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Implementation of Digital Protection in Distribution 

System with Penetration of Distributed Generation 

 

 

1. Abstract 

With increase in Integration / Penetration of Distributed Generation (DG) sources like Solar PV and 

Wind Energy Conversation System, Traditional Radial Distribution Network (TRDN) gets 

transformed into Modern Active Distribution Network (MADN) with bidirectional power flow, 

increased fault current level and dynamic operating conditions. These alterations render 

conventional protection schemes ineffective that leads to problems like relay miscoordination, false 

tripping and relay blinding. Comprehensive analysis is done to understand parameters affecting 

relay coordination of Distribution Network. This thesis proposes a reliable digital protection scheme 

based on Wavelet Packet Transform (WPT) for multi resolution feature extraction from three phase 

current combined with Extreme Gradient Boosting (XGBoost) for fault detection and classification. 

Proposed hybrid WPT+XGBoost method is validated through extensive simulations on modified 

IEEE 4-Bus and IEEE 9-Bus distribution test systems with variable DG penetration level and 

system load, variation in terms of number of DGs, location and types of DGs. Simulations are also 

done considering different fault types, fault locations and fault resistances. Proposed method 

achieves more than 99% fault detection and classification accuracy outperforming conventional 

protection and other Artificial Intelligence / Machine Learning (AIML) based methods. Proposed 

method ensures reliable protection maintaining selectivity and sensitivity in presence of various 

Distributed Generation sources. Work demonstrates suitability of proposed scheme based Digital 

Protection Scheme for Modern Active Distribution Network, also helps in developing adaptive, 

self-healing scheme for Smart Grid. 

 

2. Brief Description on the state of the art of the Research Topic 

Integration of Distributed Generation has advantages like environment friendliness, improvement in 

system reliability, reduction in loss and maintenance cost [1]-[3] but causes many issues like 

bidirectional power flow, chances of unintentional islanding, frequency / voltage instability and 

increased & dynamic fault current level [3]-[6]. Mainly it creates issues related to protection like 

protection blinding, chances of feeder false tripping and relay miscoordination. There is an 

evolution in Digital Protection for Distribution System with Distributed Generation from traditional 
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protection to adaptive protection schemes. Researchers have developed different protection strategy 

for distribution system with distributed generation. High Impedance Fault (HIF) detection using 

energy raising of linear predictor error signals as indicator [7] was developed for distribution system 

but it is not considering effect of distributed generation sources, inrush currents or nonlinear loads. 

Current signals approach-based fault detection and classification for distribution system [8] with 

multiple distributed generation facility was developed utilizing communication system but fails to 

operate when communication channels fail. Sensor independent deep learning method [9] for fault 

detection, classification and location in Low Voltage distribution system but deep learning requires 

large amount of data for processing. 

 

Fault detection and classification based on Teager–Kaiser energy operator [10] for AC Microgrid 

was developed where determination of faulty phase is performed using indices derived from 

squared currents. Detection and classification of disturbances that evolves in succession using 

Energy Preserving Ensemble Empirical Mode Decomposition (EPEEMD) and Least Square 

Support Vector Machine (LSSVM) [11] techniques was developed for grid connected system but 

developed for system with Inverter Interfaced DGs like Solar PV. Deep learning approaches was 

developed for fault detection and classifications [12] for secondary distribution network where 

various methods were compared and Recurrent Neural Network (RNN) is found to be more 

suitable. Algorithm based on positive sequence measurement [13] for detection of fault, islanding 

and power swings was developed for DG integrated radial distribution networks. Researchers have 

also proposed different Artificial Intelligence / Machine Learning (AI/ML) based Fault Detection 

and Classification (FDC) methodologies. Various AI/ML based methods and their limitations are 

represented in Table 1. 

 

Table 1. Artificial Intelligence / Machine Learning based Fault Detection and Classification (FDC) methodologies 

 

Sr. 

No. 

Technique Description Limitations* 

1 Artificial 

Neural  

Network 

(ANN)              

[14]-[19] 

Multi-Layer Perceptron (MLP) Artificial 

Neural Network (ANN) based approach for 

Fault Localization & Identification, ANN based 

FDC approach, FDC using Feed Forward 

Neural Network with back propagation, ANN 

based communication assisted scheme. 

