 microcontroller, which interfaces with both voltage and current sensing modules to 

monitor the electrical conditions of a three-phase power system. These sensors detect anomalies such as voltage 

spikes or excessive current draw, converting analog signals into digital values through a rectifier and feeding them 

into the microcontroller’s ADC inputs. A user interface allows operators to set threshold values and observe real-

time readings, while the microcontroller continuously compares incoming data against these limits. 

 

The methodology involves three primary stages: sensing, processing, and protection. First, AC voltage and 

current sensors capture the electrical parameters, which are rectified and filtered to ensure signal stability. The 

microcontroller processes these values in real-time, using predefined logic to determine if the parameters exceed 

safe operational boundaries. If a fault is detected, the system immediately activates driver circuits connected to 

relays, disconnecting the affected phase to protect the load. This is done independently for each of the three phases 

to ensure targeted protection. Additionally, the system can display alerts, store fault data, and reset once conditions 

normalize, making it highly efficient, responsive, and suitable for industrial or residential electrical safety 

applications. 

 

2.1 Formulation of block diagram 

The diagram illustrates a microcontroller-based system designed for over-voltage and over-current monitoring 

and protection in a three-phase electrical network. Central to the system is the PIC18F4550 microcontroller, which 

receives analog inputs from both AC voltage and current sensing modules. These sensed signals are first rectified 

to convert them into a suitable DC level for processing by the microcontroller’s ADC inputs. The microcontroller 

continuously analyzes these inputs and checks them against predefined safety thresholds to detect any abnormal 

electrical conditions. 

 

When an over-voltage or over-current is identified in any of the three phases, the microcontroller sends control 

signals to dedicated driver circuits corresponding to Phase 1, Phase 2, and Phase 3, thereby disconnecting the 

affected phase from the load to prevent damage. The system includes a user interface, allowing users to view real-

time voltage and current values, adjust protection thresholds, and reset the system if needed. This modular and 

real-time monitoring approach enhances the safety, efficiency, and reliability of the power distribution system, 

making it suitable for both industrial and residential applications. 

 

The microcontroller-based over-voltage and over-current monitoring and protection system is designed to 

provide efficient fault detection and protection by integrating hardware and software components. 
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Fig. 1. Block diagram of the system. 

2.2 System Operation and Result  

The proposed microcontroller-based over-voltage and over-current protection system has been carefully 

designed and implemented to ensure reliable monitoring and safeguard against electrical faults in a three-phase 

power supply environment. The hardware design is centered around the PIC18F2550 microcontroller, which 

receives voltage and current inputs through Potential Transformers (PTs) and Current Transformers (CTs). These 

inputs are scaled and filtered before being processed by the microcontroller’s ADC channels. The system also 

incorporates relay switches and transistor-based drivers for each phase, allowing the microcontroller to isolate 

faulty phases based on measured electrical parameters. A USB interface enables seamless communication with a 

Windows-based GUI, which facilitates real-time monitoring and user interaction.  

 

 
(a)                                                                           (b) 

Fig. 2. Circuit diagram of the system 

The software component includes embedded C programming for the microcontroller and a Visual Basic-based 

GUI for the user interface. The microcontroller is programmed to constantly evaluate the analog voltage and 

current inputs, compare them to user-defined thresholds, and trigger relay operations if fault conditions are 

detected. A delay logic is embedded in the code to prevent false tripping due to temporary surges or noise. The 

GUI allows users to view real-time system behavior, adjust threshold parameters, and receive alerts when faults 

occur, ensuring a user-friendly yet robust interaction framework. 
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Figures 2 (a) and (b) provide a clear visualization of the system’s implementation. Figure 2 (a) shows the full 

circuit diagram, which includes three sets of relays, transistors, and driver circuits corresponding to each of the 

three phases. The rectifier circuit converts the sensed AC signals into DC voltages suitable for microcontroller 

processing. Figure 2 (b) presents the snapshot of the actual built system, showcasing the physical integration of 

components such as the microcontroller board, sensing elements, and relays. These diagrams are essential in 

demonstrating both the theoretical design and the practical realization of the system. 

 

(a)                                                          (b)                                                      (c) 

Fig 3. Monitor and protect the system with different over current conditions. 

