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Abstract

:

This paper proposes a practical approach to estimate the symmetrical short-circuit current (SCC) levels in overcurrent protection devices (OCPDs) installed on radial feeders for any penetration level of inverter-based distributed energy resources (DERs). The proposed method restores the lost phase protection coordination by estimating SCC values and changing the TMS of OCPDs accordingly. The method is validated by comparing the results with simulations on the IEEE 34-Node Test Feeder using MATLAB/Simulink, which shows an average error of 1.5% and a maximum error of 3.0%. For a 100% penetration level, the SCC variation through OCPDs installed on the main fault trunk (MFT) exceeds ± 10%, leading to compromised phase protection coordination. The SCC flowing reversely through OCPDs on lateral branches and the fault on the MFT could cause improper tripping. Higher SCC levels are estimated and measured for fault impedances equal to zero. The phase protection is restored by changing the TMS of OCPDs using the estimated values. The study proposes two phase protection schemes to accommodate inverter-based DERs injecting 1.2 pu and 2.0 pu of SCC for a 100% penetration level. This study contributes to improving the protection coordination of distribution networks with high penetration levels of DERs. The findings have practical implications for distribution system operators and planners to maintain safe and reliable operation of distribution feeders.
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1. Introduction


Electric power systems are facing challenges with the fast installations of distributed energy resources (DERs) [1]. In this scenario, electronically-coupled resources, such as inverter-based resources (IBRs), are rapidly increasing power and quantity. Despite the small power capacities and SCC contribution from IBRs, their contribution could significantly change the SCC level of the feeeder [2], affecting the traditional distribution system’s protection scheme [2,3,4].



The behavior of IBRs is quite different from the rotating machines during faults [5]. Their SCC contribution is limited by an internal logic control due to the low thermal withstanding capability of the employed semiconductors and components. The SCC contribution could be 1.06–1.2 pu on IBR’s base rating, according to the “rule of thumb” and experimental tests [3,6,7,8], or 1.1–1.5 pu [9,10]. Moreover, this SCC envelope decay is fast and is divided in two parts: the first one with an initial spike with only a few hundred microseconds or less, in which the current may be higher than 2.0 pu on the IBR’s base rating; the second with a regulation period of a few hundred milliseconds, varying from the technology and control embedded by the manufacturer [11]. Furthermore, IBRs are grid-following, not controlled by the distribution grid operator (DNO) or consumer unit and are usually associated with a variable source of renewable energy, e.g., photovoltaics (PV) and wind power. Therefore, IBRs present several challenges to predict their behavior correctly [12].



Additionally, updated grid codes, e.g., the IEEE 1547-2018 [13], require the DERs to withstand voltage and frequency variations exchanging active and/or reactive power with the grid, and that they have different operation modes such as: Volt-Watt, Volt-VAR, Watt/VAR, constant power factor and constant reactive power. Those requirements aim to help the post-fault grid recovery to avoid severe power outages. However, they become a challenge for the feeder protection coordination [14].



Accordingly, the fault characteristics of the IBRs combined with their aggregated SCC contribution, could affect the power system in different ways as follows [3,9,12,15,16,17,18,19,20,21]:




	
The change in the fault current level, whose value is applied to adjust the coordination time interval (CTI) between adjacent overcurrent protection devices (OCPDs);



	
The coordination loss, highlighting the blind protection, sympathetic tripping and fuse protection philosophy (fuse-blow and fuse-saving);



	
The change in the load current, whose value is used to adjust the sensitivity of the OCPDs.








Furthermore, if the SCC contribution from energy sources is not correctly predicted and considered during studies of power system protection, network planning, maintenance and operation, then the distribution network (DN) and its stakeholders may face a decrease in financial income, reliability, resiliency and robustness, as well as an increase in maintenance costs, time and frequency interruption [22]. In this context, one of the main challenges is to estimate or compute the SCC contribution by each IBRs dispersed in the DN, within a variety of possible DER integration scenarios, and how this affects the DN protection coordination [9].



