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Abstract

This study investigates the protection coordination of overcurrent relays (OCRs) in a distributed
generation (DG) system under different operational scenarios. Two distinct cases are analyzed: (i) a DG-
integrated distribution system operating in grid-connected mode, and (ii) the same system functioning in
islanded mode. The proposed method is validated using the Canadian urban benchmark distribution
network comprising nine buses. During fault conditions, the variation in fault current significantly affects
the operating time of OCRs. Consequently, accurate relay setting is essential to minimize operating time
and prevent maloperation. The protection scheme developed in this study is optimized based on these
operational considerations. By selecting optimal time dial settings (TDS), coordination among relays is
improved while reducing their operating time. A Genetic Algorithm (GA) is employed to determine the
optimal TDS values and corresponding relay response times.
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1. Introduction

The increase in load demand is forcing the utility to use non-conventional energy resources like
photovoltaic, wind energy, biomass etc. These energy resources are an alternative which are used to
decrease stress on the traditional utility grid. The distributed energy also known as decentralized energy
is generated with the help of small distributed energy resources (DER) or distributed generators (DGSs).
These distributed generators are generally integrated to the low/medium voltage level distribution network
as the range of voltage which can be generated has some limitation. Based on the interfacing medium DGs
can be classified into two types: (i) rotating machine based DGs and (ii) electronically interfaced DGs.
The DGs should be properly integrated by considering its impact on the performance of electric power
distribution system. Integration of DG has several impacts on the performance of power system. The main
impact is in terms of bidirectional power flow and change in short circuit current level etc. [1] .

The protection system should be fast and capable enough to isolate the faulty part of the network in case
the fault strikes. In the conventional distribution system, power flow is unidirectional i.e. from substation
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towards the load whereas the presence of another source causes the bidirectional flow of power [2] .
Incorporation of DG in the distribution system has increased the complexity of protection coordination.
The main changes due to DGs are bidirectional power flow and change in short circuit current level.
Therefore, the existing coordination schemes may not be able to perform its function correctly [3] . The
majority of protection schemes used in modern power system are based upon the short circuit current
sensing capability [4] [5] . The main protection issues associated with the introduction of DERs to the
distribution network include the blinding of protection, false sympathetic tripping, reclosure-fuse mis-
coordination, lapse of inter fuse coordination and failed auto-reclosing [6] [7] . The most widely used form
of protection in power system is overcurrent protection. Each relay in the power system should be properly
coordinated with another relay protecting the adjacent equipment. In case the primary relay fails to clear
the fault, the backup protection should initiate its operation after certain interval of time known as
coordination time interval (CTI). If the relays are not properly coordinated, it may mal-operate. Thus over-
current protection is one of the major concerns in power system protection.

Different optimization techniques for optimum coordination of OCRs have been proposed in literature.
The optimized vale of time of operation of over-current relays can be calculated with the help of various
optimization techniques. This section provides an extensive literature survey for some of the methods
which have been used for the solution of protection coordination problem. The relay coordination is
formed as mixed integer non- linear programming and solved by the use of general algebraic modeling
software [8] [9] . In [8] , hybrid GA is used to solve the directional OCRs coordination problem for several
network topologies. In [10] , various linear programming problem techniques have been used for OCR
coordination. In [11] , sequential quadratic programming method has been used for optimizing all the
settings of OCRs. Most recently some heuristic techniques with particle swarm optimization (PSO),
evolutionary methods and harmony search algorithms have been used for solving the protection
coordination problem of OCRs [12] - [14] .

2. Impact of DG on Protection Coordination

In a distributed power system, DGs are used to generate power at low or medium voltage levels along with
the utility grid. A distributed power system may contain different type of DG sources (electronically
coupled distri- buted generators or rotating machine based distributed generators) depending upon the
environmental/geo- graphical conditions. The presence of multiple DERs may cause the increase in short
circuit current flowing through the network. However, as the current rating of silicon device is limited,
the fault current of electronically interfaced DGs should be restricted to a maximum of about two times
their nominal current [15] . The higher current flowing through the relays affects the time dial setting
(TDS) which in turn decreases its time of operation and also the coordination characteristics gets changed.
Thus the established over-current protection technique remains no longer applicable for the DG integrated
distribution systems [16] . The most important protection issues associated with the introduction of
distributed energy resources in a distribution network includes blinding of protection and
false/sympathetic tripping.