Model training and 

updates are time 

consuming, requires large 

data and computational 

resources for training. 
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2 Wavelet   

Packet 

Transform 

(WPT) / 

Wavelet 

Transform 

(WT)                 

[20]-[24] 

Analysis of wavelet transform (WT) and 

wavelet packet transform (WPT) based 

islanding detection in grid connected PV 

system, Fault Identification and Location (FIL) 

technique using wavelet multi resolution 

approach, WT based frequency multi-

resolution technique for detecting different 

faults, WT based intelligent technique to detect 

and classify power system faults, Discrete 

Wavelet Transform (DWT) to detect and 

classify High Impedance Fault. 

Large errors produced by 

wavelet transform but 

WPT will provide uniform 

frequency sub band with 

better time frequency 

resolution, Methods fail to 

extract geometric features 

for disturbance detection 

whenever the noise level 

in the voltage function 

crosses 40 db. 

3 Support   

Vector 

Machines 

(SVM)               

[25]-[30] 

Support vector machine (SVM) for Fault 

Classification and Detection (FDC), multiple 

features-based support vector machine (SVM) 

for Islanding detection, Multi-class Support 

Vector Machine (SVMs) based approach for 

location and diagnosing faults, Support Vector 

Data Description method - a commonly used 

one-class classifier, Multiple Features based 

scheme for Islanding Detection. 

Computationally intensive 

and time consuming, fault 

inception angles are not 

considered in training 

process, only rotating type 

of DGs are used, scenario 

will be different when two 

different types of DGs are 

used. 

4 K-Nearest 

Neighbor 

(KNN)            

[31]-[32] 

KNN based algorithm for Fault Detection and 

Classification (FDC) for distance protection, 

KNN based Fault Detection, Classification and 

Location (FDCL) method for Power System. 

Less classification 

accuracy and high 

computational complexity. 

5 Convolutional 

Neural  

Network 

(CNN)              

[33]-[35] 

Transient Stability Assessment (TSA) and 

instability mode prediction, 20-layer deep 

neural network (CNN) for fault detection and 

location, Fault classification for Distribution 

Network with DGs using Convolutional Neural 

Network (CNN) based algorithm. 

Effect of Renewable 

Energy Sources (RES) not 

considered. 

6 XGBoost           

[36] 

Fault Detection in Low Voltage Neutral Point 

Ungrounded (LVNPU) system using Extreme 

Gradient Boosting (XGBoost). 

Careful and time-

consuming tuning because 

of many hyperparameters. 
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7 Hybrid              

[37]-[44] 

Single Feedforward Artificial Neural Network 

(SFANN) + K-Nearest Neighbors (KNN) for 

estimating fault location, Artificial Neural 

Network (ANN) + Discrete Wavelet Transform 

(DWT) for fault detection and classification, 

Wavelet Transform + Deep Neural Network for 

fault detection, Dual Tree Complex Wavelet 

Transform (DT-CWT) + Data Mining, DWT + 

Evolving Neural Network, WT + ANN, Multi-

Channel Convolutional Neural Network (CNN) 

+ Long Short-Term Memory (LSTM) network 

for fault detection, Gravitational Search 

Algorithm + ANN. 

Single ANN for all fault 

types can be source of 

error, not useful when 

identifying lost phase, 

performance drops when 

there is abrupt change in 

fault pattern, 

computationally complex 

system to implement for 

Distribution Network with 

Distributed Generation 

Sources. 

* General limitations are mentioned below. 

 

From reviewing above articles, it can be said that each method has its own technical limitations for 

fault detection and classification in terms of speed and accuracy but also has one or more limitations 

like (i) considering only one type of DG (either rotating or inverter interfaced DG), (ii) considering 

DGs with fixed or same capacity, (iii) DG effect is not considered, (iv) focus on detection of only 

one type of fault, not considering fault location and (v) communication system is used for 

exchanging required system data which if fails, system will not work properly. Reliable and 

adaptive protection must be developed to address at least two or more of these issues. 

 

Table 2. Theoretical comparison of Machine Learning methods 

 

Method Robustness 
Computational 

Speed 
Data Requirement Strength 

ANN 
Medium (sensitive 

to DG variability) 

Medium 

(Training scales 

poorly with data) 

High (needs large 

labelled datasets) 
Simple Architecture 

WPT 

High (decomposes 

signals for transient 

capture) 

High (fast 

decomposition) 

Low (works on 

raw signals) 

Excellent for 

extracting energy 

features from fault 

transients 



5 

 

SVM 
High (effective 

with kernel) 

High (fast for 

small-medium 

datasets) 

Medium (performs 

well on balanced 

data) 

