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Abstract: This project focuses on the problems assigned 

with the integration of DG units with the power grid. The 

impacts of the DG are studied in this project and examined 

physically. IEEE 4-node distribution system with two wind 

generators used as distributed generations is modeled in 

MATLAB/SIMULINK software and it is evaluated for 

symmetrical faults at different locations using directional 

overcurrent relays as a protective device. Adaptive 

protection schemes are related to change in relay settings 

according to network topologies. The attempt has been 

made to verify the proposed dynamic strategy for adaptive 

protection considering various fault cases for the system 

integrated with DG units. The feature of directional 

overcurrent protection of SEL-351s relay is used in this 

investigation in order to get practical results. The algorithm 

for the adaptive protection scheme is provided in the 

references and it is implemented to update the TMS values 

of relays dynamically by observing the changes occurring 

in the system. With all the results in hand, conventional and 

adaptive schemes are compared. 

Keywords: Distibuted Generations, Directional Over-

Current Relay, SEL-351s, Adaptive Protection.  

 

I. INTRODUCTION 

Power system protection schemes plays a significant role in 

reliable and efficient operation of a distribution system. 

Distributed Generations (DG) are used in power system for 

supplying power to localized loads with effective cost 

reduction and reliability enhancements. However, the 

integrating Distributed Generations (DG) with a power 

system makes a positive as well as negative impacts on 

operation, protection and control of medium and low voltage 

power system. The DGs can work in two operating modes i.e. 

grid-connected and islanded mode. As DG units are depend 

on renewable energy sources, there are frequent chances of 

these units to get disconnected from the system due to 

environmental conditions which further changes the network 

topology. In case of faults, the DG units contributes to fault 

currents. The sensitivity and operating time protective relays 

are affected by presence of DG. The coordination of 

protective devices is necessary to ensure the performance of 

distribution system with the necessary reliability and 

sensitivity. During fault situations, DGs lead to protection 

miscoordination. In such cases the conventional protection 

schemes are insufficient for adequate protection and hence 

adaptive protection schemes has been active research area. 

 

Overcurrent Relay 

Under the fault situations, the distribution system is exposed  

 

to overcurrent flow into its components. Overcurrent is the 

situation in which excessive current than expected flows 

through the conducting parts of the system and causes the 

generation of heat. Overcurrent relay is used to protect the 

system from this case. As per the ANSI standards, number 

50 is for an instantaneous overcurrent or Definite Time 

Overcurrent and number 51 is for Inverse Definite Minimum 

Time. Practically, overcurrent relays are used every power 

system component like transformers, motors, generators, 

transmission lines, motors, etc. Three different types of 

operating modes of overcurrent relay are: 

Definite (Instantaneous)- Current Protection: 

This relay operates instantaneously as soon as current 

reaches the predetermined values. There is no time delay is 

provided for its operation. The coordination of these relays is 

designed on the principle that the fault impedance changes 

with respect to the location of fault current. The relay which 

is far from the source is operated for low current value and as 

we move towards the source, the operating currents for the 

respective relays are increased.  

Definite-Time Protection: 

For the operation of this relay, two criterions must be 

satisfied i.e. the fault current must go beyond the setting 

value and the fault should be continue for the time equal to 

time setting of a relay. Its operation is not dependent of the 

magnitude of current over the pick-up value. As it operates 

for a definite time, the coordination of such relays is easy. 

These are also used for the backup protection of distance 

relays and differential relays 

Inverse Definite-Time Protection: 

The operating time is inversely proportional to the current. 

Hence, for high fault currents the relay operates faster while 

for lower currents it operates slower. The relay has the 

inverse time current characteristics at low fault currents 

while definite time characteristics at higher values. 

Depending on these characteristics, there are three types of 

IDMT relays i.e. Standard inverse, Very inverse, extremely 

inverse time.  