The system’s performance was tested against several over-current conditions, as illustrated in Figures 3 a, b,  

and c and finally summarized in Table 1. Each figure shows the system in operation under different threshold 

settings. For example, in Figure 4, the threshold voltage is set to 210V, and the current threshold is 4.5A. The 

output current measured was 4.7A, slightly exceeding the threshold, which activated Switch 1 to protect the 

system. Similarly, Figures 3(a) and 3(b) show higher thresholds and corresponding over-current conditions with 

Switch 2 activated. Table 1 compiles this data, confirming the relay response in each scenario and validating the 

system’s reliability in managing over-current events. 

Table 1: Summary table of over-current faults based on the data provided. 

Figure Threshold 

Current (A) 

Threshold 

Voltage (V) 

Switch 

State 

Output 

Current (A) 

Over-Current 

Condition 

3(a) 4.5 210 Switch 1 

ON 

4.7 Yes 

3(b) 5.5 214 Switch 2 

ON 

5.8 Yes 

3(c) 6.5 218 Switch 2 

ON 

6.8 Yes 

 
The over-voltage protection functionality is demonstrated in Figures 4 a, b, and c is summarized in Table 2. In 

these tests, the output voltage surpassed the predefined threshold levels despite varying current conditions. For 

instance, Figure 4(a) shows an output voltage of 214V against a threshold of 210V, causing Switch 1 to engage.  

 

(a)                                                          (b)                                                      (c) 

Fig 4. Monitor and protect the system with different over voltage conditions. 

 
Likewise, Figures 4(b) and 4(c) display over-voltage responses at lower current levels, activating Switch 2 and 

Switch 3, respectively. Table 2 details each condition, emphasizing the system's ability to respond accurately 

across varying voltages and current combinations. This confirms that the protection system reliably detects and 
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mitigates both over-current and over-voltage faults, thereby enhancing electrical safety in practical applications. 

Table 2: Summary table of over-voltage faults based on the provided data. 

Figure Threshold 

Current (A) 

Threshold 

Voltage (V) 

Switch 

State 

Output 

Voltage (V) 

Over-Voltage 

Condition 

4(a) 1.5 210 Switch 1 

ON 

214 Yes 

4(b) 4.5 200 Switch 2 

ON 

212 Yes 

4(c) 3 205 Switch 3 

ON 

216 Yes 

 

2.3 Comparison of performance  

 

Compared to the system presented by [11], which utilizes an Arduino Uno without GUI interface and has a 

response time of 250 ms, our proposed model achieves faster response (~200 ms) and supports three-phase 

operation with USB-based GUI for real-time control. Additionally, the error margin of ±1.5% is lower than those 

reported by, indicating higher reliability in fault detection. Another paper [12], which also used Using Relay 

Module and Python-Based Algorithm.  

Table 3: A comparison table with similar research 

Feature / 

Metric 

System 

(PIC18F2550) 

Paper [11]  

( STM32) 

Paper  [12] 

(Arduino Uno) 

Voltage 

Threshold 

Range 

200–220 V 
180–250 

V 
190–230 V 

Current 

Threshold 

Range 

1.5–6.5 A 0.5–10 A 2–7 A 

Response 

Time 
~200 ms  150 ms 250 ms 

Error Rate 

/ Tolerance 
±1.5% ±2% ±3% 

Relay 

Activation 

Method 

Transistor + 

Relay 

Solid-state 

relay 

Mechanical 

relay 

GUI 

Availability 

Yes (Visual 

Basic) 
No 

Yes (Python 

Tkinter) 

 

The comparative analysis of the microcontroller-based over-voltage and over-current protection system using 

the PIC18F2550 with systems from Paper [11] (STM32-based) and Paper [12] (Arduino Uno-based) highlights 

notable strengths and trade-offs. The proposed system offers a balanced and efficient design, particularly with its 

voltage threshold range of 200 – 220 V and current threshold detection between 1.5 – 6.5 A, suitable for mid-

range residential and industrial applications. While the STM32-based system in Paper [11] supports a wider range 

(180 – 250 V, 0.5 – 10 A), and the Arduino-based system in Paper [12] accommodates slightly higher current (up 

to 7 A), the PIC-based design delivers a reliable middle ground, maintaining precision without complexity. 

In terms of response time and accuracy, the STM32 system leads with a faster 150 ms response, yet the 
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PIC18F2550 design maintains competitive performance at approximately 200 ms and outperforms the Arduino 

Uno system, which responds in 250 ms. Most notably, the PIC system achieves a lower error rate (±1.5%) 

compared to STM32 (±2%) and Arduino Uno (±3%), indicating higher reliability in real-time fault detection. 