Handles high-

dimensional features 

KNN 

Low Moderate 

(sensitive to feature 

scaling) 

Low (no 

training) 

High (large dataset 

required) 

Simple 

implementation 

CNN 

High (end-to-end 

learning; noise-

resistant) 

Medium (GPU-

accelerated 

inference) 

High (benefits 

from large 

simulated fault 

data) 

Feature extraction 

from raw signals 

XGBoost 

High (gradient 

boosting handles 

DG noise) 

High 

(parallelizable; 

fast on tabular 

features) 

Medium 

(ensemble reduces 

overfitting) 

Efficient 

dimensionality 

reduction before 

classification  

Hybrid 

Very High 

(combines 

strengths, 

Medium (varies 

by combo 
Medium-High Best overall 

 

Machine learning approaches (like ANN, CNN, KNN, WPT, SVM) are gaining traction as an 

individual technique for Fault Detection and Classification for Distribution System with Distributed 

Generators. Extreme Gradient Boosting (XGBoost), a robust classifier is also gaining importance 

with advantages like high accuracy and efficiency in handling difficult classification tasks. 

Theoretical comparison of these methods [7]-[47] considering parameters like robustness, 

computational speed, data requirement and strength is given in Table 2. From Table 1 and Table 2, 

it is observed that hybrid method is better in Fault Detection, Classification and Location. 

Combining advantages of Wavelet Packet Transform (WPT) being powerful tool which enables 

extraction of both Time-Frequency features from fault current signals to effectively captures 

abnormal events like Faults and Extreme Gradient Boosting (XGBoost) being robust classifier with 

high accuracy and efficiency for event classification, hybrid WPT+ XGBoost scheme for Fault 

Detection and Classification is proposed. Proposed WPT+ XGBoost based scheme is superior in 

achieving better results with accuracy with variable Operating Conditions and Fault parameters like 

Fault Type, Fault Resistance and Fault Location that showcased its ability to enhance grid reliability 

and support integration of DG sources in Distribution System. 
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3. Definition of the Problem

 

 

Figure 1. Installed Generation Capacity from Renewable 

Energy sources in India (in MW) 

 

Modern Active Distribution Network 

(MADN) faces notable protection issues 

because of high penetration of Distributed 

Generation sources (DGs). In India, it is 

important as there is hugh rise in 

integration of Renewable Energy Sources 

in last 20 years as shown in Fig. 1. 

Traditional overcurrent relays or protection 

schemes assume unidirectional power or 

current flow and constant fault current 

level. 

But integration of Distributed Generators will introduce (i) bidirectional current flow which causes 

miscoordination of traditional protection scheme, (ii) reduction in fault current contribution from 

grid (or from DG, if new DG source is added) which leads to protection blinding, (iii) variable and 

dynamic fault current contribution from different sources (If-SG > If-IG > If-PV) may lead to under 

reach / over reach of relay, (iv) miscoordination during transition of system topology (ring main to 

radial) or operating condition (grid connected to isolated islanded), (v) inability to detect low 

current faults which cannot be detected by traditional methods and (v) difficulties in protection 

coordination because of dynamic fault current level. All these issues compromise system stability 

and reliability, increasing chances of outage and equipment damage. Existing protection schemes 

are costly, complex and insufficiently robust to dynamic nature of DGs which necessitates fast, 

sensitive, reliable protection approach. 

 

4. Objective of Work 

Main objective of this work is to do investigation and analysis of factors affecting system 

parameters and protection coordination and propose an enhanced Digital Protection Scheme with 

the aim of maintaining selectivity, speed and reliability of Fault Detection & Classification (FDC) 

and Isolation while overcoming limitations of conventional protection schemes for Modern 

Distribution Network (MDN) with significant integration of Distributed Generation sources like 

Solar PV, Wind and Small Hydro. Following objectives should be considered for this work. 
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- To critically review and analyse impact of penetration of Distributed Generation (DG) sources on 

Distribution System parameters and conventional protection schemes (mainly overcurrent 

protection) and identify key factors which are affecting system protection and causes problems 

like protection blinding, false tripping, loss of coordination and islanding. 

- To analyse effect of different fault parameters like Fault Location, Fault Types and Fault 

Resistance in presence of DG sources on protection coordination. 

- To critically review existing protection schemes and identify issues faced by them when DGs are 

present. 

- To propose an improved Fault Detection and Classification Scheme for System Protection (or 

Hybrid Scheme) which ensures secure and coordinated operation in presence of DG sources. 