Estimation of the SCC contribution can be approached by mathematical equations, computer simulations or through laboratory experiments that test commercial smart inverters under faulty scenarios. As the IBRs limit its output current by internal controllers, the inverter should be modeled as an internally limited or unlimited current source for an SCC analysis [22]. Thus, it should be considered a current source inverter (CSI) [23,24,25].



Transient IBR models incorporate complicated methods to calculate the SCC contribution, as the d-q axis, in addition to being modeled at the dynamic level, which require many variables and small time steps, making the simulations time- and computational consuming [26]. Moreover, the efforts for implementing simulations of large feeders with many dispersed IBRs are significant. This approach may not be necessary for a steady-state SCC contribution calculation.



The estimation of the SCC contribution has been proposed and studied in other transient and steady-state SCC papers. In [2], the output current of a small-scale PV generator, modeled using Simulink in MATLAB, was limited up to 2.0 pu. The SCC contribution magnitude through OCPDs was considered relevant and capable to affect the coordination and selectivity of the power system protection. The work of [4] analyzes recorded fault events, showing that the SCC contribution in steady-state was less than the rated output current. On the other hand, a considerable reduction in fault currents seen by the upstream relay was noticed, making it necessary to review the relay settings. In [7], a series of experimental tests was done with commercial inverters. The results reported by the authors showed an insignificant or minimal SCC contribution of IBRs for low penetration levels of DERs. However, that effect may become invalid in high penetration scenarios. In [27], a practical methodology to analyze the SCC contribution of various DETs during shunt faults, has been proposed for use in advanced distribution management systems. These previous studies highlight that an inaccurate modeling of the IBR or its consideration for an SCC analysis could compromise the reliable and safe DER integration in DN and power systems.



A series of SCC calculations in steady-state, using current injection matrices, for balanced and unbalanced situations with the presence of IBRs, was proposed by I. Kim [22,28,29]. New equations were derived to estimate the SCC flowing from IBRs. However, the impacts on the protection coordination of a power system were not presented and discussed.



In previous works [30,31], an accurate power flow calculation method for active networks in sequence-domain considered two SCC contribution control strategies from IBRs, compared with other existing methods that do not fit these source elements. The method proposed in [31] calculates the SCC contribution for any SCC conditions, without predefined boundary conditions. The SCC contribution of the IBRs is calculated depending on the pre-fault current condition and voltage at the node where the IBR is connected. Using this method, a novel relay protection coordination was proposed by [32], which considers the DER disconnection for fault ride-through and the relay operating times need to be recalculated every time the DER is disconnected from the network.



Finally, the work of L.G.R. Tonini et al. [33] from the authors’ research group, proposes a load flow and SCC method based on the backward/forward sweep method and hybrid impedance matrix, respectively, considering the operating modes of IBRs, based on IEEE 1547–2018, and considering each of the renewable sources as a voltage-controlled current source. Once more, modifications to the system protection based on the found values were not proposed.



Therefore, the motivation of this paper was the lack of studies to reconfigure the DN protection coordination with a single adjustment considering the change in SCC level of the DN with the massive presence of IBRs, as well as the lack of SCC calculation methods that are easier to understand and apply, especially for industry professionals who are not up to date or not very familiar with the complex mathematics of power flow and short circuit calculation methods. Current methods, as presented previously, take into account many IBR control variables that may not be necessary to estimate the feeder SCC level from the overcurrent protection perspective.



In light of the above, this paper proposes a simple and practical approach to estimate the steady-state SCC contribution in a balanced DN, dominated by IBRs during symmetrical faults. This approach is not intended to be extremely accurate, but to return an approximate value for evaluating the feeder when it has high DER penetration. The approach considers the IBR as a limited current source and its relative electrical distance on the feeder in relation to OCPD and substation. The study also proposes a phase protection coordination methodology, which uses the estimated SCC in extreme situations, to ensure the feeder protection coordination for a wide penetration range of IBRs, without or with the minimum need to replace the installed OCPDs.



