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Abstract: The FREEDM (future renewable electric energy delivery and management) system is a smart distribution system that 
facilitates seamless integration of high-penetration DRER (distributed renewable energy resources) and DESD (distributed energy 
storage devices) with the existing distribution system. Protection schemes have been proposed to detect the overcurrent faults 
throughout the FREEDM system, according to its requirements. In this paper the time inverse directional over current protection 
coordination scheme is developed as a backup protection when the primary protection communication failed. The proposed scheme is 
applied to FREEDM network using conventional mathematical model. To speed up the fault clearing time without coordination loss, 
the settings of the proposed relays in the two directions are minimized using genetic algorithm. The developed methods are validated 
using ETAP software. The results ensure that the faults throughout the FREEDM system sections are detected and the relays tripping 
time are minimized. 
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Nomenclature  

FREEDM Future Renewable Electric Energy Delivery and 
Management 

DRER Distributed Renewable Energy Resources 
NSF National Science Foundation 
SST Solid-state transformer 
FID Fault Isolation Device 
IFD Intelligent Fault Detection 
IEM Intelligent Energy Management 
PC Protection coordination 
PCS Pickup current setting 
OCRs Overcurrent relays 
PCO Protection-coordination optimization 
TDS Time dial setting  
CTM Coordination time margin 

  The ith Relay operating time 

  ,   
The curve set-related parameters (inverse, very 
inverse, extremely inverse, etc.) 

   Fault current value 
  Pickup (set start) current value 

  Pickup current for relay i 

                                                           
Corresponding author: Mohamed F. Kotb, Dr., , research 

fields: optimum electric protection for microgrid, FREEDM 
system. 
 

 Minimum pickup current of relay i 
 Maximum pickup current of relay i 

 Minimum Time Multiplier Setting for relay i 
 Maximum Time Multiplier Setting for relay i 

1. Introduction 

FREEDM (future renewable electric energy delivery 
and management) concept created by NSF is a smart 
grid system with novel features used to improve the 
integration between green DRERs (distributed 
renewable energy resources) and DESDs (distributed 
energy storage devices) with the existing conventional 
power networks. This integration can be utilized to 
provide a reliable source to the loads in addition to 
storing energy [1-3]. Three key components are 
introduced by FREEDM system to increase the 
effectiveness of the protection system and 
consequently improve service quality to customers. 
These devices are SST, FID and IFD. SST is a digitally 
controlled converter used instead of the standard 
transformer. This device guarantees controlling the 
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flow of power in two directions, voltage magnitude and 
various phase relationships of current and voltage. It 
allows active controlling of DRER and loads. Other 
than the conventional transformer, the SST is capable 
to limit the fault current inherently to 2.0 pu 
significantly by reducing the voltage for the whole 
network [3-5]. FID is a new power electronic 
equipment used in FREEDM system, which is capable 
to break asymmetrical current with large capacity 
within microseconds [2, 5]. IFD, IFM and IEM are 
incorporated to quickly detect and manage the faults, 
and to achieve operative power flow control 
respectively [4]. The FREEDM system topology and 
its major components are shown in Fig. 1 [2]. 
FREEDM networks are mesh systems causing two 
major problems, higher short circuit level leading to 
voltage dip and bi-directional flow of power [2]. So, 
the pilot-differential protection using communication 
is used as primary protection capable to detect the 
faults in cycles. The overcurrent protection is used as a 
backup protection in case of communication 

problems/failures [1, 2]. The directional inverse time 
overcurrent relays are applied to detect the fault in the 
system as in Ref. [2]. 

The PC is a very important subject in power systems 
as it stops extending of the fault and prevent electric 
equipment from damage. OCRs are specifically 
applied to attain precise PC to evade electrical 
equipment strain and miss operation of the primary and 
backup protection elements [6]. Many studies 
previously exerted to properly set PCO and can be 
classified as conventional and analytical 
methodologies and computerized methods [7]. 