 
Fig 2.11 Time-Current Characteristics 

[4]
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II. DISTRIBUTED GENERATION & MICROGRID 

Distributed generations are advanced way of electrical energy 

generation and its storage performed by different small, grid- 

connected devices considered as distributed energy resources 

(DERs). Distributed generation is known as decentralized 

generation as the energy is generated and distributed using 

small technologies at consumer ends. Typically, renewable 

energy sources like solar power, biogas, wind power, 

geothermal power, and small hydro power are used as 

distributed energy resources (DERs). These small-scale 

generations are connected to the grid using power electronic 

devices or they can directly provide a power to small 

consumers. The basic of distributed generation is generating 

electricity close to the point of delivery. Distributed 

generation technology is decentralized, modular and more 

flexible which is close to the load. Distributed generation 

plants can be smallest like a solar panel installed on the 

rooftop supplying power to a single home or it can be a local 

based solar plant integrated with a grid. So basically, they 

can be operated in grid connected mode or islanded mode.  

When two or more distributed generations are connected 

together, it is called as microgrid. Microgrid can be defined 

as: 

“A group of Distributed Energy Resources (DERs) integrated 

with local loads forming a local energy network, which can 

be operated by integrating with the grid or in a islanding 

mode in order to have a high reliability and resilience to grid 

disturbances.” [10] 

 

Impacts of Distributed Generation on Power System 

 Voltage regulation: Switching capacitors, line 

regulators, load tap changers are used to maintain 

the desired voltage levels in the distribution system. 

Basically, voltage regulation depends on the radial 

flow of power from substation down to all loads. 

The integration of DG to distribution system alters 

the radial characteristics of the system and so power 

flows in different directions. Loss in radial 

characteristics and change in power flow affects the 

performance of the voltage regulation technique. 

Integrating DG units with the distribution system 

changes the maximum and minimum voltage level. 

This affects the voltage control functionality of the 

network. 

 Power Quality: DGs working conditions depends on 

different operating characteristics which varies 

according to type to DG. Also, most of the DGs use 

power electronic devices which gives rise to power 

quality issues. 

 Short circuit level of a network:  Short circuit level 

of a networks gets affected by the penetration of DG 

units as it increases in fault current levels of a 

network. The integration of the DG units with power 

grid decreases contribution of the utility to faults but 

the fault current levels are still increased because 

DG units itself contributes to it. This contribution of 

the DG units to the fault depends on the placement 

of the DG. One centralized DG unit makes a 

significant impact on the short circuit level of a 

network. Location of DG units, types of DG, 

inverter are the factors contributing to faults 

currents. 

 Impact of DG on Distribution Feeder Protection: 

Distributed generation depends on the renewable 

sources such as wind speed, solar radiations, etc. 

Hence, depending on the availability of such 

sources DGs can be connected and disconnected 

frequently. This leads to variation in power supplied 

by DGs in the grid and hence conventional 

protection schemes designed without considering 

the impact of DG are inadequate. Integration of 

small generators on distribution network will 

observe the blinding of protection, reduction of 

reach, sympathetic tripping, failed reclosing, 

miscoordination. 

 Unintentional Islanding: The phenomenon is also 

called as Loss of Grid, in which the distribution 

generation gets separated from the main utility 

during fault condition. Even after the disconnection 

from the grid, if these distribution generators 

continue to supply the fault current then the fault 

may persist long causing severe damage to 

equipments. In such islanding condition, system 

losses the control over voltage and frequency which 

results in instability and low power quality. 

 

Adaptive Protection Schemes 

Considering the impacts of the DGs, the protection system 

must satisfy the following requirements: 

 It must respond to not only grid connected but also 

to islanded mode of operation. If the fault occurs in 

the grid connected mode, then protection scheme 

should isolate the microgrid so that it can operate in 

autonomous mode and if fault occurs within the 

microgrid system itself, then protection system 

should disconnect it as soon as possible to avoid 

unnecessary power outages. 

 Protection coordination has to be maintained in 

order to have the primary and backup protection for 

the device. 

 

Integration of DG units depends on protection coordination 

and Decentralized energy source management which gives 

the optimized control and network configurations. The 

adaptive protection scheme is a kind of protection scheme 

which can solve the problems introduced by microgrid 

integration with the grid along with satisfying the above-

mentioned requirements. 