In other words, a simple and practical method that can be applied on a daily basis to verify whether the SCC level of a given feeder, which can be dominated by IBRs, can reach critical values. In the affirmative case, we propose a single adjustment to the feeder protection coordination to accommodate these new inverter-based DERs. The assertiveness and effectiveness of the approaches were validated through MATLAB/Simulink simulations.



The remainder of the paper is organized as follows. In Section 2, the proposed approach to estimate the SCC contribution is presented, and the sensitivity analysis of the equations is made in Section 3. A protection coordination scheme for IBR-dominated power systems is presented in Section 4. A case study on the IEEE 34-Node Test Feeder is performed in Section 5 with the application of the approach to estimate the SCC, the impacts on SCC level and protection coordination, as well as the change in the OCPDs settings, followed by a discussion of the applications. Conclusions are drawn in Section 6.




2. Estimating the Short-Circuit Current Contribution for Symmetrical Faults


Currently, distribution feeders are being dominated by IBRs that can be installed along it at many different locations with different power ratings, and consequently, affecting the fault current level through the installed OCPDs. Accordingly, an analysis must be performed for situations with high integration and high penetration level (PL) of IBRs, i.e., several IBRs installed at different locations.



2.1. Distribution Feeder without Lateral Branches


Figure 1 shows a radial distribution feeder, without lateral branches, dominated by IBRs installed on the main fault trunk (MFT) of the feeder. The distribution feeder has balanced impedances and no loads connected, while a purely faulty network is considered.



For a three-phase line-to-ground (3LG) fault at point F, downstream from all protection devices, without the IBRs, the currents per phase through OCPD1 and OCPD2 are given by Equation (1) [34].


   i  o c p d 1   =  i  o c p d 2   =  i f  =   v s    z t  +  z  l i n e   +  z f    =   v s   z  l f     



(1)




where   i f   is the fault current contribution from the substation,   i  o c p d 1    and   i  o c p d 2    are the fault currents through OCPD1 and OCPD2, respectively,   v s   is the pre-fault voltage at substation,   z t   is the substation transformer short-circuit impedance,   z  l i n e    is the total impedance of the line between the substation and the fault point,   z f   is the fault impedance, and   z  l f    is the sum of   z t  ,   z  l i n e    and   z f  . All variables are given in the per unit (pu) system.



When the IBRs are located only downstream from OCPD1 and OCPD2 (IBRk, IBR(k+1), …, IBRm, from Figure 1), considering the same 3LG fault discussed previously, the currents through the OCPDs are the same and given by Equation (2).


   i  o c p d 1   =  i  o c p d 2   =  1  z  l f      v s  +  ∑  k = 1  m   i  i b r k    (  z  i b r k   +  z t  −  z  l f   )    



(2)




where   i  i b r k    is the output current of the kth IBR located downstream from the protection devices,   z  i b r k    is the electrical distance between the kth IBR and the substation, and m is the total of IBRs installed between OCPD2 and the fault point F.



When the IBRs are located only upstream from OCPD1 (IBRj, IBR(j+1), …, IBRw, from Figure 1), taking into consideration the previous fault condition, the currents through OCPD1 and OCPD2 are the same as presented in Equation (3).


      i  o c p d 1   =  i  o c p d 2   =  1  z  l f      v s  +  ∑  j = 1  w   i  i b r j    (  z  i b r j   +  z t  )       



(3)




where   i  i b r j    is the output current of the jth IBR located upstream from OCPD1,   z  i b r j    is the impedance between the jth IBR and the substation, and w is the total of the IBRs installed upstream from OCPD1.