The conventional methods can be characterized as 
trial and error, topological analysis and optimization 
methods. Linear programming methodologies [8-10], 
nonlinear programming [11-13], mixed integer 
programing [11], sequential quadratic programming 
[14], simplex and dual simplex [15, 16], and analytical 
technique [17] require large number of iterations to 
solve the PC settings. The over-all optimal solution 
cannot be obtained when the conventional methods are 

 

 
Fig. 1  FREEDM system topology and components [2].  
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used [7]. In addition, its convergence is another 
problem when applied to large systems. To expedite 
the convergence time, the topological analysis 
approaches are used [18, 19]. The artificial 
intelligence-based techniques prove good solution for 
these inadequacies [7]. Genetic algorithm [20-25] and 
modified firefly algorithm [6], were appropriately 
applied in resolving the PCO problem. 

In this paper the time inverse directional over current 
protection coordination is designed/modeled and    
the relays settings are optimized using GA for 
FREEDM system. The proposed method can speed up 
the fault detection and isolation, so it can improve   
the reliability by reducing the outages time of faulty 
zones. 

2. Problem Statement  

The main aim of PCO between OCRs is to find out 
the optimal TDS and PCS of relays under system 
constraints [26]. The time margin between the primary 
and backup OCRs is critical decision to sustain the 
accuracy of the discrimination practice [27]. 
Interference between the main and backup relays is not 
permitted. CTM between the relays are generally taken 
between 0.2 to 0.5 S depending on the relay type and 
manufacturer [28]. The PCS can be adjusted between 
50% and 200% with 25% step [9]. PCS has upper and 
lower limits based on the minimum and maximum fault 
current successively [6].  

In this paper the PC is designed for the FREEDM 
system using the conventional technique and 
simulating the system in ETAP software for validation. 
The time dial setting and plug setting of the selected 
over current relays are designed according to the 
coordination procedures and constraints. To speed up 
the tripping times and to isolate the faulty section as 
soon as possible, GA is applied to minimize the relays 
TDS using the same rules and constraints. The 
minimum values are also reapplied to ETAP simulator 
to validate and proof the results. 

 

3. Proposed Conventional Protection 
Coordination Algorithm 

To only identify, detect and isolate the faulty section 
in the FREEDM system, which is a loop system, two 
sets of directional over current relays are selected and 
installed for each zone in two opposite directions as 
indicated in Fig. 2.  

When a fault occurs at any zone, the direction of 
fault current is detected by both the two zone relays 
with opposite directions. Each relay has a backup relay 
as its direction to support the detection process. Relays 
R1-R2-R3 can detect the fault in anticlockwise direction 
while relays R4-R5-R6 can detect faults clockwise 
direction indicted in Fig. 2. For any fault at any section, 
the closet two relays in the faulty zone should be 
activated due to the clockwise and anticlockwise 
currents fed from both sides. For example, if a fault 
exists at zone 3, the fault currents passes through all 
relays but R5 acts in clockwise direction, while R2 
detect the fault current in anticlockwise direction to 
isolate zone 3. Relays R4 and RX will be back up for R5 
respectively while relays R1, RX are back up for R2 

respectively. Both the relay operating time, pickup 
current setting and time multiplier setting are 
calculated as following: 

A- Relay Operating Time 
The over current relays setting can be expressed in 

Eq. (1) according to IEC 60255-151 [29].  
.  where   (1) 

B- Relay Pickup Current Setting  

    (2) 

C- Relay Time Multiplier Setting 

    (3) 

4. Proposed GA-based Optimal Protection 
Coordination 

The model of the OCR coordination presented in the 
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Fig. 2  Proposed locations and directions of overcurrent relays in FREEDM system.  
 

previous section, requires a special optimization tool to 
handle the linearity of such highly-constrained model. 
Most of the deterministic optimization methods are not 
suitable to calculate and solve the presented 
optimization problem due to many mathematical 
difficulties. The search algorithm is a probabilistic 
intelligent method, which searches a population of 
points in parallel. GA gives correct effective and 
practical solutions to define the optimal decisions for 
any processes and tasks. GA can be applied with 
discrete, discontinuous and linear functions.  