2.1. Blinding of Protection

The fault current measured by overcurrent relays in distributed power systems is lesser by an amount
negatively contributed by DG connected to the system. This reduction in current may result in malfunction
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of overcurrent relays [17] . This undesirable condition may occur when DGs are connected anywhere
between the feeding sub- station and fault location. Due to the contribution of the DER towards the fault
current the current measured by the feeder relay decreases as compared to the situation when there is no
DER connected to the network. In Figure 1, for a fault F. the relay corresponding to circuit breaker
CBg4 does not respond to the fault and comes under the effect of blinding. This may result in malfunction
of the relay.

2.2. False/Sympathetic Tripping

False/Sympathetic tripping refers to a situation in which tripping occurs due to fault outside the zone of
protection for a feeder embedded with DER. In this case, the DERs contribute to the fault via its feeder
and the fault current flows upwards on the feeder. Thus, the non-directional relay of the healthy feeder
may falsely detect a fault and may isolate the feeder, which is undesirable. Higher the short-circuit
capacity; more adverse is its effect on the relay performance [18] . In Figure 1, for a fault Fy circuit breaker
CBs3 should operate but due to contribution of current Ipc from connected DG, circuit breaker CB4 will
operate which may lead towards unnecessary interruption of healthy feeders.

3. Methodology and Problem Formulation

The operating time of an OCR is inversely proportional to the short circuit current passing through it. The
two parameters involved in the operating characteristics of relay represented by “Equation (1)” are its
pick-up current (Ip) and time dial setting (TDS). In “Equation (1)”, Isc represents the short circuit current.
The values of A and B decides the operating characteristics of the relays i.e. whether the relay has got
normal inverse, very inverse or extremely inverse characteristics.

In this paper it has been assumed that the OCRs possess inverse definite characteristics and thus the values
of A and B are taken to be 0.14 and 0.02 respectively [19] [20] . Therefore, the operating time of OCRs
can be expressed as shown in “Equation (2)”.

where, PSM is known as plug setting multiplier which can be determined for a known configuration after
calculating the values of Isc and I,. The objective function denoted by T is the summation of coordination
times of all relays, which is to be minimised and is expressed as following in “Equation (3)”. Here
tii indicates the operating time of primary relay i, for near end fault. Therefore the time of operation of
individual relay is a function of TDS, which is represented by “Equation (4)”. The value of C for each
relay is a function of plug setting multiplier (PSM) which needs to be calculated for different fault location.
The functional relationship of C with PSM is shown in “Equation (5)”.

In “Equation (6)” Ci is the constant for it relay and its value for different fault location is to be calculated.
The main objective is to minimize the operating time and to calculate the optimized value of (TDS);. The
calculation of fault current and TDS is presented in Section V of this paper.

DS
l=A———
‘ri -1
I
3 (1)
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Figure 1. Operation of relay for different fault location.
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4. System Description and Simulation Setup

In Figure 2, a section of the Canadian urban benchmark distribution system is shown in which there are
two radial feeders. The rating of each feeder is 8.7 MVA. The impedance of each feeder is (0.1529 + j
0.1406) Q/km. These feeders are energized by utility through a transformer of 20 MV A, 115 kV/12.47kV.
Four DGs are connected at different locations through transformers of 12.47 k\V/480V voltage rating and
having same power rating as that of DG. From simulation studies it has been observed that sixteen relays
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(R1-Rue) are required for this system. The operating zone of each relay is to be identified in which the
relays should be capable enough to operate on the occurrence of different types of fault.

Due to the presence of DG the distribution system no longer remains radial therefore each fault is
associated with two primary relays, one from each side which in turn is associated with up to two backup
relays. The study of protection coordination among the OCRs placed in this system has been studied for
three cases: Distribution system without DG, DG integrated system in grid connected mode and DG
integrated system in islanded mode of operation.

5. Simulation Results and Analysis

On the selected distribution system the study of protection coordination of OCRs are studied. Since
directional overcurrent relays are used they will operate for the current flowing in a particular direction.
If the current flows in reverse direction the relay will not operate. Now considering relay 13 (R13) as
shown in Figure 2, which is at far end from the Grid. If fault occurs between bus 4 and bus 5 then relay
13 will act as primary relay and relay 11 acts as back up relay. The current flowing through the relay is
2600 A and current setting of relay is 200 A. Now PSM can be calculated by dividing fault current and
current setting of relay and its calculated value is 13. From the inverse characteristics of overcurrent relay,
operating time of relay is 2.8 sec. since there is no relay following the relay 13, therefore value of TDS
should be small and here we have chosen 0.05. Thus the actual operating time of the relay is 0.14 sec.
Now for the relay number 11, fault current is 1900 A and current setting is 400 A which results in PSM
equal to 4.75. From the inverse time characteristics the operating time of relay is

R3 R4 R3 Rb Rl RIZ RI3 RI4

T
. VA VA
’ ‘ - n ‘ MVA ’
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Figure 2. Canadian benchmark distribution system.

