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Abstract 

This research investigates the utilization of advanced machine 

learning techniques to analyze and classify the vocalizations of marine 

mammals, contributing to conservation science. Emphasizing the role 

of passive acoustic monitoring, the study enables non   invasive 

observation of cetacean behavior in their natural settings. It explores 

the nature of underwater acoustic environments, detailing how marine 

species emit and interpret sound signals for communication and 

survival. Leveraging a comprehensive dataset the Watkins Marine 

Mammal Sound Database the study applies digital signal processing 

and deep learning, particularly convolutional neural networks (CNNs), 
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to distinguish among species   specific calls. Results show strong 

model performance, with high classification accuracy across 

numerous species, highlighting critical acoustic   behavioral 

correlations. These findings reinforce the importance of bioacoustics 

in conservation planning and suggest that integrating machine learning 

can significantly enhance monitoring efforts for marine ecosystems. 

Keywords: Machine Learning  -  Marine Mammals   -  Passive 

Acoustic Monitoring  - Deep Learning (CNN)  -   Conservation 

Science. 

 

1.  Introduction 

Monitoring marine mammal behavior in their natural environment 

presents a significant challenge due to their often remote and 

underwater habitats. Traditional observational techniques are limited 

by visibility and can disrupt the animals’ natural behavior. Passive 

acoustic monitoring (PAM), on the other hand, offers a non   

intrusive method to track and study marine species by recording and 

analyzing the sounds they produce [1] . This technique is particularly 

effective for cetaceans, which rely heavily on sound for 

communication, navigation, and foraging. By capturing and 

interpreting their vocalizations, researchers can gain critical 

ecological insights without the need for direct interaction. These 

acoustic datasets can inform decisions related to marine traffic 

regulation, industrial activity mitigation, and habitat protection 

strategies [2]. 
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1.1 Background and Importance 

DDoS The field of bioacoustics has long explored animal 

communication through sound, but its application to environmental 

conservation is a more recent innovation. Marine mammals produce a 

variety of vocalizations that reflect behaviors such as feeding, 

mating, social bonding, and predator avoidance. Analyzing these 

sounds allows scientists to infer ecological patterns and population 

dynamics. Given the increasing pressures on marine ecosystems, 

including climate change and human interference, PAM offers an 

efficient and scalable solution for monitoring biodiversity. It is cost   

effective compared to visual surveys, and capable of collecting data 

over long durations and wide geographic areas. Species such as 

whales, dolphins, and seals are especially well   suited for acoustic 

studies due to their reliance on vocal cues for essential life functions  

[3]. 

1.2 Acoustic Properties in Marine Environments 

Sound waves propagate more rapidly and efficiently in water than in 

air typically traveling at speeds between 1450 and 1500 meters per 

second, compared to around 340 meters per second in air. This 

difference is critical for marine species, which use sound to 

compensate for the limited visibility of their aquatic environment   

[5] The physical properties of the ocean, including temperature, 

pressure, and salinity, significantly influence sound transmission, 

altering how vocal signals are perceived across distances. 

1.3 Sound Generation and Detection in Marine 

Mammals 

Different marine species produce and perceive sound in unique ways. 

Baleen whales emit low frequency calls that can traverse vast 

distances, while toothed whales, such as dolphins [6] , generate high   
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frequency clicks for echolocation and whistles for social interaction. 

Seals and sea lions also produce a range of vocalizations both in 

water and on land. These sounds are captured and processed by 

specialized auditory structures adapted for underwater hearing, 

enabling marine mammals to detect prey, communicate with 

conspecifics, and navigate their environment effectively. 

1.4 Environmental Influences on Underwater Sound 

The clarity and range of underwater sound are influenced by 

numerous oceanic factors. Variations in temperature, pressure, and 

salinity can alter acoustic wave propagation, while human induced 

noise such as that generated by shipping, construction, or exploration 

can mask biological signals. This auditory interference can disrupt 

communication, navigation, and feeding, posing a significant threat 

to marine species that depend on sound [8]. 

1.5   Marine Mammal Vocal Behavior 

Marine mammals exhibit a rich and complex acoustic repertoire. 

Their vocalizations are often species   specific and context   

dependent, ranging from long   distance mating songs to short   range 

social calls [5] . Baleen whales, for instance, use deep moans and 

rhythmic pulses, while dolphins employ distinctive signature 

whistles. Seals generate a wide frequency range of barks, trills, and 

growls [7] . Understanding these vocal behaviors is essential not only 

for identifying species but also for interpreting social structures and 

ecological roles within marine communities. 

2. Background and Review of Existing Approaches 

Two Recent advancements in bioacoustics and artificial intelligence 

have spurred a growing body of research focused on the acoustic 

monitoring of marine mammals. These efforts aim to understand the 
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complex interactions between marine species and their acoustic 

environment, particularly in the face of increasing anthropogenic 

noise. A review of notable studies provides a comprehensive 

foundation for the present research and highlights current 

methodological trends, technological innovations, and remaining 

challenges in the field. 

Guan and Brookens (2023) conducted a global review of underwater 

noise impacts on cetaceans. Their work synthesized findings on 

behavioral and physiological responses to noise pollution, including 

avoidance behavior, stress indicators, and changes in communication 

patterns. They emphasized the necessity of developing regulatory 

frameworks based on scientifically validated noise thresholds for 

various marine species [8]. 

In a complementary study, Ferguson et al. (2023) examined the 

relationship between acoustic indices and underwater sound sources. 

By analyzing passive acoustic data from the California Current 

Ecosystem, they demonstrated how indices such as the Acoustic 

Complexity Index (ACI) respond to both biological and 

anthropogenic signals. Their results illustrated the potential for using 

acoustic indices as proxies for biodiversity and environmental health 

[9]. 