Finally, when the IBRs are located only between OCPD1 and OCPD2 (IBRi, IBR(i+1), …, IBRn, from Figure 1), the currents through OCPD1 and OCPD2 are different and given by Equations (4) and (5), respectively.


   i  o c p d 1   =  1  z  l f      v s  +  ∑  i = 1  n   i  i b r i    (  z  i b r i   +  z t  −  z  l f   )    



(4)






   i  o c p d 2   =  1  z  l f      v s  +  ∑  i = 1  n   i  i b r i    (  z  i b r i   +  z t  )    



(5)




where   i  i b r i    is the output current of the ith IBR located between the protection devices,   z  i b r i    is the impedance between the ith IBR and the substation, and n is the total of the IBRs installed between OCPD1 and OCPD2.




2.2. Distribution Feeder with Lateral Branches


A real radial distribution feeder has several lateral branches, with IBRs installed, and these laterals are mostly protected by fuses. Figure 2 and Figure 3 show a simple radial distribution feeder with three IBRs and two branches: 2–3 and 2–4. Branch 2–4 is protected by a fuse (FS). The feeder has balanced impedances and no loads connected.



2.2.1. Fault without IBRs


Considering the Figure 2 and Figure 3, for a 3LG fault at point F1 and F2, without the connection of IBRs, the currents through the OCPD (  i  o c p d   ) and the fuse (  i  f u s e   ) are given by Equations (6) and (7) for Figure 2 and Equation (8) for Figure 3, where   z 12  ,   z 23  , and   z 24   represent the impedance between buses 1–2, 2–3 and 2–4, respectively, and   z f   the fault impedance, also in pu.


   i  f u s e   = 0  



(6)






   i  o c p d   =   v s    z t  +  z 12  +  z 23  +  z f     



(7)






   i  o c p d   =  i  f u s e   =   v s    z t  +  z 12  +  z 24  +  z f     



(8)








2.2.2. Fault with IBRs


Taken Figure 2 into consideration, the MFT comprehends branches 1–2–3 and the lateral branch 2–4. Considering the connection of IBR1 and IBR2, only, the currents through the devices are given by


   i  f u s e   = 0  



(9)






      i  o c p d   =  1  z  l f 13     [  v s  +  i  i b r 1    (  z  i b r 1   +  z t  −  z  l f 13   )  +  i  i b r 2    (  z  i b r 2   +  z t  −  z  l f 13   )  ]      



(10)




where    z  l f 13   =  z t  +  z 12  +  z 23  +  z f   . This case represents the situation where the fault occurs on the MFT and the IBRs are installed on it.



When only IBR3 is connected, the currents through the devices are different. In this case, IBR3 will contribute with an SCC to the fault point F1, and a reverse fault current will flow through the fuse. Therefore, the currents through the devices can be given by


   i  f u s e   = −  i  i b r 3    



(11)






      i  o c p d   =  1  z  l f 13     [  v s  +  i  i b r 3    (  z 12  +  z t  −  z  l f 13   )  ]      



(12)




where   z 12   is the electrical distance of the lateral 2–4 to the substation. The location of the IBR in the lateral, i.e., beginning or end, does not influence the current through the upstream OCPD and the fuse.



Now, taking Figure 3 into consideration, the MFT comprehends the branches 1–2–4, and the lateral branch 2–3. Considering the connection of IBR1 and IBR3, the currents through the devices are given by


      i  o c p d   =  1  z  l f 124     [  v s  +  i  i b r 1    (  z  i b r 1   +  z t  −  z  l f 124   )  +  i  i b r 3    (  z  i b r 3   +  z t  −  z  l f 124   )  ]      



(13)






      i  f u s e   =  1  z  l f 14     [  v s  +  i  i b r 1    (  z  i b r 1   +  z t  )  +  i  i b r 3    (  z  i b r 3   +  z t  −  z  l f 14   )  ]      



(14)




where    z  l f 14   =  z t  +  z 12  +  z 24  +  z f   . This case represents the situation where the fault occurs on the MFT and the IBRs are installed on it.