4.1 Problem Formulation 

In this paper, GA is applied to minimize the relays 
time dial setting using the same rules and constraints. 
The main objective of the proposed method is to 
minimize the relays tripping time of the previously 
planned arrangement to isolate the faulty zone as soon 
as possible using GA. The proposed methodology 
procedure is explained by Fig. 3. The results of this 
method are proved using ETAP software. The 
objective function is formulated as in Eq. (1) under the 

same constraints mentioned in Eqs. (1), (2) and (3). 
Objective Function 

Minimize: ∑  (4) 

where:  is relay (i) time delay for the nearest 
downstream maximum fault and N is the number of 
relays. 

4.2 Genetic Algorithm 

The GA is a probabilistic intelligent search 
algorithm, which searches a population of points in 
parallel. GA differs from other traditional optimization 
methods in three significant points [31]. It searches a 
population of points in parallel, it uses probabilistic 
rules rather than deterministic ones, and it can process 
an encoding set of parameters. The real coding is used 
in this research since it provides better performance 
and faster conversion compared to other coding 
methods. With other coding, it is required to alternate 
to the real coding in the phase of calculating the total 
daily cost, which results in additional processing time. 
It is required to examine the capability of the GA to 
solve the coordination problem compared to the traditional 
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Fig. 3  A flow chart of the proposed methodology procedure.  
 

technique. The success of the GA means that it will be 
possible to implement GA for other problems, where the 
traditional methods are not valid [23]. 

To employ GA with a tightly-constrained problem, 
such as the coordination problem, it is possible to 
generate only feasible solutions by avoiding 
individuals which violate the given constraints. Since 
the infeasible solutions mostly cover the search space 
at the initial generation, the complete avoidance of the 
infeasible solutions gives a high possibility for missing 
the area of global minimum. Another approach is 
achieved by moving the infeasible individuals to the 
nearest feasible area. For the highly-constrained 
problem, this approach would be too complex and a 
very time-consuming process. The penalty function 
approach is another alternative that converts the 
constrained problem to an unconstrained one by 

augmenting additional cost terms with the main 
objective function. The additional terms assign 
nonlinear costs for solutions that violate the constraints 
depending on their relative locations with respect    
to the feasibility boundaries [24, 25]. The flowchart 
indicated in Fig.4 shows the GA evolution process 
[32]. 

5. Implementation of Protection 
Coordination for FREEDM System  

The FREEDM system indicated in Fig. 1 is used to 
apply and verify the proposed methodology [30]. 
Conventional circuit breakers are used instead of FIDs. 
The FREEDM system is represented in ETAP software 
as in Fig. 5 to perform load flow, short circuit and 
protection coordination studies without and with 
minimization. 
 

End 

start 

Generate primary/pickup pairs 

Perform faulty study  

Perform load flow study 

Record outputs setting 

Setting of overcurrent relays 

 

Perform optimal selection of time dial setting using GA

Check coordination using 

ETAP package

No

Yes
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Fig. 4  Flowchart of the GA evolution process.  
 

 
Fig. 5  FREEDM system load flow current represented in ETAP.  
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5.1 Description of System under Study  

The system is composed of 12.47 kV/2 MVA 
distribution loop network, three main sections, four 
circuit breakers, local generation and energy storage 
devices capable to supply AC and DC currents with 
data as in Table 1 [1].  

5.2 Conventional Protection Coordination  

The proposed conventional protection coordination 
algorithm is applied to the tested FREEDM network 
modeled in ETAP program. The load flow and short 
circuit for the three zones are performed. The load flow 
currents in the FREEDM system represented in ETAP 
are expressed in Fig. 5. The load flow currents through 
different relays are given in Table 2.  

The short circuit currents passing by certain circuit 
breakers at the three zones are recorded in Table 3. 
Whereas, Fig. 6 shows the short circuit current flow 
due to a fault at zone 1 conducted by ETAP. 