 

The adaptive protection can be defined as “an online 

technique that continuously updating relay settings with 

respect to system configurations change in a timely manner 

using communication or communication-less means.” [5] 

The algorithm used for the adaptive protection scheme is 

given below:  
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Fig 2. Algorithm for Adaptive Protection 

 

SEL-351s in Hardware- in-the loop: 

For implementing the proposed adaptive protection scheme 

in hardware system, microprocessor relay SEL-351s is used 

as a directional overcurrent relay. SEl-351s is a digital relay 

designed by Schweitzer Engineering Laboratories for 

protection, control, monitoring applications in power system. 

The function of directional and non-directional overcurrent is 

used for protection of power system feeders. SEl-351s has 

number of overcurrent elements like phase overcurrent, 

negative-sequence overcurrent, residual-ground overcurrent, 

neutral overcurrent. For inverse-time overcurrent element 

settings, a wide range of pickup current, continuous time dial 

settings and time-current curves specified from IEEE like 

Moderately inverse (U1), Inverse (U2), Very Inverse (U3) 

and IEC standards like Standard Inverse (C1), Very Inverse 

(C2), Extremely Inverse (C3), etc. In addition to these curves, 

the relay has 38 standard recloser curves which allows the 

coordination in between recloser and fuse. 

 
Fig 3. SEL-351s Protection System. 

III. IEEE 4 NODE TEST FEEDER SIMULATION AND 

RESULTS 

To study the impacts of Distributed Generations on the 

system and for implementation and analysis purpose of 

adaptive protection scheme IEEE 4 node test system is 

considered. The original IEEE 4 node test system is shown in 

fig 4. 

 
Fig 5. IEEE 4 Node Test Feeder 

 

Three phase transformer data: 

 
Table 1. Three Phase Transfomer Data 

 

Load Data: 

 
Table 2. Load data 

This is the original IEEE 4 node test feeder, however to 

examine the impact of Distribution system and 

implementation of adaptive protection, we need to modify 

the system with DGs. The DG units are added at bus 2, 3 & 4 

and loads are also divided in between bus 2, 3 & 4. 

 
Fig 6.  Modified Test system for IEEE 4 node test feeder. [1] 

 
Table 3. Adaptive system load data 

The system is designed in MATLAB/SIMULINK and it is 

shown in fig. 7 

 
Fig 7. IEEE 3 node test system with 3 DGs in Simulink. 
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Short Circuit Analysis: 

To study the effects of integration of DG on short circuit 

levels of the system, short circuit analysis is carried out for 4 

different modes with 3 different fault locations. The results of 

short circuit analysis are shown in following figures. For 

each mode there is a variation in a short circuit current which 

shows that how the short circuit level of the system is 

affected by DG integration. Table 4 shows the values of the 

fault currents and it is observed that fault currents goes on 

increasing.  

 
Fig 8. Short Circuit Current at Bus 1 with no DGs added to 

the circuit. 

 
Fig 9. Short Circuit Current at Bus 2 with 1 DGs added to the 

circuit 

 
Fig 10. Short Circuit Current at Bus 3 with 3 DGs added to 

the circuit 
 

 
Table 4. Short Circuit Currents for different operatinng modes 

Overcurrent Relay Model in MATLAB/SIMULINK: 

Overcurrent relay is designed in a Simulink. The primary 

fault current and nominal operating currents are measured at 

different locations for different operating modes for three 

phase faults. The operating time for relay is calculated using 

the equation, 

𝑡 = 𝑇𝑀𝑆 ∗
0.14

 
𝐼𝑓

𝑃𝑆
 
0.02

−1
   (1) 

Where, t = Operating time of relay. 

           TMS= Time Setting Multiplier, is considered as 0.05. 

 If = Fault current.  

 PS = Plug Setting Multiplier is considered as 1.25 

 
Fig 11. Overcurrent relay model in Simulink. 

The following figure shows the operation of relay for 

different operating modes. For operating mode 1 i.e. without 

any DGs, the maximum fault current observed is 214 A 

while normal operating current observed is 108A. Using the 

equation (1), the operating time is calculated as 0.065s and 

hence relay trips at 0.065s after applying fault at 0.3s.  