Reckendorf et al. (2023) explored how marine mammals rely on 

sound for essential life processes, including echolocation and 

navigation. They also addressed the threats posed by increasing 

underwater noise, documenting behavioral shifts and physiological 

stress caused by persistent human   generated sound [10]. 

Turbulent Research (2023) focused on real   time acoustic monitoring 

networks capable of detecting and tracking marine mammal 

populations. Their study highlighted innovations such as distributed 

hydrophone arrays and machine learning–based classification 
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algorithms. These systems have shown significant promise in 

documenting migratory patterns and identifying ecological stressors 

like overfishing and climate change [7]. 

Southall et al. (2022) updated marine mammal noise exposure 

standards, incorporating ecological and biological metrics into 

exposure criteria. Their findings are being used to inform policy 

development and habitat management plans, especially in regions 

impacted by industrial activity [6]. 

The work of Rice et al. (2022) employed spatial acoustic models to 

investigate the overlap between natural and human   made 

soundscapes. Their study offered actionable strategies, such as 

rerouting shipping lanes and introducing seasonal noise restrictions, 

to mitigate acoustic disturbances in sensitive marine areas [2]. 

Pirotta et al. (2022) proposed leveraging deep learning methods to 

detect behavioral changes in marine mammals in response to 

environmental stressors. They showcased case studies on fin whales 

and gray seals, demonstrating how automated systems can 

significantly improve the granularity of behavioral analysis and 

contribute to informed conservation strategies [4]. 

Širović et al. (2022) highlighted the scalability of acoustic monitoring 

systems for large   scale biodiversity assessments. Their work 

underscored the effectiveness of cloud   based processing tools and 

automated detection algorithms in streamlining data analysis across 

wide geographical areas [3]. 

An earlier contribution by Slabbekoorn et al. (2018) investigated the 

psychoacoustic effects of human noise on marine fauna. Their 

research revealed that some species are more vulnerable to acoustic 

disturbances than others and called for multi   species, long   term 

studies to understand cumulative impacts [1]. 
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Together, these studies form a comprehensive backdrop for the 

integration of machine learning and bioacoustic monitoring. They 

affirm the need for robust algorithms, high   quality datasets, and 

interdisciplinary collaboration to enhance our understanding of 

marine mammal ecology and to support effective conservation 

measures.  

3. Methodological Approach 

This section outlines the approach used to collect, process, and 

analyze marine mammal vocalizations. It includes dataset selection, 

preprocessing techniques, machine learning model design, and the 

tools used for implementation. The goal was to develop a system 

capable of accurately classifying acoustic signals across multiple 

species for conservation   related applications. 

 

 

 

 

 

 

 

 

 

 

Figure 1: System Steps 
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   3.1    Dataset Acquisition 

The study utilized open   access bioacoustic datasets sourced from 

reputable repositories, including the Marine Bioacoustics Archives 

and the Ocean Biodiversity Information System (OBIS). These 

datasets provide labeled audio samples of various marine mammal 

species such as humpback whales, bottlenose dolphins, and bearded 

seals. The recordings span diverse marine environments and contain 

species   annotated vocalizations in standardized formats. 

 

 

Figure 2: Number of samples 
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3.2 Audio Preprocessing and Feature Extraction 

To prepare the raw audio data for analysis, several signal processing 

steps were applied: 

 Noise Filtering: High   pass filters were used to eliminate low   

frequency background noise, improving the clarity of animal 

calls. 

 Spectrogram Generation: The audio signals were 

transformed into spectrograms visual representations of sound 

frequencies over time enabling visual feature extraction. 

 Mel   Frequency Cepstral Coefficients (MFCCs): These 

features were extracted to capture timbral and frequency 

characteristics, which are critical for differentiating species   

specific vocalizations. 

This preprocessing pipeline ensured that the acoustic input to the 

model retained relevant information while minimizing irrelevant noise 

artifacts. 

3.3   Machine Learning Architecture 

The classification model was developed using a supervised learning 

approach. Two types of models were explored: 

 Random Forest Classifier: A decision tree–based ensemble 

learning method was used as a baseline for multi   class 

classification. 

 1D Convolutional Neural Network (1D   CNN): A deep 

learning model designed for time   series audio data was used 

for improved feature learning. 

The deep learning architecture was chosen due to its ability to capture 

both temporal and spectral nuances in marine mammal calls. 
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3.4   Training Strategy 

The dataset was split into three parts: 

 Training Set (80%): Used for model learning. 

 Validation Set (10%): Used to tune hyperparameters and 

monitor overfitting. 

 Testing Set (10%): Used for final performance evaluation. 

To address class imbalance and improve generalization, data 

augmentation techniques were applied to the training set. These 

included pitch shifting, time stretching, and adding synthetic 

background noise. 

 

3.5   System Tools and Frameworks 

The project was developed using the following tools and libraries: 

 Python: Main programming language. 

 Librosa: For audio analysis and feature extraction. 

 NumPy & Pandas: For numerical and tabular data handling. 

 Matplotlib: For visualizing spectrograms and performance 

metrics. 

 Jupyter Notebook: For interactive coding and visualization. 

 Kaggle Environment: For training the deep learning models 

using GPU acceleration (NVIDIA Tesla P100). 
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3.6   Workflow Summary 

The full pipeline follows these steps: 

1. Input: Labeled audio files of marine mammal calls. 

2. Preprocessing: Denoising and normalization. 

3. Feature Extraction: Using MFCCs and spectrograms. 

4. Model Training: Utilizing either Random Forest or 1D   

CNN. 

5. Prediction: Classifying calls and evaluating model accuracy. 

6. Visualization: Displaying classification results and 

performance metrics. 

This comprehensive methodology ensures the reliability and 

scalability of the system for marine species classification tasks. 

4. Results and Discussion 

This section presents the experimental results derived from applying 

machine learning techniques to the classification of marine mammal 

vocalizations. It includes an overview of the dataset, performance 

metrics of the trained model, and an analysis of species   specific 

outcomes. The findings offer insights into both the effectiveness of the 

approach and the challenges associated with audio   based species 

classification. 