The maximum and minimum fault currents obtained 
after performing the three lines to ground and line to 
ground faults using ETAP simulation are shown in 

Table 4.  
5.2.1 Selection of Relay Current Pick up Values 
The current pick up and time dial values are 

important characteristics of any rely. The results 
obtained in Table 4 are used to obtain the relays pickup 
currents   and time dial (TDS) by applying Eqs. 
(1), (2) and (3). The minimum pickup current   of 
any relay is considered as 125 to 150% of the full load 
current while the maximum pickup current   of 
any relay is considered as 50% of the minimum fault 
current.  

In order to determine time dial settings, maximum 
fault current seen by relays is used for calculation to 
ensure quick operation of relays for all type of faults. 
Table 6 shows the maximum currents seen by the 
relays during fault at different zones. Normal inverse 
over current relay is selected taking   ,   as 0.14 
and 0.02 respectively [29].  is considered as 0.5 
for the primary relays while the time margin between 
primary and backup relay is considered as 0.2 sec. The 
relays operating time and the adjustable time 
multiplier settings for all relays can be calculated as 
indicated in Table 7. 

 

Table 1  FREEDM network data [1].  

Feeder lines data 
line R1(ohm) R0 (ohm) L1(mh) L0 (mh) Length (km) 
1 3.971 3.971 6.894 9.842 7.141 
2 1.257 1.257 2.183 3.116 2.261 
3 1.634 1.634 2.837 4.051 2.939 
4 1.634 1.634 2.837 4.051 2.939 

Feeder SST’s data 
Distribution SST Phase A Phase B Phase C Loads at 0.24 kV 
D-SST1 0.116 MVA 0.194 MVA 0.102 MVA 0.100 MVA 
D-SST2 0.12 MVA 0.031 MVA 0.019 MVA 0.107 MVA 
D-SST3 0.138 MVA 0.185 MVA 0.166 MVA 0.127 MVA 

 

Table 2  Load flow current through relays using ETAP.  

Relays R1 R2 R3 R4 R5 R6 Rx 
Current Ampere  18 8.1 0.3 8.1 0.3 8.1 26.2 

 

Table 3  Short circuit current at the three zones passing by circuit breakers.  

Zone SC current at CB1 (A) SC current at CB2 (A) SC current at CB3 (A) SC current at CB4 (A) SC current at CBx (A)
1 0.751 0.151 0.141 0.136 0.886 
2 0.555 0.563 0.257 0.248 0.803 
3 0.374 0.38 0.388 0.398 0.771 
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Fig. 6  FREEDM system short circuit current flow due to a fault at zone 1.  
 

Table 4  Fault current magnitudes for faults at different zones.  

 Fault current sensed by R1 at 
CB1 (kA) 

Fault current sensed by R2 
and R6 at CB2 (kA) 

Fault current sensed by R3 
and R5 at CB3 (kA) 

Fault current sensed by R4 at 
CB4 (kA) 

Fault LLL-G SLG LLL-G SLG LLL-G SLG LLL-G SLG 
Zone 1 0.572 0.657 0.105 0.12 0.105 0.12 0.105 0.12 
Zone 2 0.555 0.457 0.563 0.457 0.257 0.205 0.248 0.205 
Zone 3 0.374 0.303 0.38 0.303 0.388 0.303 0.388 0.317 
 

Table 5  Relay pick up settings.  

R4 R3 and R5 R2 and R6 R1  
1.4 1.4 1.487 1.25   (A) 
0.304 0.0113 0.304 0.225   (A) 
200/5 200/5 200/5 600/5 CT ratio 
1.4 1.3 1.2 1   (A) 

 

Table 6  Clockwise and anti- clockwise relays SC currents.  

 Relays acting as primary protection Relays acting as backup protection 
Zones Clockwise Anti-clockwise 

Tripped CB 
Clockwise Anti-clockwise 

Tripped CB 
 Relay ISC (A) Relay ISC (A) Relay ISC (A) Relay ISC (A) 
1 R6 105 R1 572 2 and 1 R5 105 RX 569 3 and X 
2 R5 257 R2 257 3 and 2 R4 248 R1 248 4 and 1 
3 R4 388 R3 388 3 and 4 RX 252 R2 380 X and 2 
 

Table 7  Coordination settings obtained by conventional method.  