When only IBR2 is connected, the currents through the devices are different and can be given by


      i  o c p d   =  1  z  l f 124     [  v s  +  i  i b r 2    (  z 12  +  z t  −  z  l f 124   )  ]      



(15)






      i  f u s e   =  1  z  l f 124     [  v s  +  i  i b r 2    (  z 12  +  z t  )  ]      



(16)




where   z 12   is the electrical distance of the lateral branch to the substation. In this case, IBR2 will contribute with an SCC to the fault point F2, injecting its current through the point of connection of the lateral. As discussed, and according to Equation (12), the location of the IBR in the lateral branch does not influence the current through the upstream OCPD and the downstream fuse.




2.2.3. Feeder Dominated by IBRs


In the case of Equations (12), (15) and (16), the position of the IBR on the lateral branch does not influence on the current through the upstream and downstream OCPDs. Thus, the electrical distance from the point of interconnection of the lateral branch with the MFT is the variable of interest.



For a radial distribution feeder with lateral branches and IBRs installed only on them, the current through any OCPD can be given by


      i  o c p d   =  1  z  l f        v s  ︸  Substation  +     ∑  i = 1  n   i  i b r i    (  z  b r a n c h i   +  z t  )   ︸   Upstream   lateral   with   IBRs    +  1  z  l f         ∑  k = 1  m   i  i b r k    (  z  b r a n c h k   +  z t  −  z  l f   )   ︸   Downstream   lateral   with   IBRs        



(17)




where   z  l f    is the sum of   z t  ,   z f   and the impedance between the substation and the fault point, and   z  b r a n c h i    and   z  b r a n c h k    are the electrical distance of the ith and kth branch from the substation upstream or downstream from the OCPD, respectively.



The general equation that describes when the IBRS are connected on a lateral branch, downstream of the OCPD that protects that side, and there is a 3LG fault on the MFT, is given by:


   i  o c p d   = −  ∑  i = 1  n   i  i b r i    



(18)




where the negative signal means the reverse current flows through the device, i.e., the SCC contribution flows from the lateral branch to the MFT.





2.3. A General Equation


The 3LG fault current through any OCPD in any distribution feeder with the integration of IBRs can be determined by the relation between the SCC contribution from three different sources:




	
The substation;



	
The IBRs located upstream seen from the perspective of the OCPD;



	
The IBRs located downstream seen from the perspective of the OCPD.








The fault current through any OCPD installed on the MFT can be given by Equation (19), where   z  l f    is the sum of   z t  ,   z f   and the impedance between the substation and the fault point. For IBRs installed upstream from the OCPD, the current through it increases its value. On the other hand, when the IBRs are installed downstream from the OCPD, the current decreases.



When the OCPD is installed on a lateral branch with IBRs installed downstream of the OCPD and the fault occurs on the MFT, the current through this OCPD is given by Equation (20), where the negative signal means the reverse flow of the current through it. The block-diagram of the proposed SCC calculation is presented in Figure 4.


     i =  1  z  l f     [  v s  +     ∑  i = 1  n   i  i b r i    (  z  i b r i   +  z t  )  +  ∑  k = 1  r   i  i b r k    (  z  b r a n c h k   +  z t  )   ︸   Upstream   IBRs - increase   fault   current   +     ∑  l = 1  p   i  i b r l    (  z  i b r l   +  z t  −  z  l f   )  +  ∑  m = 1  q   i  i b r m    (  z  b r a n c h m   +  z t  −  z  l f   )   ︸   Downstream   IBRs - decrease   fault   current   ]      



(19)






  i = −  ∑  u = 1  t   i  i b r u    



(20)









3. Sensitivity Analysis of the General Equations


It is important to understand the behavior and know the extreme fault current cases in which the OCPDs are subjected to under scenarios of a high integration of IBRs. Under those extreme scenarios, it is possible to highlight the maximum and minimum currents through an OCPD for each fault type.