- To examine the performance of proposed scheme through extensive simulations with various 

operating condition as mentioned above and do comparison with other existing schemes 

considering security, reliability, selectivity and speed of operation. 

- To provide recommendations for further solutions with Digital Protection for Distribution 

System with DG penetration and future research directions. 

 

5. Scope of Work 

Integration of Distributed Generators like Solar PV, Wind, Small Hydro etc will introduce 

significant challenges in Distribution System and affect conventional protection scheme provided 

for Distribution System Protection. This work aims to explore and develop digital protection 

scheme for distribution network considering penetration of Distributed Generation sources. It also 

focuses on enhancing system reliability and ensuring safe operation under dynamic generation from 

DGs. This thesis will cover following scope of work: 

- Distribution System Considered: Modified IEEE 4-Bus Distribution System is considered with 

12.47 kV system voltage. System is considered without DG source/s and with DG source/s 

(Synchronous Generator, Induction Generator, Solar PV) with 1 MW and 0.7 MW capacity. 

System is also considered with load increment 1 MW. 

- Simulation and Analysis: Distribution System simulation conducted, incorporating different 

types of DG units, analyse their fault current contribution in case of fault and required data is 

generated using PSCAD/EMTDC software. Generated data are simulated in MATLAB through 

coding for generating different details like accuracy, F1 score etc. for different methods and 

finding suitable method for fault detection and classification required for reliable protection 

scheme.  
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- Address of Protection Challenges: Protection challenges are addressed by simulating 

distribution network considering different fault parameters (Fault Locations, Fault Types, Fault 

Resistances, Fault Inception Angle), penetration of Distributed Generation sources (DGs of 

different types and capacity) and increment in system demand. 

- Digital Protection Technique: After simulation and analysis of different methods, protection 

algorithm is finalised considering Hybrid method for Fault Detection and Classification (FDC) 

and adaptive protection scheme. 

 

6. Original Contribution by the Thesis 

Study presented in thesis represents comprehensive review of various existing schemes and their 

limitations. Simulation for studying effects of integrating Distributed Generation sources in 

Distribution Network on system parameters and specifically on protection coordination (or 

protection settings) is carried out using PSCAD/EMTDC software. Effects on protection 

coordination is studied considering various Distributed Generation (DG) parameters like DG types, 

DG location, DG capacity, Fault parameters like Fault types, Fault location, Fault resistance as well 

as load variation. Overcurrent protection algorithm is developed for Industrial Distribution Network 

with DG sources and also study of effects of DGs with various Setting Groups (SG) is carried out. 

Data generation for various cases is done with PSCAD/EMTDC software which then is utilized in 

MATLAB to calculate performance parameters for various methods used for Fault Detection and 

Classification (FDC). Based on analysis, hybrid WPT+XGBoost technique is found to be more 

accurate and reliable offering superior feature extraction from high frequency transients and 

efficient ensemble learning for fault classification with accuracy more than 99%. Algorithm for 

FDC using WPT+XGBoost is also developed for protection of distribution system with DGs. 

 

7. Methodology of Research, Results and Comparison 

 

7.1 Analysis of Parameters affecting Protection Coordination 

 

      
 

       Figure 2(a). Radial Distribution Network fed with                  Figure 2(b). Radial Distribution Network fed with  

                       one source (without transformer)                                                 one source (with transformer) 
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      Figure 3(a). Radial Distribution Network fed with                  Figure 3(b). Radial Distribution Network fed with 

                    more than two sources (grid only)                                            more than two sources (grid + DGs) 

 

Effect of various parameters on Protection Coordination of Distribution Network (Modified IEEE 

4-Bus system with system voltage 12.47 kV and load demand of 6 MW with each line section of       

20 km) fed through one source (as shown in Fig. 2(a) and 2(b)) and more than one sources (as 

shown in Fig. 3(a) and 3(b)) is analysed using PSCAD/EMTDC software as below: 

• For system fed with one source: For protection of distribution system with one source, three 

overcurrent relays (51) with IDMT characteristics following IEC-60255 standard are used. To 

understand the effect on protection coordination, various cases as shown in Table 3 are 

considered. Analysis is done considering fault parameters like (i) Fault Locations (on each bus 

except generator bus and midpoint of each line sections), (ii) Fault types (LG and LL) and           

(iii) Fault resistances (0 Ω, 4 Ω, 8 Ω and 12 Ω). System with transformer (rated 6.3 MVA, 

12.47/4.16 kV) is also taken into account as there will be two different voltages as well as 

currents in normal as well as faulty conditions. 

