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Abstract 

This short article shows an efficient way to include the effect of coordination with radial feeders on the optimal coordination of 

directional overcurrent protections. This effect can be important, but it has been seldom considered. The proposed method is 

based on the inclusion of constraints related to coordination with radial feeders as simple increments of lower limits of the time 

multiplier settings of upstream directional protections. Although the overcurrent protections of radial feeders usually have 

inverse-type curves, the fault currents for the coordination are known and, consequently, their operation times can be directly 

computed. Therefore, these known operation times can be simply summed to the time margin required for selectivity, in order to 

compute the lower limits of time multiplier settings of upstream directional protections. The main advantage of the proposed 

method is the avoiding of increments in the number of constraints of the optimization problem.  
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1. Introduction 

The most known pioneer paper about the use of mathematical optimization tools to help in the coordination of Directional 

Overcurrent Protections (DOCP) was published in 1988 [1]. After that, many papers about this topic have been written, covering 

different details (e.g., some recent samples are shown in [2-7]), and mainly related to different optimization methods or related to 

adaptive protection. The constraints related to the coordination with radial feeders have been seldom included in the literature 

about this topic, although some articles [8-11] properly included these constraints some years ago. An aim of this short article is 

to highlight that the coordination with radial feeders must be considered because it can have an important influence on results.  

On the other hand, the previous works [8-11] that included the constraints related to the coordination with radial feeders 

simply utilized the same method that has been commonly applied for the selectivity constraints related to DOCP. That approach 

is absolutely valid, but a more efficient method is proposed in this article. This article shows that the inclusion of constraints 

related to the coordination with radial feeders can be handled as a simple modification of the lower limits of the Time Multiplier 

(TM) settings for the upstream DOCP. Therefore, it is not necessary to increment the number of constraints, in comparison with 

the case that does not consider the coordination with radial feeders. This is the main advantage of the proposed method.  

The possibility of handling the constraints related to the coordination with other protections as simple modifications of the 

lower or upper limits of TM settings has been previously applied [10], but only in case of having a constant operation time for 

those other protections. Radial feeders are usually protected with overcurrent functions, which frequently have inverse-time 

functions and/or combinations of inverse-time functions with instantaneous or definite-time functions. However, the fault 

currents for the coordination are previously known and, therefore, the operation times of downstream radial feeder protections 

can be directly computed. The proposed method takes advantage of this fact in order to compute the lower limits of TM settings 

of upstream DOCP. A similar method had not been shown in the literature. The importance of applying the proposed method is 

even greater nowadays, because optimal coordination of DOCP in active distribution networks is being frequently applied (e.g., 

[2,6]), and this coordination usually requires that many radial feeders are taken into account . 

 

 

2. Coordination of DOCP as an optimization problem 

2.1. Basic description of problem formulation 

The original formulation is described in [1]. For a given fault k, the operating time of the back-up DOCP j (tjk) must be slower 

than the operating time of main DOCP i (tik) plus a selectivity margin SM. Thus, a selectivity constraint is obtained: 

tjk - tik  SM  (1) 

The selectivity constraints are formulated for each pair main-backup. The operating time of each DOCP is dependent on a 
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function fC and on the TM of each DOCP (i.e., TMj and TMi). fC is given by the curve-type equation and it depends on the 

current seen by each DOCP (Mjk and Mik) for the fault k, in multiples of pick-up settings of DOCP j and i, respectively.  

 [fC(Mjk)] TMj - [fC(Mik) ] TMi  SM  (2) 

In this paper, it is assumed that pick-up settings of DOCP have been previously chosen. The feasible range of settings 

(TMMINiTMiTMMAXi) complements these linear constraints. Herein, the selected objective function is the minimization of the 

sum of operating times of the NR main protections for faults very near to them (tim): 

       i=NR 

Min  tim  (3) 
    i=1 

 

 

2.2. Main included simplifications 

The coordination of DOCP has many details [12], which are not included herein for the sake of simplicity. The main assumed 

simplifications are: a) Only phase DOCP are analyzed; ground DOCP are not considered; b) Transient evolution of short-circuit 

currents is not considered; c) Only 3 solid faults are considered, without prefault load flow; d) Instantaneous DOCP are not 

considered; e) All the DOCP in the examples have the same IEC curves (Normal Inverse: NI, Very Inverse: VI, or Extremely 

Inverse: EI)); f) TMMINi for IEC curves is 0.05, and TMMAXi is 1.2; g) Transient configurations, due to sequential trips at both line 

ends [11,13], are not considered; h) Stability constraints are not considered; i) Faults are simulated in the lines, very near to main 

relays. The fact of assuming these simplifications is useful to: a) show more easily the main points related to this article; b) 

compare more easily the results with the obtained ones in those previous papers that do not consider radial feeders (e.g., [14]). In 

general, the proper professional solution of real problems of coordination of DOCP usually requires the consideration of as many 

details as possible, such as the verification of enough sensitivity to avoid the protection blinding for some relevant faults [12], the 

verification of selectivity with distance relays [8], the verification of selectivity in systems with distributed generation [12], and 

others. 