4.1 Dataset Overview 

The audio recordings used for training and evaluation were obtained 

from the Watkins Marine Mammal Sound Database, a curated 

collection comprising over 3,000 labeled samples across 51 species. 

Each sound file was standardized to a fixed duration of approximately 

five seconds and categorized by species name. The dataset features a 
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wide range of marine mammals, including common species like 

bottlenose dolphins and less   represented ones like the Irrawaddy 

dolphin. 

To ensure balanced training and fair evaluation, the dataset was 

partitioned as follows: 

 

Table   1: Table 1: Dataset Split by Usage 

Subset Number of Samples Percentage 

Training Set 2,492 80% 

Validation Set 311 10% 

Testing Set 311 10% 

Total 3,114 100% 

 

The dataset exhibited significant class imbalance, with some species 

having up to 300 samples, while others had fewer than 5. Data 

augmentation techniques, including noise addition and pitch variation, 

were applied to underrepresented classes to mitigate bias and enhance 

model generalization. 
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4.2  Model Architecture and Training 

A one-dimensional convolutional neural network (1D   CNN) was 

deployed for its ability to extract temporal features from audio 

waveforms. The model comprised: 

 Input Layer: Accepts preprocessed MFCC feature vectors. 

 Convolutional Layers: Detect frequency   temporal patterns. 

 Pooling Layers: Reduce feature dimensionality while 

retaining key signals. 

 Fully Connected Layers: Integrate abstracted features for 

final classification. 

 Output Layer: Softmax classifier with 51 output nodes (one 

per species). 

Training was conducted on Kaggle’s GPU infrastructure using the 

Adam optimizer with a learning rate of 0.001 and batch size of 32. 

Early stopping was implemented to prevent overfitting. 

 

4.3  Classification Results 

The model achieved high overall performance: 

 Training Accuracy: 96.5% 

 Validation Accuracy: 92.8% 

 Test Accuracy: 91.3% 

 Macro   Average AUC: 0.94 

These results reflect strong model generalization and demonstrate the 

efficacy of deep learning in handling bioacoustic classification tasks. 
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4.4  Species   Level Performance 

Performance metrics varied across species, influenced by data 

availability and acoustic distinctiveness. Table 1 shows key metrics 

for selected species: 

 

Table 2: Performance Metrics by Marine Species 

Species Precision Recall F1   Score 

Atlantic Spotted Dolphin 97.5% 96.8% 97.1% 

Harbor Porpoise 95.4% 94.9% 95.1% 

White   Sided Dolphin 81.3% 79.5% 80.4% 

Leopard Seal 78.6% 77.2% 77.9% 

 

Species like the Atlantic Spotted Dolphin and Harbor Porpoise yielded 

the highest classification scores due to large, clear datasets. In 

contrast, species with fewer or less distinctive calls, such as the 

Leopard Seal, showed moderate performance. 

 

4.5  Confusion Matrix Insights 

The confusion matrix revealed that most classifications were accurate, 

especially for species with distinctive calls. However, 

misclassifications occurred between acoustically similar species. For 

instance: 

 Harbor Porpoise calls were occasionally confused with those 

of Beaked Whales. 
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 Gray Whale calls overlapped with Fin Whale calls due to 

similar low   frequency patterns. 

 

Figure 3: Confusion Matrix 

 

These results highlight the need for additional feature refinement or 

hybrid classification models to improve discrimination among closely 

related species. 
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4.6  Factors Affecting Accuracy 

Several elements influenced model performance: 

1. Data Imbalance: Classes with fewer samples led to reduced 

classification accuracy. 

2. Acoustic Overlap: Similar vocal patterns among species 

resulted in higher error rates. 

3. Environmental Noise: Some recordings included background 

interference, affecting feature clarity. 

Despite these challenges, the model maintained high precision across 

the majority of species, demonstrating robustness in real   world 

acoustic conditions. 

 

5. Conclusion 

This study demonstrates the successful application of machine 

learning specifically convolutional neural networks in the 

classification of marine mammal vocalizations. The results affirm that 

passive acoustic monitoring, when combined with robust signal 

processing and advanced classification algorithms, provides an 

effective, non   invasive method for observing marine life in its natural 

habitat. 

The developed model exhibited high performance in distinguishing 

between species across a diverse set of vocalizations, with overall 

classification accuracy exceeding 91%. These findings underline the 

feasibility of using automated systems to monitor biodiversity, track 

species distributions, and inform conservation efforts. 

The study also emphasized the importance of preprocessing 

techniques such as denoising and spectrogram transformation, which 



Journal of Electronic Systems and Programming                                       www.epc.ly 
 

 Issue: 11 June 2025                                                                               Page 19 

enhanced the clarity and utility of acoustic features. However, 

limitations including class imbalance, overlapping acoustic patterns, 

and background noise highlight the need for continued methodological 

refinement. 

By enabling scalable and cost-effective monitoring of marine 

ecosystems, the approach outlined in this research contributes to 

global efforts aimed at protecting vulnerable species from the impacts 

of environmental degradation, habitat loss, and anthropogenic noise 

pollution. Overall, it paves the way for smarter, data   driven 

conservation strategies in the realm of marine bioacoustics. 

6. Recommendations and future work  

Based on the findings of this study, the following recommendations 

are proposed to enhance future research and practical applications: 

1. Expand Data Collection for Rare Species: 

Gathering more audio samples for underrepresented marine 

mammals such as the Irrawaddy Dolphin or Rough   Toothed 

Dolphin will reduce data imbalance and improve model 

accuracy for these species. 

2. Integrate Hybrid Classification Models: 

Combining different classifiers (e.g., ensemble methods with 

neural networks) could increase robustness, especially in 

scenarios involving similar acoustic signatures. 