 
Clock wise coordination settings Anti-clock wise coordination settings 

    
1.4  =1.0  = 0.7  = 1.0  = 0.8 
1.3  = 0.9  = 0.6  = 0.8  = 0.62 
1  = 0.7  = 0.5  = 0.63  = 0.5 
1.4  =1.2 = 1.15  = 1.2  = 1.15 
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The coordination study is verified using ETAP 
package. The Star View Coordination TCC curves for 
the relays operating in anti-clockwise and clockwise 
directions are shown in Figs. 7 and 8 respectively. The 
Coordination TCC curves before optimization for zone 
2 and 3 are indicated in Figs. 9 and 10. The obtained 
results indicated in Table 7 and Figs. 7 to 10 ensure that 
the proposed method is capable to fully protect the 
FREEDM network and coordinate its relays tripping 
and enable to be backup protection for its primary 
protection when the communications failed. 

5.3 GA-based Optimum Protection Coordination  

Optimization coordination problem is solved as per 
the following arrangements:  

• The development of primary and back up relays 
pairs are accomplished according to the previous 
explained arrangement for clockwise and 
anti-clockwise. 

• Full load current is chosen according to load flow 
report (maximum current for normal scenario). 

• Maximum value of short circuit current is taken 
from Table 6. 

• Operating time of relay is calculated according to 
Eqs. (1), (2) and (3). 

5.3.1 Optimization Criteria  
The following assumptions are taken when applying 

the proposed GA-based method: 
 Coordination time delay interval between backup 

and primary relay is 0.2 s. 
 The  is maintained between 0.1 and 1.1 

according to IEC 60255-151 [29]. 
 The minimum pickup current   of a relay is 

considered as 125 to 150 % of the full load current. 
while the maximum pickup current   of relay 
considered 50% of the minimum fault current  

 K1 and K2 are taken as 0.14 and 0.02 respectively, 
according to IEC 60255-151 [29].  

 

 
Fig. 7  Star view coordination TCC curves for the relays operating in anti-clockwise direction.  
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Fig. 8  Star view coordination TCC curves for the relays operating in clockwise direction.  

 

 
Fig. 9  Coordination TCC curves for R2, R5 at zone 2 before optimization.  
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Fig. 10  Coordination TCC curves for R3 R4 at zone 3 before optimization.  
 

The GA-based optimum protection coordination is 
applied to the FREEDM network test system. The 
results are applied to the FREEDM network system 
modeled in ETAP software for verification purposes. 
Table 8 summarizes the parameters of the GA-based 
optimization process applied to the coordination 
optimization.  

5.3.2 Simulation Results 
The developed GA program is implemented to the 

same FREEDM network with data indicated in Table 1 
to minimize the relays tripping time and to isolate the 
faulty zone as soon as possible. The coordination 
settings results are tabulated in Table 9 indicating the 
optimum pickup currents with the minimum time dial 
setting and tripping time. To verify the effectiveness of 
the proposed GA, its coordination setting results are 
applied and simulated using ETAP software. The 
coordination is satisfied for all cases. Figs. 11 and 12 
indicate the TCC coordination curves for the 
anti-clockwise relays, R1-R2- R3-RX and the clockwise 
relays, R4-R5-R6-RX respectively due to optimization. 

The TCC if a fault occurred at zone 2 and zone 3 are 
indicated in Figs.13 and 14. 

A comparison between Ti and TDSi for both 
clockwise coordination settings and anti-clock wise 
coordination settings is shown in Tables 10 and 11. 
From these tables the total tripping time in clockwise 
and counter-clockwise for conventional coordination 
and GA optimization coordination can be concluded in 
Table 12. 