As shown in Figure 5, for example, each OCPD can experience a wide variation of fault currents and tripping times due to the presence of the IBRs. These extreme situations can be provided to DNOs, which is important to verify the robustness and reliability of the current protection scheme for a scenario of a high PL of DERs.



When there are no IBRs connected to the grid, the coordination time interval (CTI) between two OCPDs can be determined using the classic method because, in this situation,    i  o c p d 1   =  i  o c p d 2     for a pure fault circuit. However, when IBRs are connected to any point of the feeder, the current through OCPD1 and OCPD2 can be at its maximum (  i  o c p d 1   m a x    and   i  o c p d 2   m a x   ) or minimum (  i  o c p d 1   m i n    and   i  o c p d 2   m i n   ).



Therefore, it is essential to analyze the sensitivity of the variables in Equations (19) and (20) concerning the maximum and minimum fault currents through the OCPDs. In other words, it is necessary to identify which cases and variables of interest determine the maximum or minimum current through the OCPDs.



3.1. OCPD Installed on Main Fault Trunk


As discussed previously, the fault current through an OCPD in the presence of an IBR is influenced by three components. Therefore, an analysis will be carried out considering only upstream IBRs and, subsequently, only downstream IBRs.



3.1.1. Upstream IBRs


When there are only IBRs installed upstream from the OCPD, Equation (19) can be rewritten as Equation (21) for a 3LG fault.


      i  o c p d   =     v s   z  l f    ︸  I  +      ∑  i = 1  n   i  i b r i    (  z  i b r i   +  z t  )    z  l f    ︸  II  +      ∑  k = 1  r   i  i b r k    (  z  b r a n c h k   +  z t  )    z  l f    ︸  III      



(21)







Component I represents the substation contribution, which is the main source of the short-circuit capacity. The fault current value depends on   z  l f   , which is composed of the impedance components of the substation power transformer, the line, and the fault impedance. Component II represents the IBRs installed in the MFT. By analyzing this component independently, the value of   i  i b r i    during a severe fault may be considered constant, within the range of 1.06 to 1.20 pu (as stated in Section 1), and also the value of   z t   and   z  l f   , independent of the IBR location. Thus, the value that can be changed is the electrical distance of the IBR,   z  i b r i   . In terms of the distance of the IBR from the OCPD, it can only be less than or equal to the electrical distance of the OCPD from the substation (  z  o c p d   ) to guarantee that the IBRs are upstream from the OCPD. Thus, the value of component II will be maximum when    z  i b r i   =  z  o c p d     because it is the maximum electrical distance at which the IBR can be installed to be upstream from the OCPD. Making a similar analysis for component III, its value will be maximum when    z  b r a n c h k   =  z  o c p d    .



Accordingly, the maximum fault current through an OCPD will occur when the power of the IBRs, and consequently, the SCC injection, is installed right before the OCPD, either in the MFT or in a lateral.




3.1.2. Downstream IBRs


When there are only IBRs installed downstream from the OCPD, Equation (19) can be rewritten as Equation (22) for a 3LG fault.


      i  o c p d   =     v s   z  l f    ︸  I  +      ∑  i = 1  n   i  i b r i    (  z  i b r i   +  z t  −  z  l f   )    z  l f    ︸  II  +      ∑  k = 1  r   i  i b r k    (  z  b r a n c h k   +  z t  −  z  l f   )    z  l f    ︸  III      



(22)







Component I is the same as discussed in the previous subsection. Component II represents the IBRs installed in the MFT. Making an independent analysis of this component, the value of   i  i b r i    during a severe fault may be considered constant, within 1.06–1.20 pu, as stated in Section 1, and the values of   z t   and   z  l f    are also constant. Therefore, the only variable that can be changed is the electrical distance of the IBR,   z  i b r i   . In terms of the distance of the IBR from the OCPD, it can only be equal to or greater than   z  o c p d   , ensuring that IBRs are downstream from the OCPD. Thus, the value of component II will be maximum when    z  i b r i   =  z  o c p d     because it is the minimum electrical distance that the IBR can be installed to be downstream from the OCPD. Similarly, for component III, its value will be maximum when    z  b r a n c h k   =  z  o c p d    .