 

Table 3. Cases for analysis of effect on protection coordination (distribution system with one source) 

 

Case No. Discription 

1 Radial feeder without transformer (system fed at one end (grid only)) 

2 Radial feeder with transformer (system fed at one end (grid only)) 

3 Radial feeder without transformer (system fed at one end (SG only)) 

4 Radial Feeder without transformer (system fed at one end (IG only)) 

 

Current contribution from various types of sources in faulty condition (considering fault location 

F1 in Fig. 2(a) and 2(b)) is shown in Fig. 4 which depicts fault current contribution from 

synchronous generator is higher than induction generator. Effect on protection coordination (in 

terms of relay current setting and considering LL fault) for different cases is represented in   

Table 4. 
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Figure 4. Current contribution from various types of sources in faulty condition (for system with one source) 

 

Table 4. Relay current settings (Ip) for different cases (for system with one source) 

 

Fault 

Resistance 
Relay 

Relay Current Settings (Ip) (A) 

Case - 1 Case - 2 Case - 3 Case - 4 

RF = 0 

R1 0.25 0.06 0.22 0.17 

R2 0.2 0.11 0.2 0.11 

R3 0.15 0.07 0.17 0.09 

RF = 4 

R1 0.24 0.05 0.21 0.14 

R2 0.19 0.08 0.19 0.09 

R3 0.15 0.06 0.16 0.08 

RF = 8 

R1 0.185 0.04 0.17 0.13 

R2 0.18 0.07 0.17 0.09 

R3 0.15 0.06 0.15 0.08 

RF = 12 

R1 0.16 0.03 0.15 0.12 

R2 0.16 0.07 0.15 0.085 

R3 0.14 0.06 0.14 0.08 

 

• For system fed with more than one source: For protection of distribution system with more 

than one sources (either only Grid or Grid+DG), six directional power relays (32) are used. For 

analysis of effect on protection coordination, various cases as shown in Table 5 are considered. 

Effect is analysed considering fault parameters like (i) Fault Locations (on Bus B, Bus C and 

midpoint of each line sections), (ii) Fault type (LG) and (iii) Fault resistances (4 Ω and 12 Ω). 

Analysis of effect of integrating various DG sources is performed with combination of either 

same or different DG types (Synchronous Generator, Induction Generator and Solar PV) and 

Capacity. 
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Table 5. Cases for analysis of effect on protection coordination (distribution system with more than one sources) 

 

Case 

No. 

Discription 

(SG: Synchronous Generator, IG: Induction Generator) 

C1 Radial Feeder (System Fed at two ends (Grid only)) 

C2 
Radial Feeder (System Fed at two ends (Grid only)) with load increment by         

1 MW 

C3 Radial Feeder fed at two ends (Grid and SG (1 MW)) 

C4 
Radial Feeder fed at three ends (Grid and two SG (1 MW)) with load increment 

by 1 MW 

C5 Radial Feeder fed at three ends (Grid and two SG (1 MW and 0.7 MW)) with 

load increment by 1 MW 

C6 Radial Feeder fed at three ends (Grid, one SG (1 MW) and one IG (1 MW)) 

with load increment by 1 MW 

C7 Radial Feeder fed at three ends (Grid, one SG (1 MW) and one Solar PV          

(1 MW)) with load increment by 1 MW 

C8 Radial Feeder fed at Four ends (Grid, one SG (1 MW), one IG (1 MW) and one 

Solar PV (1 MW)) with load increment by 1 MW 

C9 
Radial Feeder fed at Four ends (Grid, three SG (1 MW)) with load increment by          

1 MW 

C10 Radial Feeder fed at Four ends (Grid, two SG (1 MW), one IG (1 MW)) with 

load increment by 1 MW 

 

Table 6. Current contribution from various types of sources in faulty condition (system with more than one sources) 

 

Current 

Contribution 

from 

Different 

Sources 

(A) 

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 

IGrid1 616 643 625 468 501 657 627 646 478 462 

IGrid2 1517 1563 - -  -  -  -  -  - - 

ISG1 - - 993 976 981 963 980 943 888 939 

ISG2 - - - 918 667 - - - 908 878 

ISG3 - - - - - 207 - - 979 - 

IIG - - - - - - - 207 - 178 

IPV - - - - - - 151 149 - - 

 

Current contribution from various types of sources in faulty condition (considering fault location 

F3 in Fig. 3(a) and 3(b)) is shown in Table 6. From Table 6 and also as mentioned previous 
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sections, fault current contribution from Synchronous Generator is higher than Induction 

Generator and it is least in case of Solar PV which is the main reasons for alteration in protection 

coordination. This effect will be more prone when only either wind or solar pv is integrated as 

DG source in distribution system. Effect on protection coordination (in terms of relay current 

setting and considering LG fault) for different cases with different fault resistances is represented 

in Table 7. 