It can be observed that the anticlockwise relays total 
tripping time is reduced by 47.2% and 44.7% in 
clockwise direction. The proposed optimized 
protection method is capable to fully protect the 
FREEDM network and coordinate its relays    
tripping. The method is able to be backup protection  
for its primary protection when the communications 
failed within minimum time. The minimization      
of tripping time guarantees reducing faults 
consequences on the FREEDM system while achieving 
the protection requirements and protection 
coordination.  
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Table 8  GA-optimization parameters [32].  
Total population size 200 
Number of individuals per subpopulation 20 
Maximum generations 1,000 
Number of subpopulations 10 
Generation gap 0.8 
Migration rate between subpopulations 0.2 
Insertion rate 0.9 
Probability of crossover 0.9 
Probability of mutation 0.01 
Number of generations between migration 20 

 
Table 9  Coordination settings after optimization using GA. 

  
Clock wise coordination settings Anti-clock wise coordination settings 

    
1.4  = 0.62  = 0.4848  = 0.53 = 0.4279 
1.3 = 0.4  = 0.3001  = 0.31 = 0.2584 
1 = 0.35  = 0.2405  = 0.36 = 0.3046 
1.4 = 0.7 = 0.673  = 0.7 = 0.673 

 

 
Fig. 11  Coordination TCC curves for R1-R2-R3 RX using GA optimization.  

 



Protection Coordination Optimization for FREEDM  
(Future Renewable Electric Energy Delivery and Management) System 

  

173

 
Fig. 12  Coordination TCC curves for R4-R5-R6 and RX using GA optimization.  
 

 
Fig. 13  Coordination TCC curves for R3-R4 at zone 3 using GA optimization.  
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Fig. 14  Coordination TCC curves for R2 R5 at zone 2 using GA optimization.  

 
Table 10  Clock wise coordination settings.  

 
Ti  

Conventional GA  Conventional GA  
1.4  = 1.0  = 0.62  = 0.7  = 0.4848 
1.3 = 0.9 = 0.4  = 0.6  = 0.3001 
1 = 0.7 = 0.35  = 0.5  = 0.2405 
1.4 = 1.2 = 0.7 = 1.15 = 0.673 

 
Table 11  Anti-clock wise coordination settings.  

 
Ti  

Conventional GA  Conventional GA  
1.4  = 1.0  = 0.53 = 0.8 = 0.4279 
1.3  = 0.8  = 0.31 = 0.62 = 0.2584 
1  = 0.63  = 0.36 = 0.5 = 0.3046 
1.4  = 1.2  = 0.7 = 1.15 = 0.673 

 
Table 12  Time between primary and backup relays (Sec).  

Primary and backup relays Conventional Coordination GA Optimization 
(Anti-clockwise) R1 R2 R3 RX 3.6 1.9 
(Clockwise) R4 R5 R6 RX 3.8 2.1 
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6. Conclusion 

Directional over current protection scheme is 
proposed for the FREEDM system using the 
conventional mathematical model as backup protection 
when the primary protection failed due to 
communication fail. The coordination of the proposed 
scheme is achieved for clockwise and anti-clockwise 
directions. The total time to isolate the FREEDM 
system is minimized using GA. The total tripping time 
in both anticlockwise and clockwise directions reduced 
by 47.2% and 44.7% respectively. The protection 
coordination is validated using ETAP software for both 
conventional and optimized methods.  

References  
[1] Huang, A. 2010. “FREEDM System—A Vision for the 

Future Grid.” IEEE Power and Energy Society General 
Meeting, Providence, USA, 1-4 (DOI: 
10.1109/PES.2010.5590201). 

[2] Sharma, N. 2015. “Novel Directional Protection Scheme 
for the FREEDM Smart Grid System.” M.Sc. thesis 
submitted to Arizona State University, Publ. Numb.: AAT 
1596547; ISBN: 9781321980240; Source: Masters. 

[3] https://www.freedm.ncsu.edu/. 
[4] Mandava, P. 2014. “Design and Development of 

Protection Schemes for FREEDM Smart Grid Systems.” 
M.Sc. thesis submitted to Arizona State University, by the 
Grad. Superv. Comm.: George Karady, Chair. Raja 
Ayyanar.  

[5] Vodyakho, O., et al. 2011. “Solid-state Fault Isolation 
Devices: Application to Future Power Electronics-based 
Distribution Systems.” IET Electric Power Applic. 5 (6): 
521-8. 