 
Fig 12 Relay Operation for Operating Mode 1 

As explained earlier, the integration of the DG to the grid 

changes the short circuit level of the system and it is also 

observed by short circuit analysis of the system. As seen in 

the fig 13, the relay operates at different operating time than 

expected time of operation. 
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Fig 13 Relay Operation for Operating Mode 3 

Along with this blinding of the protection is also observed for 

operating mode 3 as relay doesn‟t sense its pickup current. 

 
Fig 14. Blinding of Protection observed for mode 2 

Hardware-in-the loop Simulation; 

      The microprocessor relay SEL-351s is integrated with the 

system modeled in Simulink and the attempt has been made 

to physically examine the function of relay and the effects of 

the DG unit integration on the performance of the relay. The 

protection system SEL-351s has the different group of 

settings where one can choose the elements and settings an 

be made for it.  

This is the mechanical sub-model of induction motor from 

the balance equations and neglecting viscous friction, the 

rotor speed is shown in the below figure along with Te as the 

input. 

 

These microprocessor relays work on the firmware designed 

and embedded inside the relay. ACSELERATOR QuickSet is 

a software used for simplifying the relay settings and analysis 

support. This is a special software developed by SEL which 

is compatible with all the protection systems. Using proper 

communication with the PC, we can read or change the relay 

settings. 

 

Phase Time-overcurrent element is used for the setting 

purpose.  The event report function shows the details of every 

settings and details of every event occurred during relay 

operation. Fig 15 shows the global settings made in the 

experiment. However, fig 16 shows the settings for the group 

1. 

 
Fig 15. Global Settings for SEL-351s 

 
Fig 16.Group 1 Settings for SEL-351s 

 

The event report is available for every cycle. As observed in 

the figure the relay observes the normal current under normal 

operation and there are no output signals generated in the 

output column. The fig.17 show the event reports for the 

operating mode 1 and mode 2. 

 
Fig 17. Event report under normal operation. 

However, when the fault is applied in the system, the relay 

generates the trip signal which is indicated as „1‟ in the event 

report as shown in fig 18. 
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Fig 17. Event report under Fault condition. 

 

The same kind of operation of the relay is observed for other 

fault locations also and it is listed in the table below. 

 
Table 5. SEL-351s Relay Settings 

Now for operating mode 3 i.e. with 2 DG Units, if we keep 

the same settings for the relay then it doesn‟t work properly 

and doesn‟t send the TRIP Signal. The fig 18 shows the 

Sequential Event Report where trip signal is not asserted for 

the fault condition.  

 
Fig 18 SER with Previous Settings. 

In order to have the correct operation of the relay we have to 

change the settings for the relay. The table 6 shows the new 

settings for the relay and the fig 19 & 20 shows the modified 

operation of the relay. 

 
Table 5. New Settings for SEL-351s 

 
Fig 19. SER with new Settings. 

 
Fig 20 Event report showing correct operation of relay. 

 

IV. CONCLUSION 

The methodology proposed in the paper gives the necessary 

steps to carry out the adaptive protection scheme considering 

requirements, influences and remedial actions for the power 

system with DG penetration. This proposed method can be 

implemented physically using intelligent electronic devices 

(IEDs) like microprocessor based digital relays having the 

features like processing, decision making, data storage, 

communication channels, etc. In this study, the adaptive 

protection scheme works well to maintain the protection 

coordination in between protective relays. 

If the conventional system is considered the tripping times 

are longer however with the adaptive scheme the optimum 

TMS times are provided for relay coordination. The 

microprocessor relay SEL-351s is used for the verification of 

the adaptive algorithm and it is observed that microprocessor 

relays with the communication feature are useful for 

implementation of the protection schemes. 

From future study perspective, the adaptive protection 

scheme along with the appropriate protection coordination 

between the relays and it can be implemented on the large-

scale distribution systems having actual DG units. However, 

a research study is required to analyze the effects of the 

actual DG units on the system with physical relays in the 

loop. 
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