 

 

3. Proposed method 

The handling of constraints related to coordination with other protections as modifications of lower or upper limits of TM 

settings has been previously applied [10], but only in case of having a constant operation time for those other protections. Radial 

feeders are often protected with overcurrent functions whose operating times are dependent on fault currents. However, settings 

of protections for radial feeders are assumed to be known (because they only depend on downstream conditions), and the fault 
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currents are also known. Therefore, the tripping time (tik) as main protection for any downstream fault is also known. Thus, from 

(1) and (2), tjk is: 

tjk = [fC(Mjk)] TMj  SM + tik (4) 

Consequently:  

TMj  TMMIN-RF-j = (SM + tik)/[fC(Mjk)] (5) 

TMMIN-RF-j is the TM lower limit for the upstream DOCP j, due to the coordination with radial feeders. Different downstream 

radial feeders and diverse fault conditions can be computed in order to find the worst case for TMMIN-RF-j (and this procedure 

avoids the inclusion of those additional selectivity constraints in the optimization problem). Thus, the main effect of the inclusion 

of constraints related to coordination with radial feeders is on the TM lower limits for those DOCP that act as backup of relays of 

radial feeders.  

 

4. Power system taken as an example 

An example from [14] was modified to include radial feeders in four buses (Fig. 1). The optimal solution with NI curves 

(without radial feeders) is shown in [14], and it was useful to verify initial results. Table 1 shows the settings of overcurrent 

relays R15 to R18 of radial feeders. The TM settings were selected to obtain approximately the same tripping time for the three 

curve-types at the pickup value of instantaneous function.  
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Fig. 1. System taken as an example (main data are in [14]). 

 
 
 

Table 1. Settings for overcurrent protections of radial feeders. 

Relay 
Delayed overcurrent protection Inst. 

pickup 
(A) 

Pickup 
(A) 

TM 
(NI) 

TM 
(VI) 

TM 
(EI) 

R15 240 0.16 0.42 1.15 3650 
R16 320 0.17 0.35 0.68 3360 
R17 400 0.15 0.26 0.40 3210 
R18 400 0.16 0.28 0.45 3400 
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5. Results 

The comparison of the delayed overcurrent functions of radial feeders with the upstream DOCP was performed at the 

instantaneous pickup values (shown in Table 1). SM is 0.3s. Table 2 shows the obtained values of TMMIN-RF-j.  

Table 3 shows the optimal results, without and with considering the coordination with radial feeders. The cases with 

differences greater than 0.05 between optimal TM results have been highlighted in Table 3. In this specific example, there is no 

effect on the results with NI curves. The differences in the optimal TM settings are important for the results with VI and EI 

curves in cases of relays 4 and 10. In case of relay 8, the difference is only important for the results with EI curves. Therefore, 

the difference in the results is influenced by the location of the analyzed DOCP as well as by the curve type of the analyzed 

DOCP. 

 

Table 2. TM lower limits for DOCP, due to coordination with radial feeders. 
Relay NI VI EI 

R6 0.233 0.453 0.822 
R8 0.241 0.493 0.956 
R2 0.179 0.218 0.209 
R10 0.250 0.443 0.709 
R3 0.219 0.328 0.417 
R11 0.224 0.346 0.457 
R4 0.242 0.410 0.618 
R12 0.163 0.182 0.156 

 
 

Table 3. Results of optimal coordination, without and with considering the coordination with downstream radial feeders. 

Relay 

NI VI EI 
w/o 

radial 
feeders 

with 
radial 

feeders 

w/o 
radial 

feeders 

with 
radial 

feeders 

w/o 
radial 

feeders 

with 
radial 

feeders 
R1 0.339 0.339 0.286 0.297 0.266 0.268 
R2 0.320 0.320 0.273 0.291 0.262 0.268 
R3 0.332 0.332 0.335 0.377 0.443 0.469 
R4 0.310 0.310 0.321 0.410 0.511 0.618 
R5 0.204 0.204 0.096 0.097 0.051 0.051 
R6 0.412 0.412 0.493 0.500 0.937 0.938 
R7 0.456 0.456 0.590 0.613 0.978 0.986 
R8 0.408 0.408 0.474 0.493 0.828 0.956 
R9 0.204 0.204 0.094 0.096 0.050 0.052 
R10 0.313 0.313 0.335 0.443 0.572 0.709 
R11 0.337 0.337 0.351 0.401 0.487 0.521 
R12 0.296 0.296 0.231 0.249 0.198 0.203 
R13 0.340 0.340 0.293 0.306 0.275 0.278 
R14 0.457 0.457 0.603 0.630 1.013 1.024 
 tim 11.05 11.05 3.556 3.907 1.468 1.571 

 

The comparison of results of Table 2 with the results without considering radial feeders (shown in Table 3) is useful to 

understand more easily the effect of TMMIN-RF-j on the optimal results. Notice that the results of TMMIN-RF-j (Table 2) are greater 
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than the results without considering radial feeders (Table 3) only in case of relays 4, 8 and 10, for curves VI and EI. Despite this 

fact, Table 3 also shows that the results of all the other relays (considering radial feeders, in case of curves VI and EI) are 

indirectly affected by the constraints related to TMMIN-RF-j. That is, the computed values of TMMIN-RF-j for curves VI and EI have a 

direct effect on the results for relays 4, 8 and 10, and an indirect effect on the results for the remaining relays. On the other hand, 

the effect of considering the constraints for radial feeders in these examples is not very important in case of relay 8 and curves 

VI, and it is null in case of NI curves (these facts can be considered fortuitous since, in general, the constraints related to radial 

feeders must be included in the real problem formulation).  

 
 

6. Conclusion 

The constraints related to radial feeders affect the optimal coordination of DOCP and must be included. An efficient method to 

include such constraints was shown. The proposed approach includes these constraints as simple increments of lower limits of 

TM settings of DOCP, taking advantage of the fact that the fault currents and the settings of protections for radial feeders are 

known before of solving the optimization problem. Therefore, the main advantage of the proposed method is that it allows the 

inclusion of constraints related to coordination with radial feeders without incrementing the optimization problem dimension. 
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