3. Refine Feature Extraction Techniques: 

Exploring additional feature descriptors, such as chroma 

energy or spectral contrast, may offer greater discriminatory 

power in distinguishing closely related species. 

4. Enhance Preprocessing Strategies: 

Applying advanced noise suppression and adaptive filtering 
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techniques will help mitigate interference caused by shipping 

and industrial activities. 

5. Deploy Real   Time Monitoring Systems: 

Developing field   ready systems that leverage cloud 

computing and real   time analysis will allow continuous 

tracking of species presence and behavior in dynamic marine 

environments. 

6. Collaborate Across Disciplines: 

Integrating ecological data, behavioral studies, and 

environmental modeling with acoustic analysis will provide a 

more holistic understanding of marine ecosystems. 

7. Support Policy and Regulation: 

Findings from acoustic classification should be shared with 

policymakers to inform decisions on shipping regulations, 

marine protected areas, and noise mitigation strategies. 
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Abstract 

The railway system is one of the most complicated dynamical systems 

in engineering, and the material removal mechanism of railway wheel 

is a considerable complicated process. CCI machine (TalySurf 

machine) introduced in this paper to measure the wheel surface 

roughness parameters such as volume of void, these parameters can 

help the designers to study and predict the effect of these parameters 

on the wheel surface phenomenon's such as wheel wear, and it can 

help to improve the railway wheel and rail profile. Experimental 

investigations based on CCI machine have been carried out in this 

work. In experiments, a twin disc rig was used to conduct the tests 

under applied different loads. The CCI machine is a type of surface 

profilometer can be used to measure the surface roughness, waviness, 

and form; it’s widely used in quality control, precession engineering, 

and research. The CCI machine used in this paper to measure the 

roughness parameters of railway wheel surface.  

  

Keywords: Railway, CCI machine, TalySurf, wheel surface, 

roughness parameters.   
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1. Introduction 

1.1 railway vehicle  

The railway system is one of the most complicated dynamical systems 

in mechanical engineering. A railway vehicle is any vehicle that 

operates on a railway (or railroad) track. These vehicles are typically 

used for the transportation of passengers, goods, or specialized 

services. Railway vehicles come in various types and serve different 

purposes such as: Locomotive, Passenger Cars (Coaches), Freight 

Cars (Wagons), Light Rail / Tram Vehicles, and High-Speed Rail 

Vehicles. The components of a Railway Vehicle are: Bogies: The 

wheel assemblies under the car, Couplers: Devices to connect cars 

together, Braking System: Air brakes, dynamic brakes, and 

Pantograph / Third Rail Shoe: For electric trains, draws power. The 

railway wheelset which consists of two wheels of railway vehicle is 

shown in Figure 1 [1], [2]. 

 

 
Figure 1: The wheelset or railway vehicle  

 

 

1.2 Wheel – Rail Contact 

Wheel-rail contact is the interaction between a railway vehicle's wheel 

and the rail it runs on. This contact point is fundamental to the 
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performance, safety, and longevity of railway systems. Contact Patch: 

The area where the wheel and rail touch. Although it may look like a 

point, it’s actually a small ellipse (often a few mm²) due to elastic 

deformation. The contact between wheel surface and rail surface is 

shown in Figure 2 [1], [2]. 

 

Figure 2: wheel/rail contact point 

  

1.3 Railway wear (wheel/rail wear)  

Wheel and rail wear refers to the gradual degradation of the surfaces 

of train wheels and the rails they run on due to contact, friction, and 

environmental conditions. It’s a key issue in railway maintenance and 

affects safety, ride quality, and operational costs. The common types 

of wear are: Rolling Contact Fatigue (RCF), Adhesive wear, Abrasive 

wear, Corrugation, and Flange Wear (Wheel) / Gauge Face Wear 

(Rail) [1]. 
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Corrosion: Corrosion may be defined as the undesired deterioration 

of a material through chemical or electrochemical interaction with the 

environment, or destruction of materials by means other than purely 

mechanical action. Failure by corrosion occurs when the corrosive 

action renders the corroded device incapable of performing its design 

function. Corrosion often interacts synergistically with another failure 

mode, such as wear or fatigue, to produce the even more serious 

combined failure modes, such as corrosion-wear or corrosion-fatigue. 

Fretting wear: Fretting wear is a specific type of wear that occurs 

when two contacting surfaces experience small-amplitude oscillatory 

motion (micromotion) under load. It typically happens at the interface 

of parts that are nominally stationary relative to each other but are 

subjected to vibration, cyclic loading, or repeated small 

displacements. 

 Fretting fatigue: Fretting fatigue is fatigue damage directly 

attributable to fretting action. 

Fretting wear: Fretting wear is a change in dimensions because of 

wear directly attributable to the fretting process. Some investigators 

have suggested that estimates of fretting wear depth may be based on 

the classical adhesive or abrasive wear equations, in which wear depth 

is proportional to load and total distance slid, where the total distance 

slid is calculated by multiplying relative motion per cycle times 

number of cycles. 

Adhesive wear: Adhesive wear is a type of wear that occurs when 

two solid surfaces slide over each other and material is transferred 

from one surface to the other due to microscopic welding at the 

contact points. It is one of the most common and fundamental wear 

mechanisms, especially in metal-to-metal contact situations. The 

adhesive wear is shown in Figure 3. 
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Figure 3: Adhesive wear 

Abrasive wear: Abrasive wear is a type of mechanical wear that 

occurs when hard particles or hard protuberances forcibly remove 

material from a surface through cutting, plowing, or micro-chipping. 

It’s one of the most common and destructive forms of wear, especially 

in environments involving dirt, sand, or unfiltered particulates. The 

abrasive wear is shown in Figure 4. 

 

Figure 4: Abrasive wear 
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Fatigue wear: Fatigue wear is a type of wear that occurs when a 

material is subjected to repeated or cyclic loading, causing it to crack 

and eventually break apart due to mechanical fatigue. Unlike abrasive 

or adhesive wear, fatigue wear doesn’t require sliding, it can occur 

even under repetitive rolling or oscillating contact [3]. 