[6] Tjahjono, A., et al. 2017. “Adaptive Modified Firefly 
Algorithm for Optimal Coordination of Overcurrent 
Relays.” IET Gen., Trans. & Dist. 11 (10): 2575-85. DOI: 
10.1049/iet-gtd.2016.1563. 

[7] El-Fergany, A. 2016. “Optimal Directional Digital 
Overcurrent Relays Coordination and Arc-flash Hazard 
Assessments in Meshed Networks.” Intern. Trans. on 
Elect. Ener. Syst. 26 (1): 134-54. DOI: 10.1002/etep.2073. 

[8] Niyomphant, S., Leeton, U., Kulworawanichpong, T., and 
Chomnawan N. 2012. “Application of Linear 
Programming for Optimal Coordination of Directional 
Over-Current Relays.” 9th Intern. Conference on 
Electrical Engineering/Electronics, Computer, 
Telecommunications and Information Technology 

(ECTI-CON), Phetchaburi, Thailand. DOI: 
10.1109/ECTICon.2012.6254294. 

[9] Ezzeddine, M., Kaczmarek, R., and Iftikhar, M. U. 2011. 
“Coordination of Directional Overcurrent Relays Using a 
Novel Method to Select Their Settings.” IET Gen., Trans. 
& Dist. 5 (7): 743-50. DOI: 10.1049/iet-gtd.2010.0603. 

[10] Sueiro, J. A., Dorado, E. D., Míguez, E., and Cidrás, J. 
2012. “Coordination of Directional Overcurrent Relay 
Using Evolutionary Algorithm and Linear Programming.” 
International Journal Electrical Power & Energy Systems 
42 (1): 299-305.  

[11] Huchel, Ł., Zeineldin, H. H., and El-Saadany, E. F. 2017. 
“Protection Coordination Index Enhancement Considering 
Multiple DG Locations Using FCL.” IEEE Trans. on 
Power Deliv. 32 (1): 344-50. 

[12] Bedekar, P. P., and Bhide, S. R. 2011. “Optimum 
Coordination of Directional Overcurrent Relays Using the 
Hybrid GA-NLP Approach.” IEEE Transactions on 
Power Delivery 26 (1):109-19. 

[13] Abyaneh, H. A., et al. 2003. “A New Optimal Approach 
for Coordination Overcurrent Relays in Interconnected 
Power Systems.” IEEE Transactions on Power Delivery 
18 (2): 430-5. 

[14] Birla, D., Maheshwari, R. P., and Gupta, H. O. 2006. “A 
New Nonlinear Directional over Current Relay 
Coordination Technique and Banes and Boons of Near 
End Faults Based Approach.” IEEE Trans. on Power 
Deliv. 21 (3): 1176-82.  

[15] Bedekar, P. P., Bhide, S. R., and Kale, V. S. 2010. 
“Optimum Coordination of Overcurrent Relay Timing 
Using Simplex Method.” Elect. Power Comp. and Syst. 38 
(10): 1175-93. 

[16] Bedekar, P. P., Bhide, S. R, and Kale, V. S. 2009. 
“Optimum Time Coordination of Overcurrent Relays 
Using Two Phase Simplex Method.” World Academy of 
Science Engineering & Technology 28: 1110-4. 

[17] Mahari, A., and Seyedi, H. 2013. “An Analytic Approach 
for Optimal Coordination of Overcurrent Relays.” IET 
Gener., Transm. & Dist. 7 (7): 674-80. 

[18] Thangaraj, R., Pant, M., and Deep, K. 2010. “Optimal 
Coordination of Over-current Relays Using Modified 
Differential Evolution Algorithms.” Engineering Appl. of 
Artif. Intel. 23 (5): 820-9. 

[19] Mohamed, M. M., Mekhamer, S. F., and El-Kharbawe, N. 
2007. “A Modified Particle Swarm Optimizer for the 
Coordination of Directional Overcurrent Relays.” IEEE 
Trans. on Power Deliv. 22 (3): 1400-10. 