 

Table 7. Relay current settings (Ip) for different cases (for system with more than one sources)  

 

Fault 

Resistance 
Relay 

Relay Current Settings (Ip) (A) 

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 

RF = 0 

R1 0.45 0.40 0.42 0.38 0.40 0.28 0.28 0.28 0.32 0.30 

R2 0.07 0.12 0.12 0.08 0.40 0.12 0.17 0.16 0.14 0.17 

R3 0.20 0.225 0.19 0.26 0.24 0.18 0.18 0.13 0.28 0.20 

R4 0.22 0.225 0.16 0.20 0.16 0.14 0.16 0.16 0.22 0.22 

R5 0.09 0.21 0.18 0.135 0.20 0.16 0.18 0.195 0.16 0.15 

R6 0.45 0.45 0.26 0.26 0.26 0.22 0.24 0.20 0.32 0.20 

RF = 4 

R1 0.42 0.38 0.36 0.34 0.38 0.24 0.26 0.24 0.30 0.28 

R2 0.05 0.11 0.12 0.07 0.30 0.11 0.15 0.16 0.12 0.16 

R3 0.19 0.19 0.18 0.22 0.20 0.14 0.14 0.12 0.24 0.16 

R4 0.20 0.22 0.16 0.16 0.14 0.14 0.15 0.145 0.20 0.22 

R5 0.085 0.19 0.16 0.13 0.18 0.16 0.15 0.16 0.16 0.15 

R6 0.41 0.35 0.23 0.20 0.22 0.18 0.20 0.17 0.26 0.17 

RF = 8 

R1 0.35 0.30 0.30 0.28 0.32 0.15 0.22 0.18 0.26 0.20 

R2 0.018 0.10 0.08 0.06 0.26 0.10 0.12 0.16 0.10 0.15 

R3 0.165 0.16 0.17 0.20 0.16 0.12 0.13 0.10 0.16 0.12 

R4 0.14 0.15 0.15 0.12 0.12 0.12 0.14 0.135 0.16 0.16 

R5 0.082 0.18 0.14 0.12 0.16 0.14 0.14 0.15 0.14 0.15 

R6 0.32 0.28 0.18 0.16 0.18 0.13 0.14 0.14 0.17 0.14 

RF = 12 

R1 0.30 0.25 0.24 0.18 0.20 0.13 0.20 0.16 0.22 0.14 

R2 0.012 0.10 0.04 0.05 0.24 0.10 0.08 0.14 0.08 0.15 

R3 0.16 0.14 0.165 0.15 0.135 0.105 0.12 0.09 0.12 0.10 

R4 0.12 0.13 0.13 0.09 0.105 0.11 0.13 0.13 0.12 0.132 

R5 0.08 0.15 0.12 0.10 0.14 0.125 0.13 0.12 0.10 0.15 

R6 0.22 0.22 0.16 0.15 0.16 0.10 0.12 0.12 0.12 0.12 
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7.2 Overcurrent protection for Industrial Distribution Network 
 

 

Figure 5. 9-Bus Industrial Distribution System 

 

Adaptive overcurrent protection algorithm for 9-Bus Industrial Distribution System (as shown in 

Fig. 5) is developed as shown in Fig. 6. Load Flow Analysis (using NR method) and Short Circuit 

Analysis using ETAP software following IEC 60255 standard is performed in which is helpful in 

calculating relay setting parameters. Simulation of various faults is done with different system 

locations and operating mode for calculation of fault currents, operating time and identification of 
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relay pairs for reliable protection of distribution network. Re-calibration is performed by relay 

automatically and it resets relay parameters like Pickup Current and Time Multiplier Setting. If 

change in system topology or configuration is detected, data will be sent to relay which modifies its 

parameters. 