Oxidative wear: Oxidative wear is a type of wear that occurs when a 

surface undergoes oxidation (a chemical reaction with oxygen, usually 

from the air), and the resulting oxide layer is either removed by 

contact or becomes brittle and breaks away during sliding. It is a 

thermochemical wear mechanism that combines both chemical 

reactions and mechanical action [3], [4]. 

Impact Wear: Impact wear is a type of mechanical wear that occurs 

when two solid bodies repeatedly strike or collide with each other. 

The repeated impacts lead to surface deformation, cracking, material 

fatigue, and eventual material loss. It is common in machinery that 

experiences repeated or sudden forceful contact between parts [5]. 

Corrosive Wear: Corrosive wear (also called corrosion wear) is a 

combined chemical and mechanical form of wear. It occurs when a 

material’s surface undergoes chemical or electrochemical reactions 

(typically corrosion), and the resulting corrosion products are then 

mechanically removed, exposing fresh metal to repeat the process [5], 

[6]. 

Chemical wear: Seldom is one type of wear found in isolation and 

this is particularly true of chemical wear. Carburation and oxidation of 

wear debris, as stages in other wear processes, have already been 

mentioned and chemical action plays a preliminary part in a number 

of process (e.g. acidic lubricating oil deterioration products, by 

preferentially attacking certain constituents of the bearing material, 

may grossly accelerate wear and precipitate bearing failure) [6]. 
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Mild and severe wear: the mild and sever wear is shown in Figure 5. 

 

 
 

Figure 5: Mild and severe wear [7], [8] 

 

Tribology is the science and technology of interacting surfaces in 

relative motion. Tribology includes boundary-layer interactions both 

between solids and between solids and liquids and/or gases. Tribology 

encompasses the entire field of friction and wear, including lubrication 

is shown in Figure 6 [8]. 
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Figure 6: Expanded representation of a tribotechnical system 

(TTS) [9]-[12] 
 

 

The adhesive wear is described by the following equation [1]-[4]: 

𝑑𝑎𝑑ℎ = (   
𝑘

9 𝑆𝑦𝑝
 ) (   

𝑤

 𝐴𝑎
 ) 𝐿𝑠                                                     

(1) 

𝑘  is the wear constant (Archard constant). 

 

The abrasive wear is described by the following equation [1]-[4]: 

𝑑𝑎𝑏𝑟 = 𝑘𝑎𝑏𝑟  𝑝𝑚 𝐿𝑠                                                                      

(2) 

Where: 

𝑝𝑚   is the mean nominal contact pressure between bearing 

surfaces. 

𝑘𝑎𝑏ℎ   is the abrasive wear coefficient. 
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1 Roughness  

The roughness can refer to different things depending on the 

context. In material Engineering, the surface roughness parameters 

often described in micrometre (𝜇𝑚). The common parameters are: 

Ra: average roughness, Rz: mean peak to valley height, and Rq: 

root mean square roughness. 

Figure 7 shows a sample of surface roughness.   

 

Figure 7 sample of surface roughness 

 

The roughness surface definitions are: [13], [14]  

A real surface: it is the actual boundary of an object. It deviates 

from the nominal surface as a result of the process that created 

the surface. Nominal surface: it is the intended surface. The 

shape and extent of a nominal surface are usually shown and 

dimensioned on a drawing. Surface: it is a surface of an object. 

Profile: it can be defined as the contour of any specified section 

through a surface. Measured profile: it can be defined as the 

profile obtained with some measuring profilometer.  
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4 CCI machine (TalySurf CCI)   

 

The CCI machine (TalySurf) is shown in Figure 8. Talysurf CCI is an 

advanced type of measurement interferometer. It uses a patented 

correlation algorithm to find the coherence peak and phase position of 

an interference pattern produced by a selectable bandwidth light 

source. This method provides both high resolution and excellent 

sensitivity to returning light.  

 

 
Figure 8 The CCI machine [15] 

 

The Talysurf machine is a high-precision surface measuring 

instrument used to evaluate the surface texture and topography of 

components. It’s especially useful in engineering and manufacturing 

for measuring surface roughness, waviness, form, and contour of 

machined or finished surfaces. Talysurf (short for Taylor-Hobson 

Surface Profiler) is a contact-type stylus instrument originally 

developed by Taylor Hobson. It uses a fine stylus to trace the surface 
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of a component and records vertical displacements (surface variations) 

as the stylus moves horizontally across the surface. 

The Talysurf (CCI 6000) System specificatin such as shown in Table 

1. 

Table 1: specification of TalySurf machine  

Vertical resolution 0.1A (10pm) 

RMS repeatability 0.03A (3pm) 

measurement range  0.36mm - 7.0mm 

lateral sampling resolution 0.35 μm 

Step height repeatability 0.1nm 

Linearity +/- 0.05% of measured value 

maximum resolution 1024 x; 1024 pixels 

 

 

The overall accuracy of measurement results influenced by 

environmental conditions, particularly; draughts, vibration, and the 

ambient temperature changes [15]. 

 

5: Tests and results  

The CCI machine (Talysurf CCI) shown in Figure 9 was used in this 

paper to measure the wheel surface parameters.   The replica material 

put under the lens of the CCI machine for wheel surface 

measurements such as shown in Figure 9.  
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Figure 9: Replica materials of railway wheel with CCI machine  

 

The original surface of wheel is shown in Figure 10. 

 

Figure 10: The original surface of wheel  
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The wheel surface after applied load of 1000N is shown in Figure 11.  

 

Figure 11: The wheel surface after applied load of 1000N 

The volume of void (Vvv) was 0.003419 
𝜇𝑚3

𝜇𝑚2 

 

The wheel surface after applied load of 1400N is shown in Figure 12.  