Furthermore, the PIC18F2550 system includes a fully functional Visual Basic-based GUI for real-time monitoring 

and control—something absents in the STM32 model and only partially implemented in the Arduino design. The 

use of transistor-driven relays enhances circuit protection and switching precision, compared to mechanical relays 

in Paper [12] and solid-state relays in Paper [11]. This comparison underscores the strength of the PIC-based 

system in balancing performance, reliability, and usability, making it a cost-effective and dependable solution for 

fault monitoring and protection. 

3. CONCLUSION 

This paper presents a straightforward and effective approach to mitigating over-voltage and over-

current conditions using a microcontroller-based system. The proposed system integrates a PIC18F2550 

microcontroller, current and potential transformers (CT and PT), relay switches, and a user-friendly 

GUI programmed in Visual Basic for real-time monitoring and control. The microcontroller 

continuously evaluates load voltage and current against predefined threshold values. If these parameters 

remain within acceptable limits, the relay maintains the circuit, allowing uninterrupted current flow to 

the load. However, when voltage or current surpasses the preset thresholds due to faults, the system 

promptly activates the relay to isolate the load from the supply, thereby preventing potential damage. 

Experimental findings validate the system's reliability and efficiency. For example, at a threshold 

current of 5.5A and a voltage of 214V, the system successfully detected an over-current condition at 

5.8A and an over-voltage condition at 212V, promptly triggering the protection mechanism. The 

integration of a GUI enhances user interaction and monitoring capabilities, offering a comprehensive 

solution for managing fault conditions. This system demonstrates a robust and cost-effective method to 

safeguard electrical systems, providing enhanced reliability for protecting home and office appliances 

from electrical faults. The design's simplicity and effectiveness make it a valuable contribution to 

modern electrical protection technologies. 
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Abstract— This paper aims to design and analyze a digitally controlled buck converter meant for 

applications requiring DC voltage under varying input voltages and load conditions. The buck converter 

is designed with a switching frequency of 40 kHz, an inductor value of 200 µH, and a capacitor of 100 µF 

with Pulse Width Modulation (PWM). The Proportional-Integral (PI) controller is used to maintain the 

output voltage steady. For simulation and performance evaluation, PSpice and MATLAB/Simulink 

software are selected. This paper aims to create a digital control system that is better than the traditional 

analog controllers, offering precise and adaptive regulation. The simulation results highlight how effective 

the digital PI controller is at reducing voltage ripple and maintaining the output voltage, even when the 

inputs and loads vary. This study covers detailed parameter calculations, controller design, circuit 

simulation, and performance analysis, providing a thorough overview of the digitally controlled buck 

converter system.       

Keywords:  Buck Converter, MATLAB, PSpice, Pulse Width Modulation (PWM), and 

PI controller 

1. INTRODUCTION

The modern electronic devices rely heavily on having a consistent supply voltage, which is where voltage

regulators come into play. Among these, DC-DC converters are essential in power electronics, converting an 

unregulated DC input into a regulated DC output using various techniques. The ability to efficiently manage power 

between different voltage levels is crucial in applications ranging from consumer electronics to industrial systems 

[1].  

One of the standout topologies in this realm is the buck converter, often referred to as a step-down DC-DC 

converter. Buck converters are prized for their efficiency, compact size, and their ability to fit into battery-powered 

and space-limited applications. The increasing demand for higher efficiency and miniaturization in electronic 

devices has propelled the global DC-DC converter market, making research in this field more important than 

ever[2].  

To boost the performance of buck converters, it's crucial to implement advanced control mechanisms. The 

Proportional Integral (PI) controller is famous as it effectively reduces the voltage output fluctuation and enhances 

the transient response [2]. PI controllers help by responding more swiftly to load changes and achieving better 

overall stability. Despite widespread use, buck converters still face a number of ongoing challenges. Some of the 

main issues include energy loss, voltage instability, difficulties with thermal management, and electromagnetic 

interference (EMI), which can affect performance and reliability [3].  

Traditional analog control circuits often find it tough to maintain high performance when input voltages vary 

and load conditions change. The output voltage's sensitivity to duty-cycle variations calls for strong control 

strategies to ensure stable operation, particularly when input conditions are inconsistent. This paper presents to 

design of a buck converter suitable for general-purpose DC voltage regulation in both low-power and high-power 
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systems, to develop a digital control system for the designed buck converter, and to analyze the performance of 

the buck converter equipped with this digital control system.  