 

 
 

Figure 6. Protection Algorithm for 9-Bus Industrial Distribution System with DG sources 

 

Table 8. Setting Groups (SG) 

 

SG No. Setting Group (SG) Configurations 

1 PG* only 

2 PG + 1 DPGR** 

3 PG + 2 DPGR 

4 Island + 1 DPGR 

5 Island + 2 DPGR 

* PG = Power Grid  

** DPGR = Distributed Power Generation Resources 
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After configuring relay parameters, presence of fault is detected in system. If fault is present, 

primary protection coordination will be actuated, sending trip signal to respective breakers to isolate 

faulty part of the system. If primary protection fails to operate or in case fault is still unclear, 

considering Coordinated Time Interval (CTI) secondary protection coordination is actuated. Once 

the fault is cleared, relay resets itself back to initial condition. 

 

Table 9. Relay Pickup Current and Operating Time summary for differentSetting Groups (SG) 

 

SG 

No. 

Setting Group 

(SG) 

Arrangement 

Relay 

System Fault 

Current seen 

by Relays 

(kA) 

Ipickup 

(Amp) 

Time Dial 

Setting 

(TDS) 

T1      

(Top)     

(ms) 

1 PG Only 

R16 7.828 0.98 0.1 0.227 

R2F16 7.828 0.40 0.12 0.360 

R1F16 7.828 0.98 0.15 0.446 

2 PG + 1 DPGR 

R16 9.309 1.17 0.1 0.227 

R2F16 9.309 0.55 0.12 0.385 

R1F16 7.828 0.98 0.15 0.446 

3 
 

PG + 2 DPGR 

R16 10.885 1.37 0.1 0.227 

R2F16 10.885 0.77 0.11 0.386 

R1F16 7.828 0.86 0.15 0.421 

4 
Island + 1 

DPGR 

R16 1.48 0.46 0.1 0.329 

R2F16 1.48 0.16 0.12 0.540 

DGR3 1.48 0.39 0.14 0.620 

5 
Island + 2 

DPGR 

R16 3.057 0.46 0.1 0.242 

R2F16 3.057 0.31 0.12 0.518 

DGR3 3.057 0.77 0.14 0.604 

 

Simulation of Protection Coordination is performed for various Setting Groups (SG (Table 8)) and 

summary of relay operating sequence, relay pickup current and relay operating time is prepared as 

shown in Table 9 considering fault to be on Feeder of Chiller 2 (as shown in Fig. 5). IEC standard 

inverse curve is used for coordination of respective relays for various Setting Groups (SG) for 

distribution system. From analysis with various Setting Groups, relay R2F18 (as shown in Fig. 5) is 

found to be common and important. With comprehensive simulation (considering different Setting 

Groups), it is concluded that risk of miscoordination is mitigated with provided protection scheme. 
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7.3 Fault Detection and Classification using WPT+XGBoost 

IEEE 4-Bus system is simulated in PSCAD/EMTDC software to generate post fault data 

considering fault locations (mid-point and on bus), fault resistances (0 Ω, 3 Ω, 6 Ω, 9 Ω, 12 Ω,               

15 Ω, 18 Ω), fault types (LG, LL, LLG, LLL) and fault inception angle (0°, 5°, 10°, 15°, 20°). 

Generated data is utilized in calculating performance parameters like % accuracy and F1 score for 

Fault Detection and Classification for various methods using MATLAB. Based on theoretical 

comparison and literature review, for Fault Detection and Classification, methods like 

Convolutional Neural Network (CNN), Artificial Neural Network (ANN), Wavelet Packet 

Transform (WPT), Support Vector Machine (SVM), Extreme Gradient Boosting (XGBoost) and 

hybrid (WPT+CNN, PCA+CNN) are considered for comparison with proposed method. 

 

Table 10. Fault Detection and Classification Performance 

 

Method Accuracy F1 Score 

ANN 94.25 94.70 

WPT 98.41 98.49 

SVM 97.34 96.97 

CNN 98.82 94.5 

XGBoost 92.4 92.4 

WPT+CNN 98.43 97.4 

PCA+CNN 99.2 98.9 

WPT+XGBoost 99.8 99.6 

 

After simulating more than 2000 cases, considering benefits from hybrid method from Table 2 and 

combining benefits from WPT and XGBoost, it is found that proposed WPT+XGBoost method is 

better in Fault Detection and Classification with accuracy more than 99% as shown in Table 10. 

This scheme has achieved even higher F1 score which support its selection for Fault Detection and 

Classification for Distribution System with Distributed Generation sources. 

 

8. Achievement with respect to Objectives 

 

Objective Defined Objective Achieved 

To critically review existing protection 

schemes and identify issues faced by them 

when DGs are present. 