 

Figure 12: The wheel surface after applied load of 1400N 

The volume of void (Vvv) was 0.009715 
𝜇𝑚3

𝜇𝑚2 
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The wheel surface after applied load of 3000N is shown in Figure 13.  

 

Figure 13 The wheel surface after applied load of 3000N 

The volume of void (Vvv) was 0.06105 
𝜇𝑚3

𝜇𝑚2 

Several parameters (roughness parameters) for the wheel surface can 

be measured using CCI machine, as an example the parameters 

measured after applied load of 1000N are shown in Figure 14; these 

parameters are useful to analysis the wheel surface to study the 

important issues such as friction and wear between wheel and rail. The 

important roughness parameters for the wheel surface which were 

measured using CCI machine in this paper were Sk, Spk, Svk, Sr1, 

Sr2, Vv, Vm, Vmp, Vmc,Vvc, and Vvv; where Sk is the kurtosis of 

selected area, Sp is the maximum peak height of selected area, Sv is 

the maximum valley depth relative the mean height.    
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Figure 14 wheel surface parameters measured using CCI machine  

Furthermore, there are several parameters for the wheel surface can be 

measured using CCI machine, as an example the parameters measured 

after applied load of 1000N are shown in Figure 15.  

 

Figure 15 wheel surface parameters measured using CCI machine 
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6 Discussion  

Several tests were conducted in this paper using a twin disc rig to 

show how the CCI machine can be used to measure and analysis the 

wheel surface, and calculate the volume of void (Vvv) and other 

several parameters (roughness parameters). The volume of void (Vvv) 

was measured after applied different load:    

After applied load of 1000N, the volume of void (Vvv) was 0.003419 

𝜇𝑚3

𝜇𝑚2 

After applied load of 1400N, the volume of void (Vvv) was 0.009715 

𝜇𝑚3

𝜇𝑚2 

After applied load of 3000N, the volume of void (Vvv) was 0.06105 

𝜇𝑚3

𝜇𝑚2 

Tests results shows that the volume of void an affected by the load 

applied on the wheel, where the volume of void increased by increase 

of load. Furthermore, roughness parameters for the wheel surface can 

be measured using CCI machine, these parameters are useful to 

analysis the wheel surface to predict the important issues such as 

friction and wheel wear. Furthermore, there are several parameters for 

the wheel surface can be measured using CCI machine such as: area, 

mean thickness, and mean thickness of material.  
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Conclusion   

Material removal mechanism of rail wheel is a considerable 

complicated process. It is important to find the machine which can 

measure and analysis the wheel surface. The CCI machine presented 

in this work to measure the wheel surface measurements after applied 

different loads. To investigate the material removal characteristic 

railway wheel surface, experimental investigations based on CCI 

machine has been carried out. In the experiments, the twin disc rig 

was used to implement the tests under applied different loads. Tests 

results show that the volume of void (Vvv) an affected by the load 

applied on the wheel, where the volume of void increased by increase 

of load. Furthermore, the results show that the CCI machine can use 

perfectly to measure the railway surface measure and roughness 

parameters. The advantage of Talysurf it is has high precision and 

accuracy, it is capable to measure very fine surface features with high 

resolution. It is useful for both 2D and 3D surface deviation. It is a 

non-destructive testing, where no damage can happen for the sample 

being measured. It is also has less sensitivity to ambient light or 

material reflectivity. For Talysurf machine, regular calibration no 

needed and many modern Talysurf machine can be automated for 

batch testing, and software allows programmable scanning and data 

analysis. Tests result show that the Talysurf machine can used to 

measure the railway surface in 3D, where 3D measurements gives 

more and useful details about the wheel surface after load applied.       
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Abstract 

Power system stability refers to the ability of an electric power system 

to return to a state of equilibrium after a physical disturbance, given 

an initial operating condition. The Unified Power Flow Controller 

(UPFC) serves as an effective technique for maintaining and 

controlling power flow in electrical transmission systems. Modern 

power grids require precise control of voltage amplitude, phase angle, 

and line parameters to efficiently manage power transmission across 

networks. The principle of power flow adjustment through voltage 

injection provides a practical solution for this need. This research 

conducted simulations of an IEEE 9-bus power system incorporating 

UPFC technology to demonstrate improvements in both power 

transfer capability and system stability. The study implemented the 

UPFC at the supplying terminal using advanced simulation 

techniques. MATLAB software was employed to validate the 

simulation model and analyze system performance. Comparative 

analysis evaluated the network's behavior both with and without 

UPFC implementation. The study specifically examined real and 

reactive power flows through the transmission line and at particular 

bus locations. Results clearly showed superior performance when 

utilizing the UPFC technology. 

Keywords: Power System, UPFC, Transmission Systems, power 

flows, IEEE 9 BUS. 
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1. Introduction 

In recent years, power transmission networks worldwide have 

experienced escalating demand due to the rapid integration of 

distributed energy resources (DERs), renewable energy systems, and 

nonutility generators, alongside intensified competition in electricity 

markets [1]. This trend is expected to continue, further straining 

existing infrastructure [1]. To accommodate rising power transfer 

requirements, two primary solutions are typically considered: (1) 

constructing new transmission lines, which is often costly and time-

consuming due to regulatory and environmental constraints, or (2) 

enhancing the power transfer capability of existing transmission assets 

through advanced control technologies [2]. A effective approach to 

optimizing grid performance involves the deployment of Flexible AC 

Transmission System (FACTS) controllers, which leverage power 

electronics to provide dynamic control over key transmission 

parameters. FACTS devices enhance grid stability, increase power 

transfer capacity, and mitigate congestion by actively regulating 

voltage, line impedance, and phase angle in real time [3]. Among the 

various FACTS technologies, the Unified Power Flow Controller 

(UPFC) is one of the most versatile and comprehensive solutions. The 

UPFC uniquely combines the functionalities of series 

compensation (via a series-connected voltage source converter, VSC) 

and shunt compensation (via a shunt-connected VSC) within a single 

device. This dual capability allows the UPFC to independently or 

simultaneously control:  -Transmission line voltage – By injecting or 

absorbing reactive power through the shunt converter, Line 

impedance – By dynamically adjusting series compensation to 

modify the effective reactance of the line and Phase angle 

difference – By injecting a controllable series voltage to influence 

power flow direction and magnitude. These adjustments enable the 

UPFC to optimize power flow, improve transient stability, and 
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dampen oscillations, making it a critical tool for modern grid 

management [4]. 