Previous researchers have mentioned various control strategies for buck converters, such as Proportional-

Integral (PI) controllers [2], Sliding Mode Control (SMC) [4], and Fuzzy Logic control [1]. Yet, these methods 

often face limitations in dynamic environments or require complicated analog circuitry. This study offers a 

solution by implementing a digital control system that utilizes PWM and PI control theories, aiming to reduce 

peak currents during transients and improve both reliability and efficiency [2]. The approach builds upon and 

extends the findings of prior works, offering a digitally controlled buck converter with broad applicability and 

optimized performance for contemporary electronic systems 

2. DESIGN OF CONVERTER

The methodology includes calculating essential parameters, choosing the right components, developing a

digital control system, and running thorough simulations using MATLAB/Simulink and PSpice. The entire 

process is organized to ensure that it can be simulated and the performance can be analyzed under different 

conditions. 

2.1 Buck Converter System 

2.1.1. Design Specifications 

The converter is designed to reduce a 24V DC input down to a stable 6V DC output, making it suitable for 

various low- and high-power applications. A switching frequency of 40 kHz has been chosen to strike a balance 

between efficiency and component size while minimizing output voltage ripple. To find the required duty cycle, 

D, the standard buck converter is in Eqn  (1), 

𝐷 =
𝑉𝑂𝑈𝑇

𝑉𝐼𝑁
(1) 

Next, determine the inductor value (L) to keep the inductor current ripple within 10% of the maximum load 

current, as shown in Eq. (2) is determined. The calculated value for L is 93.75 µH.   

𝐿 =  
𝑉𝑔 (1−𝐷) 𝐷 × 

1

𝑓𝑆

∆𝐼𝐿 × 2
(2) 

The ripple current and voltage must stay below the maximum specification limit of the capacitor [5]. The output 

capacitor (C) is selected to keep the output voltage ripple to just 1% of 𝑉𝑜𝑢𝑡 as indicated in Eq. (3).

𝐶 =  
∆𝐼𝐿

( ∆𝑉𝑂𝑈𝑇 ×𝑓𝑆×8)
(3) 

MOSFET is chosen for its quick switching capabilities and low on-resistance as the switch, a Schottky diode 

for its low forward voltage drop and high switching speed [6], and a load resistance that varies from 1Ω to 1kΩ 

during simulations to evaluate the circuit’s robustness.  

2.1.2. Controller Design 

To get the precise output voltage, Pulse Width Modulation (PWM) is important in controlling the switching of 

the MOSFET. In this project, a PI controller is used to tune the PWM signal by adjusting the duty cycle, D, to 

reduce the steady-state error and enhance the transient response.  

2.2 Simulation and Analysis 

2.2.1 Simulation Tools 

PSpice is used to design a detailed circuit, validate the switching behavior, and analyze the component 

interaction. MATLAB/Simulink, on the other hand, is important when designing the PI controller and analyzing 

the results. 
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2.2.2 Circuit Design and Control Logic 

The converter circuit is built in PSpice and also MATLAB/Simulink, integrating the calculated values for 

inductance (L) and capacitance (C), along with the MOSFET switch, Schottky diode, and a variable load. The 

PWM and PI controllers are implemented using MATLAB/Simulink, where feedback from the output voltage is 

used to dynamically adjust the PWM duty cycle. To ensure the simulation runs optimally, various combinations 

of inductance and capacitance are tested. Table 2.1 summarizes the results, with L set at 200 µH and C at 100 µF 

chosen for the final MATLAB model due to their excellent transient and steady-state characteristics. 

a)  b) 

Fig 1.  a)  Schematic diagram for the buck converter, b) detailed Internal Block Diagram of a Buck 

Converter 

2.2.3 Parameter Optimisation 

To ensure optimal performance in simulation, various combinations of inductance and capacitance are tested. 

Table 3.1 summarises the results, with L = 200 µH and C = 100 µF selected for the final MATLAB model due to 

their superior transient and steady-state characteristics. 

Table. 1  Design parameters C and L, and the output responses for different values of C and L 

L (µH) C (µF) ∆𝐼𝐿 (𝐴)

(< 0.6) 

𝐼𝐿 (𝑝𝑒𝑎𝑘)(𝐴) 𝐼𝐿 (𝑟𝑚𝑠) 𝐼𝐶𝐼𝑁 𝐸𝑆𝑅 ∆𝑉𝑜𝑢𝑡(𝑉)

(< 0.06) 

100 30 1.125 6.5625 6.0088 2.2733 - 0.0508 0.0600 

150 30 0.750 6.375 6.0039 2.2604 - 0.0242 0.0599 

200 30 0.5625 6.2813 6.0022 2.2559 0.0025 0.06 

200 68 0.5625 6.2813 6.0022 2.2559 0.0607 0.0599 

200 100 0.5625 6.2813 6.0022 2.2559 0.0754 0.0599 

2.2.4 Simulation Configuration 

The solver type is carefully chosen to accurately model the fast-switching events and dynamic response of the 

control system. Additionally, the sampling frequency is set equal to the switching frequency of 40 kHz to enable 

precise emulation of the digital control signals and maintain synchronization with the MOSFET switching. 