4.5 sec. But relay 11 is acting as backup relay and therefore grading margin of 0.3 sec is taken. Therefore
required discrimination time of the relay is obtained by adding operating time of primary relay and grading
margin. Therefore operating time of relay 11 is 0.44 sec. Hence required TDS is obtained by dividing
required discrimination time and operating time obtained from inverse time characteristics. Thus the TMS
of relay 11 is 0.097. Now if fault occurs between bus 3 and bus 4, relay 11 acts as primary relay for which
the fault current is 2250 A and current setting is same i.e. 400 A. Therefore PSM is 5.625 and
corresponding operating time from inverse time characteristic is 4 sec. But actual operating time is
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obtained by multiplying TMS of the relay and operating time obtained from the inverse time
characteristics. Hence operating time of relay in this case is 0.388 sec. Following the same procedure TMS
and operating time of relays can be calculated. This methodology has been used for solving the problem
of protection coordination for the system configuration as following.

5.1. Grid Connected Mode of Operation

The 9-Bus electrical power distribution system operating in grid connected mode is shown in Figure 2.
The prime objective of conducting this study is to investigate the impact of DG on fault current and how
the coordination of OCRs gets altered. All the system parameters are explained in section 1V of this paper.

From Figure 3(a) and Figure 3(b), it can be observed that the level of current is higher as soon as the fault
on feeder takes place. From the graph it is clear that the fault current through the feeder nearly become ten
times the normal current. Due to this increased value of current the operating time of overcurrent relays
should decrease compared to the condition when there is no fault in the system. Table 1 shows the
simulation results for the calculation of TDS and operating time for the various overcurrent relays
connected to the distribution system.

Table 2 demonstrates the comparison of TDS of individual relays with and without optimization. For
majority of relays available in the system, the optimized value of TDS is slightly lower than the un-
optimized value. Thus the range of coordination for OCRs in the system increases and also the relay
operating time will be more.

5.2. Islanded Mode of Operation

In this condition the overall distribution system is represented by two radial feeders which operate in
isolation from the utility grid. The objective of conducting such study is to check the coordination of OCRs
in islanded system under the influence of fault and also to find out the level of current which decides the
time of operation of individual relays.

The islanded mode of operation of the system is represented as shown in Figure 4. From the diagram it is
evident that in this condition the load demand is to be fulfilled by the DGs connected to the system.
Islanded mode of operation is allowed when there is any fault on grid side and the connected DGs are
capable enough to fulfill the load demand. The wave form of current in normal and faulty condition is
shown in Figure 5(a) and Figure 5(b) respectively. The configuration and parameters of the distribution
system are same as it is in case
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Figure 3. (a) Waveform of current in normal condition; (b) Waveform of current in faulty condition.

Relay Operating Time and TDS
No. ~Tps Near End Fault Far End Fault
1 0.192 0.883 0.960
2 0.050 0.680

3 0.191 0.859 0.9468
4 0.050 1.000

5 0.132 0.646 0.688
6 0.144 0.993 1.300
7 0.150 0.660 0.707
8 0.032 0.544 0.980
9 0.110 0.407 0.440
10 0.084 0.633 0.844
11 0.097 0.388 0.440
12 0.182 1.019 1.293
13 0.050 0.140

14 0.231 1.155 1.319
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Relay Operating Time and TDS
No. ~Tps Near End Fault Far End Fault
15 0.050 0.140
16 0.173 0.761 0.933
Table 1. Calculation of operating time and TDS in grid connected mode.
Calculation of TDS by using GA and comparison with un-optimized value
Relay No. :
TDS (without GA)TDS (with GA)  Relay No. I;if (Withouty o ith GA)
1 0.192 0.1002 9 0.110 0.1300
2 0.050 0.0160 10 0.084 0.0270
3 0.191 0.1020 11 0.097 0.1180
4 0.050 0.0116 12 0.182 0.0340
5 0.132 0.0411 13 0.050 0.0751
6 0.144 0.0549 14 0.231 0.0826
7 0.150 0.0459 15 0.050 0.0729
8 0.032 0.0250 16 0.173 0.0954

Table 2. Optimized calculation of TDS and its comparison in grid connected mode.

of grid connected mode except that there is no utility grid and the system is completely operating in
isolation.