In this study, we focus on power flow control through voltage 

regulation at both sending and receiving buses, analyzing how the 

UPFC’s shunt and series elements interact to maintain system 

stability. The shunt converter primarily regulates bus voltage by 

managing reactive power exchange, while the series converter directly 

influences active power flow by injecting a controlled voltage in 

quadrature with the line current [5]. The coordination between these 

two components is essential for maximizing transmission efficiency 

and preventing overloading. 

Furthermore, this paper investigates control strategies for the UPFC, 

including: - Decoupled control schemes for independent 

management of active and reactive power, - Damping control 

algorithms to enhance system stability under dynamic conditions and 

Optimal power flow (OPF) integration to ensure economic and 

reliable grid operation. 

By leveraging these advanced control techniques, the UPFC can 

significantly enhance the flexibility and reliability of power 

transmission networks, supporting the transition toward smarter and 

more resilient grids. 

 

2. Problem Statement 

Faults in an electrical network can lead to system instability. To assess 

transient stability, a load flow study must be conducted. If the system 

fails to remain stable until fault clearance, the entire network may 

become unstable. 

Modern power systems face stability challenges due to long-distance 

transmission lines and high load concentrations, which necessitate 

interconnected networks. These factors introduce stability issues and 

current-related problems. 
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In this work, power flow is regulated by controlling the sending and 

receiving bus voltages. Additionally, the control of the shunt and 

series elements of the Unified Power Flow Controller (UPFC) will be 

investigated. 

3. Methodology 

To analyze the aforementioned problem, the following steps will be 

performed: 

1. Test System Configuration 

- A test system is modeled with programmable voltage 

sources at both the sending and receiving ends of a 500 

kV transmission line (TL). 

- Due to line losses, the receiving-end voltage drops to 477 

kV. 

- The transmission line has an impedance of (6.0852 + j 

162.97) Ω. 

2. Simulation Setup 

- A single-line diagram (Figure 1) represents the system. 

- MATLAB software will be used to model and simulate 

the system, with a focus on evaluating the Unified 

Power Flow Controller (UPFC) performance. 

 

Figure 1: Single line diagram of the model of electrical network. 
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4. Unified Power Flow Controller  

The Unified Power Flow Controller (UPFC) is the most versatile 

and powerful FACTS (Flexible AC Transmission System) device, 

capable of multi-variable power system control [6]. It combines 

a Static Synchronous Compensator (STATCOM) and a Static 

Synchronous Series Compensator (SSSC), linked via a common 

DC capacitor, enabling bidirectional real power flow between 

series and shunt converters. This allows simultaneous real and 

reactive power compensation without an external energy source [7]. 

UPFC controls transmission line voltage, impedance, and phase 

angle independently, manages real and reactive power flow in the 

line and provides independent shunt reactive compensation. UPFC 

consists of: 

- Series converter (SSSC): Injects controlled voltage 

(magnitude & phase) in series with the line [8]. 

- Shunt converter (STATCOM): Supplies reactive power to 

the AC system and powers the DC link [9]. 

Both converters use transformers and power electronic switches, 

sharing a DC capacitor (Figure 2). 

 
Figure 2: Schematic diagram for the UPFC. 
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5. UPFC Control Strategies 

Since the UPFC integrates two converters (series and shunt), their 

control mechanisms are as follows [10]: 

5.1  Series Controller 

Series controllers inject a voltage in series with the transmission line. 

If the injected voltage is in quadrature (90°) with line current, it 

handles only reactive power. Any other phase angle involves real 

power exchange (Figure 3). 

 

Figure 3: block diagram of series controller. 

5.2  Shunt Controller 

Shunt Controller injects current into the system at the connection 

point. If the current is in quadrature with line voltage, it 

controls only reactive power. Any other phase angle involves real 

power control (Figure 4). 

 

Figure 4: lock diagram of shunt controller. 
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5.3 Combined Series-Series Controller 

Combined Series-Series Controller used in multi-line transmission 

systems for coordinated series compensation. And can be either - 

Separate series controllers working together, - or a unified 

controller compensating multiple lines while transferring real 

power between them (Figure 5). 

 

Figure 5: Block diagram of series-series controller. 

 

5.4 Combined Series-Shunt Controller 

Combined Series-Shunt Controller integrates both shunt and 

series compensation and can operate as: -Independently controlled 

shunt & series devices, - or a unified UPFC, injecting both shunt 

current and series voltage (Figure. 6). 

 

Figure 6: Block diagram of series - shunt controller. 
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6. MATLAB Implementation 

MATLAB is a high-performance computational tool used for complex 

mathematical operations, algorithm development, data visualization, 

and system modeling. Key features include: 

- Programming Language: Uses a simplified C-like syntax for 

efficient coding. 

- Toolboxes: Provides specialized libraries for: Mathematical 

computations, Drag-and-drop GUI development (Simulink), 

Image processing and Neural networks and AI. 

- Matrix-Based Processing: Native support for matrix operations, 

enabling efficient numerical analysis. 

- Multi-Language Integration: Compatible with Java, Python, and 

Fortran for extended functionality. 

- High-Quality Graphics: Advanced visualization tools for 

simulations and data plotting. 