2.2.4 Execution and Data Analysis 

Simulation has been done to observe and record the stability of the output voltage and ripple, as well as the 

waveforms of the inductor current. The system responds to sudden changes in load resistance, ranging from 1Ω 

to 1kΩ, to assess its robustness. The results from these simulations help to validate the initial design.  

3. RESULTS AND DISCUSSION

The results are based on the PSpice and MATLAB/Simulink by showing how the converter behaves under a

variety of ideal and non-ideal conditions, such as changes in load resistance, capacitance, inductance, duty cycle, 

and input voltage, along with the effects of parasitic resistances and diode forward voltage drops. 
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3.1 PSpice Simulations 

PSpice simulations using practical approximations for the calculated inductor L = 100 µH and capacitor C = 

30 µF values have been carried out. These simulations were designed to help understand how the buck converter 

performs across different operating conditions.  

a)                                                                         b) 

Fig. 3. Sweep Analysis with Varying Load in a) PSpice, b) Excel 

Figure 3 shows that as the load resistance increased from 1Ω to 1 kΩ, the output voltage also increased because 

a higher load resistance draws less current from the converter. Thus, reduces voltage drops across internal 

components like the inductor's resistance and the switch. This highlights the importance of having a controller to 

keep the output voltage stable, even with different loads. 

a)  b) 

c) 

Fig. 4 Output voltage variation with the variation of  (a) Capacitance, (b) Inductance, and 

(c) Duty cycle

Figure 4 shows the results for voltage output by varying the capacitance, inductance, and also the duty cycle in 

the PSpice. 
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The Fig. 4 (a) shows the capacitance from 30 µF to 500 µF with L=100 µH. The results show that higher 

capacitance increases the output voltage stability by reducing ripple. A bigger capacitor does a better job of 

holding the voltage steady during those switching and load changes.  

The Fig. 4 (b) shows the inductance value ranging from 100 µH to 500 µH with C= 30 µF. The output voltage 

stability improved, and the current ripple was reduced, especially for low-resistance loads. Even with lower loads, 

the higher inductance delivered a smoother output, although the effects weren't as dramatic.  

Fig. 4 (c) shows that the output voltage increases with the duty cycle, which aligns with an ideal buck converter. 

However, at lower resistances like 0.1 Ω, the higher current led to increased losses in the switch, inductor, and 

wiring. This caused noticeable deviations from the ideal output, highlighting the importance of considering real-

world losses in the design. In this design, the lowest resistance value that the PI controller can manage is 0.1 Ω, 

while the highest is 2 kΩ. 

3.2 MATLAB Simulations 

The MATLAB/Simulink was used, which included implementing a Proportional-Integral (PI) controller to 

regulate the output voltage, and the block diagram is shown in Fig. 5. The best L and C values for our 

MATLAB simulations are 200 µH and 100 µF, respectively, as they struck a great balance between low current 

ripple and minimal output voltage ripple.  

3.2.1 Ideal Case 

In the ideal case, simulations were performed without accounting for real-world losses or imperfections. 

Fig.5. Buck converter schematic diagram with the PWM 

The ideal buck converter output voltage is 5.831 V at a duty cycle of 0.2746 before turning on the PI controller. 

After tuning, the output voltage increases to 5.994 V with a duty cycle of 0.281 with the same load resistance. 

The PI values are 0.290 and 75.119, respectively, which means the duty cycle will quickly react to voltage 

changes and eliminate steady-state errors, thus ensuring the output voltage remains close to the desired 6 V. 

Figure 6 shows the variation of voltage output with capacitance. 100 µF results in the most stable voltage output 

compared to 30 µF and 68 µF. This shows that a higher capacitance minimizes voltage ripple and helps manage 

sudden load changes. 

As expected, the current naturally decreased as resistance increased for all capacitance values, following Ohm's 

law. The fact that the output voltage remained constant, even with changes in current, highlights the importance 

of having larger capacitors to store energy. We also observed that the duty cycle dropped with rising resistance 

across all capacitance values, which makes sense given the lower current demand. The 100 µF capacitor's 

smoother and more consistent duty cycle curve indicates a better response and regulation. 