Comprehensive literature review is done to 

analyse existing protection scheme and issues 

faced by them. Each method has its own 

limitations but general limitations are 
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considering only one type of DGs and DGs with 

fixed or same capacity, focus on detection of 

only one type of fault and using communication 

system for exchanging required system data. 

To critically review and analyse impact of 

penetration of Distributed Generation (DG) 

sources on Distribution System parameters 

and conventional protection schemes 

(mainly overcurrent protection) and 

identify key factors which are affecting 

system protection. 

Extensive review of various literature along with 

simulation using PSCAD/EMTDC software is 

done to analyse impact of DG penetration on 

system parameters like voltage and conventional 

protection scheme because of increasing fault 

current, dynamic current contribution from 

different DGs and DG locations. 

To analyse effect of different fault 

parameters like Fault Location, Fault Types 

and Fault Resistance in presence of DG 

sources on protection coordination. 

Detail simulation is done to analyse impact of 

fault parameters like fault location, fault types 

and fault resistance on protection parameters 

(relay pickup current, time dial setting).  

To propose an improved Fault Detection 

and Classification Scheme for System 

Protection (or Hybrid Scheme) which 

ensures secure and coordinated operation 

in presence of DG sources. 

Based of literature review, theoretical 

comparison is prepared and found that hybrid 

fault detection and classification scheme is more 

suitable when DGs are present in Distribution 

System. 

To examine the performance of proposed 

scheme through extensive simulations with 

various operating condition as mentioned 

above and do comparison with other 

existing schemes considering security, 

reliability, selectivity and speed of 

operation. 

Considering various cases, data are generated 

through PSCAD/EMTDC software and FDC 

performance parameters are calculated using 

MATLAB. Methods like ANN, CNN, SVM, 

WPT, XGBoost and hybrid (WPT+CNN, 

PCA+CNN) are compared with proposed 

WPT+XGBoost. Results support selection of 

WPT+XGBoost technique for fault detection and 

classification with accuracy more than 99%. 

To provide recommendations for further 

solutions with Digital Protection for 

Distribution System with DG penetration 

and future research directions. 

Proposed scheme can be extended for hardware 

implementation. CATBoost is also one of the 

techniques for fault detection and classification 

whose performance needs to be assessed. 
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9. Conclusion 

Increasing usage and integration of Distributed Generation sources like Small Hydro, Solar PV and 

Wind Power Generation and other Inverter Interfaced Distributed Generation sources (DGs) in 

Distribution System brings opportunities as well as various challenges. It mainly affects 

conventional protection schemes because of bidirectional power flow, increasing normal as well as 

fault currents and reduction in current contribution from grid (or DG in case new DG source is 

added) that leads to protection blinding. Conventional protection schemes are facing issues in 

maintaining sensitivity and selectivity under these dynamic conditions which demands accurate and 

reliable Fault Detection and Classification (FDC) scheme. 

 

For the study, comprehensive literature review and extensive simulational analysis performed 

through PSCAD/EMTDC software highlights various factors that has significant impact on 

protection coordination like fault current contribution from DGs (If-SG > If-IG > If-PV), DG 

penetration and network topology. Through simulational analysis, it is also found that protection 

coordination is also affected by DG location, combination of DG types integrated in system, fault 

types, fault location and fault resistance. An adaptive overcurrent protection is also developed for 

Industrial Distribution System where with different source combinations and system condition (grid 

connected or islanded) and analysis for calculating protection parameters is performed using ETAP 

software. Through extensive simulations with various setting groups, it is concluded that risk of 

protection miscoordination is mitigated with proposed overcurrent protection. 

 

This study also proposes hybrid method for Fault Detection and Classification (FDC) for reliable 

protection distribution system with distributed generation sources combining Wavelet Packet 

Transform (WPT) for feature extraction with Extreme Gradient Boosting (XGBoost) as powerful 

ensemble classifier with higher accuracy. Simulation of various cases for distribution system with 

distributed generation sources for data generation is performed and generated data is used in 

MATLAB to calculate performance parameters for various methods like ANN, CNN, SVM, WPT, 

XGBoost and Hybrid schemes for comparison with proposed method. Hybrid technique combining 

WPT with XGBoost for fault detection and classification gives accuracy more than 99% along with 

better F1 score as well. Proposed method exhibits faster computation, making it more feasible for 

real time implementation. WPT+XGBoost approach contributes towards enhanced protection 

scheme with higher reliability. 
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