[20] Singh, M., Panigrahi, B. K., and Abhyankar, A. R. 2011. 
“Optimal Overcurrent Relay Coordination in Distribution 
System.” Inter. Conf. on Energy, Automation, and Signal 
(ICEAS), Bhubaneswar, Odisha, India, 28-30 Dec. 2011, 
822-7. 



Protection Coordination Optimization for FREEDM  
(Future Renewable Electric Energy Delivery and Management) System 

  

176

[21] So, C. W., Li, K. K., Lai, K. T., and Fung, K. Y. 1997. 
“Application of Genetic Algorithm for Overcurrent Relay 
Coordination.” 6th Internat. Conf. on Develop. in Power 
Systems Protection, Nottingham, UK, 66-9. DOI: 
10.1049/cp:19970030. 

[22] Uthitsunthorn, D., and Kulworawanichpong, T. 2010. 
“Optimal Overcurrent Relay Coordination Using Genetic 
Algorithms.” 2010 Intern. Conf. on Advances in Energy 
Engineering (ICAEE), Beijing, China, 162-5. DOI: 
10.1109/ICAEE.2010.5557589. 

[23] Koochaki, A., Asadi, M. R., Mahmoodan, M., and 
Naghizadeh, R. A. 2008. “Optimal Overcurrent Relays 
Coordination Using Genetic Algorithm.” 11th Inter. Conf. 
on Optimization of Electrical and Electronic Equipment 
(OPTIM 2008), Brasov, Romania, 197-202. DOI: 
10.1109/OPTIM.2008.4602366. 

[24] Bedekar, P. P., Bhide, S. R., and Kale, V. S. 2009. 
“Optimum Coordination of Overcurrent Relays in 
Distribution System Using Genetic Algorithm.” Inter. 
Conf. on Power systems, JCPS ’09, Kharagpur, India. DOI: 
10.1109/ICPWS.2009.5442716. 

[25] Singh, D. K., and Gupta, S. 2012. “Optimal Coordination 
of Directional Overcurrent Relays: A Genetic Algorithm 
Approach.” IEEE Students’ Conf. on Electrical, 
Electronics and Computer Science (SCEECS), Bhopal, 
India, 1-4. DOI: 10.1109/SCEECS.2012.6184808. 

[26] Mahari, A., and Seyedi, H. 2013. “An Analytic Approach 

for Optimal Coordination of Overcurrent Relays.” IET 
Gen., Trans. & Dist. 7 (7): 674-80. DOI: 
10.1049/iet-gtd.2012.0721. 

[27] IEEE Std. 242. 2001. “IEEE Recommended Practice for 
Protection and Coordination of Industrial and Commercial 
Power Systems.”  

[28] Ojaghi, M., Sudi Z., and Faiz, J. 2013. “Implementation of 
Full Adaptive Technique to Optimal Coordination of 
Overcurrent Relays.” IEEE Trans. on Power Delivery 28 
(1): 235-44. DOI: 10.1109/TPWRD.2012.2221483. 

[29] IEC 60255-151. 2009. “Measuring Relays and Protection 
Equipment—Part 151: Functional Requirements for 
Over/under Current Protection.” 

[30] Tatcho, P. A. 2013. “Fault Protection Framework Designs 
and Methods in Power Electronics Converter Based Power 
Distribution Systems.” Ph.D. submitted to the Department 
of Electrical and Computer Engineering, Florida State 
University College of Engineering. 

[31] Mohammadi, R., Abyaneh, H. A., Mahdinia, H., Fathi, S. 
H., and Rastegar, H. 2011. “Overcurrent Relays 
Coordination Constraints.” IEE Trans. on Power Delivery 
26 (3): 1927-38. DOI: 10.1109/TPWRD.2011.2123117.  

[32] El-Desouki, E. H., Azmy, A. M. R., and Alaam, M. A. 
2015. “Internal Networks of Generation Power Plants.” 
M.Sc. thesis submitted to Tanta University, Faculty of 
Engineering, Electrical Power and Machines Eng. 
Department. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