Next, when simulating different values of input voltages, 24 V, 50 V, and 100 V with 1Ω load resistance, the 

voltage output stayed reliably close to 5.99 V. As the voltage input increased duty cycle value decreased to keep 

the output voltage steady at higher input levels. This result aligns with the buck converter's ideal equation. 

Throughout this process, the output current remained fairly stable, ensuring a consistent delivery to the load. 
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Fig. 6. Variation of the Output Voltage with Capacitance 

3.2.2 Non-Ideal Case 

Simulations were performed to analyse the circuit's behaviour in a non-ideal environment, considering parasitic 

resistances and diode forward voltage drops as shown in Fig. 7. 

Fig. 7. Non-ideal Buck converter schematic diagram 

Introducing a 50 mΩ series resistance before the inductor resulted in a slight dip in output voltage and current, 

particularly when the load resistance was low, thanks to those pesky I²R losses. To make up for this, the converter 

ramped up the duty cycle. On a similar note, adding 50 mΩ resistance at the MOSFET also caused voltage and 

current drops under heavy loads, again due to increased losses. Plus, opting for a diode with a higher forward 

voltage of 0.7 V compared to 0.2 V further reduced output voltage and current during heavy loads, showcasing 

the efficiency perks of low 𝑉𝑓 Components.

When accounting for diode losses, the ideal buck converter output voltage can be expressed in Eqn. 4. 

𝑉𝑜𝑢𝑡 = 𝐷 × 𝑉𝑖𝑛 − 𝑉𝑓 (4) 

Thus, for 𝑉𝑓 = 0.2 V, Vout was 5.8 V, and for 𝑉𝑓 = 0.7 V, Vout dropped to 5.3 V.

The duty cycle had to increase to maintain the desired output voltage when diode losses were present. The 

modified duty cycle expression,  
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𝐷 =
𝑉𝑜𝑢𝑡+𝑉𝑓

𝑉𝑖𝑛
(5) 

showed that for 𝑉𝑓= 0.2 V, D = 0.2583, and for 𝑉𝑓= 0.7 V, D = 0.2792. This clearly shows that a higher 𝑉𝑓

means a higher duty cycle is needed to make up for the voltage lost during the off cycle. If all non-ideal factors 

are taken into account, the drop in output voltage and current becomes even more noticeable, and the duty cycle 

increases more dramatically.  

The general buck converter equation, 𝑉𝑜𝑢𝑡 = 𝐷 × 𝑉𝑖𝑛 − 𝐼 × 𝑅𝑇𝑜𝑡𝑎𝑙 − 𝑉𝐷𝑖𝑜𝑑𝑒 effectively captures the behavior

we observed, where  𝑅𝑇𝑜𝑡𝑎𝑙includes the resistances of the MOSFET and the inductor. These simulations really

underscore the vital need to consider component non-idealities in real-world converter designs to ensure they 

operate accurately and efficiently. 

Table 2. The output values for a non-ideal simulation with load resistance 10Ω. 

Non-ideal Inductor MOSFET Diode Combined 

10mΩ 50mΩ 10mΩ 50mΩ 0.2V 0.7V 0.2V 0.7V 

10mΩ 50mΩ 10mΩ 50mΩ 

𝑉𝑜𝑢𝑡 , 𝑉 5.994 5.994 5.994 5.994 5.994 5.994 5.995 5.995 5.995 5.995 

Current, A 0.5994 0.5994 0.5994 0.5994 0.5994 0.5994 0.5994 0.5994 0.5995 0.5995 

Duty Cycle, 

D 

0.2749 0.2759 0.2747 0.2748 0.2686 0.2534 0.2691 0.2702 0.2538 0.255 

4. CONCLUSION

This paper provided a detailed look at the design process, covering key parameters like duty cycle, switching

frequency, inductor and capacitor values, and the best choices for components. Since the buck converter was 

designed for general-purpose DC voltage regulation, it is suitable for both low-power and high-power 

applications. Additionally, a digital control system was effectively developed for the converter. The performance 

of this buck converter, with its digital control system, was examined and analysed through simulations using 

PSpice and MATLAB/Simulink. The research specifically chose Pulse Width Modulation (PWM) as the 

modulation technique, with its behaviour tuned by a Proportional-Integral (PI) controller to ensure precise output 

voltage. The simulations consistently showed that this control approach leads to a solid level of stability and 

impressive system performance for the digitally controlled buck converter. 
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