Simulation Setup: A 500 kV transmission system was modeled in 

MATLAB to analyze the impact of UPFC under varying operational 

conditions. The results are illustrated in Figure 7. 

 

Figure 7:  MATLAB model of test system without UPFC. 
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7. Simulation Model 

This section presents the MATLAB/Simulink simulation model 

developed to analyze UPFC performance under various operating 

conditions. 

7.1  Test System Configuration 

Case 1: System without UPFC 

The base test system consists of:  500 kV transmission line with 

programmable voltage sources at both sending and receiving ends, 

Line impedance: 6.0852 + j162.97 Ω, and Due to line losses, the 

receiving-end voltage drops from 500 kV to 477 kV 

System Parameters: 

 Sending-end voltage (Vₛ): 539∠0° kV 

 Receiving-end voltage (Vᵣ): 477.8∠-3.838° kV 

 UPFC components: Capacitance: 21.977 μF, Inductance: 0.043 

H. 

The single-line diagram of the test system is shown in Figure 1, while 

the MATLAB/Simulink implementation is presented in Figure 7. 

Case 2: System with UPFC Implementation 

The test system was modified to incorporate the UPFC as shown in 

Figure 8. The implementation required: 

- Addition of two new bus bars to integrate the UPFC. 

- Installation of two parallel transmission lines (Line 1: 50 km, 

Line 2: 50 km). 

- Connection of an additional parallel load. 
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The complete MATLAB model of the 500 kV test network with 

UPFC integration is presented in Figure 8. 

 

Figure 8: MATLAB model of test model network with UPFC. 

7.2 Simulation Results and Discussions.  

In this section the stable power transmission capacity of the 

transmission line is explained by two machine power system models. 

Power is transferred from one station (the end of the transmission) to 

the second station (the end of the reception), as follows: 

- Test System Steady State Analysis without UPFC.  

In this case, UPFC is disconnected. The transmitted (active & 

reactive) power without UPFC are shown in Figure (9), in this figure, 

the vertical axis show, the transmitted (active & reactive) power in 

(MW, MVAR), and the horizontal axis shows time in seconds. It can 

be seen that at t= zero. The transmitted (active & reactive) power is 

zero, and as soon as the system start waylay, the transmitted active 

power is increased rapidly to 110 MW and the reactive power is 171.8 

MVAR and keept constant thereafter.         
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Figure 9: The transmitted (active & reactive) power without 

UPFC. 

- Simulation Result of Test When UPFC is Connected: 

UPFC operates in capacitive mode and triggered at 0.5sec, the 

transmitted power (P, Q) is shown in Figure (10) In this figure, the 

vertical axis shows the transmitted (active & reactive) power in (MW, 

MVAR), and the horizontal axis represents time in seconds. The 

power transfer increases to 610 MW.                         

At t =2 sec, the change in the reference impedance is applied. The 

response indicates that UPFC enables tracking of the reference 

impedance.                                      

At t = 0.5 sec, the value of the active power increases to 985 MW and 

then decreases and increases again 610 MW at t =1.96 sec, after t = 2 

sec the power stabilizes at 510 MW, at the same time t = 0.5 seconds 

the reactive power is low about (-202 MVAR), and begins to rise until 

it is stable after 2 sec with a value (276.5 MVAR).      
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Figure 10: Transmitted power (P, Q) via 500kV transmission 

line with UPFC in steady state. 

 

- Test System Description: 

The Figure (11) shows diagram of IEEE-9 bus. Test system used 

in the section. The IEEE-9 bus system includes 3 generator buses, 

3 load buses and 6 transmission lines. In addition, the load flow 

data. The data given in the table (1) was on 100MVA base. The 

minimum and maximum limits of voltage magnitude was 

considered 0.95p.u. To 1. 05p.u. 



Journal of Electronic Systems and Programming                                       www.epc.ly 
 

 Issue: 11 June 2025                                                                               Page 59 

 

Figure 11: Diagram of IEEE 9-bus power system. 

- Input Data 

This section presents the simulation results of the IEEE-9 bus system 

using power system data simulation in Tabl (1) below. 
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- IEEE-9 bus system with UPFC 

UPFC is connected between bus5and bus7as shown in figure (12). 

The objective control is to increase the active power of that line and 

the improvement voltage at that buses (5 &7). 

 

Figure 12: IEEE-9 bus system with UPFC. 

 

- Simulation Result of IEEE-9busWhith UPFC is Connected 

UPFC operates in capacitive mode and triggered at 0.5sec in the figure 

(13) shows improvement the voltage at buses (5 &7), from (0.9494 

p.u, 1.05493 pu) to (0.9577 pu, 1.06502 pu). 
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And the vertical axis shows the transmitted (active & reactive) power 

in (MW, MVAR), and the horizontal axis represents time in seconds. 

The power transfer increases to 0.452 pu MW.                         

The response indicates that UPFC.At t = 0.5 sec, the value of the 

active power increases from 0.324(pu MW) to 0.452 MW at t =1.96 

sec, after t = 2 sec the power stabilizes at 0.452pu MW, at the time t = 

0.5 seconds the reactive power is low about (0.082pu MVAR), and 

begins to rise until it is stable after 2 sec with a value (0.1pu MVAR).    

                                

                                  

Figure 13: Simulation Result of IEEE-9busWhith UPFC. 
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8. Conclusion 

The Unified Power Flow Controller (UPFC) serves as an effective 

technique for maintaining and controlling power flow in electrical 

transmission systems. This paper explores how to control the 

parameters of a Unified Power Flow Controller (UPFC) to maximize 

its effectiveness in resolving first-swing stability problems in an IEEE 

9-Bus system, using MATLAB/Simulink. First-swing stability issues 

commonly arise in large power systems with long transmission lines 

[1]. The study examines different methods for determining reference 

values for the UPFC’s series component to enhance transient stability. 

These methods include optimization of parameters, analysis of state 

variables, and the use of injection models.  
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