Table 3 shows the simulation results for the calculation of TDS and operating time for the various
overcurrent relays connected to the distribution system when operated in islanded mode. As compared to
the grid connected mode as shown in Table 1, the values of TDS are larger in the islanded mode of
operation. From the various simulation results it has been observed that the magnitude of short circuit
current decreases in this mode of operation and hence the operating time of relay increases.

Table 4 demonstrates the comparison of TDS of individual relays with and without optimization in
islanded mode of operation. Compared to the optimized values of TDS as obtained in case of grid
connected mode which

IJSAT25026365 Volume 16, Issue 2, April-June 2025 8



https://www.ijsat.org/
https://www.scirp.org/journal/paperinformation?paperid=60750#t3
https://www.scirp.org/journal/paperinformation?paperid=60750#t1
https://www.scirp.org/journal/paperinformation?paperid=60750#t4

International Journal on Science and Technology (IJSAT)

k=0

E-ISSN: 2229-7677 e Website: www.ijsat.org e Email: editor@ijsat.org

R R4 RS i RII RI2 RI3 R4
T
| IMVA n MVA A
5 . 0.9PF 090
IMVA 4pE
0.8PF D62
Al
Rl R R7 RS RY RO RIS RI6
| | T
| IMVA IMVA
£} IMVA )
1.99F IMVA 0.9PF
0.99F 09PF
DG4
DG3
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Figure 5. (a) Waveform of current in normal condition; (b) Waveform of current in faulty condition.

Operating Time and TDS
Relay No.
TDS Near End Fault Far End Fault
1 0.107 0.856 0.963
2 0.050 0.290
3 0.124 0.846 0.896
4 0.050 0.350
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k=0

Operating Time and TDS

Relay No.
TDS Near End Fault Far End Fault

5 0.084 0.596 0.714
6 0.130 0.637 0.650
7 0.130 0.663 0.718
8 0.065 0.507 0.590
9 0.102 0.418 0.450
10 0.139 0.764 0.807
11 0.076 0.414 0.445
12 0.187 0.843 0.937
13 0.050 0.145

14 0.251 1.054 1.143
15 0.050 0.150

Table 3. Calculation of operating time and TDS in islanded mode of operation.

Calculation of TDS by using GA and comparison with un-optimized value

RelayNo. TDS (without GA)TDS (with GA)  Relay No. I;if (Withouty o ith GA)
1 0.230 0.1189 9 0.115 0.1387
2 0.050 0.0147 10 0.079 0.0109
3 0.234 0.1189 11 0.115 0.1387
4 0.050 0.0147 12 0.050 0.0270
5 0.167 0.0480 13 0.050 0.0768
6 0.086 0.0450 14 0.051 0.0250
7 0.163 0.0480 15 0.050 0.0768
8 0.083 0.0431 16 0.063 0.0250

Table 4. Optimized calculation of TDS and its comparison in islanded mode of operation.

is shown in Table 2, the value of TDS increases. Thus the coordination margin for OCRs in the system
increases and also the relays operating time will be more.
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https://www.ijsat.org/
https://www.scirp.org/journal/paperinformation?paperid=60750#t2

International Journal on Science and Technology (IJSAT)

— E-ISSN: 2229-7677 e Website: www.ijsat.org e Email: editor@ijsat.org

6. Conclusion

A comparative study for protection coordination of OCRs is presented for different network configuration
in presence and absence of DG. The effect of DG penetration on the two main protection coordination
problems i.e. blinding of protection and False/Sympathetic tripping is discussed in the first section of this
paper which is supported with the simulation results. The novel idea used in this paper for the calculation
of TDS is that both near and far end fault location has been considered. Whereas, in the second section, a
comparative analysis for the calculation of TDS and operating time of relays has been presented. The
range of protection coordination for the same system can be enhanced by using different types of fault
current limiters (FCLs) at suitable location. In this paper, equivalent source based on DGs has been
considered as a substitute of real distributed generators. Therefore, the effectiveness of the proposed
method can be tested for electronically interfaced DERSs (converter based DGS).
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