Therefore, the minimum fault current through an OCPD will occur when the sum of the power of the IBRs, and consequently, the SCC injection, is installed right after the OCPD, either in the MFT or in a lateral.





3.2. OCPD Installed on a Lateral of the Main Fault Trunk


In this case, the current through the OCPD will flow in reverse when there are IBRs installed downstream from the OCPD, as previously presented in Equation (20).




3.3. Intermediate Remarks


If the OCPD is a non-directional element, such as a fuse or a relay, it may trip improperly. Therefore, it is necessary to analyze coordination cases between fuses and relays, because:




	
The OCPD may be affected by the minimum fault at the end of the lateral;



	
The reverse fault current through the OCPD may be greater than in the case without IBRs;



	
The load current can be greater than in the case without IBRs.








Therefore, it is important to carry out an analysis of the impacts of this variation on the short-circuit level on the distribution system protection.



Using Equations (19) and (20), it is possible to estimate the penetration scenarios of IBRs in terms of the SCC injected by the generators. The IBRs can be positioned anywhere on the feeder. The worst-case scenarios can be estimated by aggregating the total power of the IBRs right before and after the OCPD for downstream or upstream faults. With these estimated values, changes in the classical OCPD coordination can be made to accommodate the IBRs for any penetration level.





4. Protection Coordination in Distribution Networks Dominated by IBRs


4.1. Classical Protection Coordination


To restore protection coordination between the curves when the conductor’s melting time (  t m  ) is not exceeded, and the IBRs are located between the OCPDs, the classical protection coordination scheme can be used [35,36,37,38].



The maximum 3LG fault at the main relay, which is also detected by the backup relay, is used to coordinate the two OCPDs. This maximum fault occurs when the IBRs are upstream from both OCPDs, just before the backup relay or substation relay, as discussed in Section 3. In Section 5, we demonstrate how this value is determined using Equation (19) by considering the extreme scenarios for a high PL of IBRs.




4.2. Changing the Slope of the Characteristic Curves


When the IBRs are connected between the OCPDs, as shown in Figure 1, the operation time of OCPD1 is delayed, and that of OCPD2 is faster than when there are no IBRs. Although this setup appears to improve protection coordination, for a certain SCC injected by the IBRs, the operation time of OCPD1 may exceed the allowable limit for the conductor damage curve,   t m  , thus disrupting the protection system operation. According to Equation (19), the current through OCPD1 decreases and that through OCPD2 increases when the PL of the IBRs increases. For the maximum SCC contribution from the IBRs, the current through OCPD1 is at a minimum (  i  o c p d 1   m i n   ), and that through OCPD2 is at a maximum (  i  o c p d 2   m a x   ), causing them to operate at   t  o c p d 1  ′   and   t  o c p d 2  ′  , respectively, as illustrated in Figure 6.



At   i  o c p d 2   m a x   , the maximum fault clearing time must be smaller than   t m   to protect the feeder’s conductors. If OCPD2 fails to operate at   t  o c p d 2  ′  , then OCPD1 will only operate at   t  o c p d 1  ′  , which is greater than   t m  . Thus, the characteristic curves of OCPD1 and OCPD2 need to be adjusted so that the maximum operation time for the backup relay is less than   t m   for   i  o c p d 1   m i n    and for coordinating a proper CTI with the downstream relay, ensuring the protection coordination with the integration of IBRs.



Therefore, the slopes of the OCPDs’ curves must be changed. The approach proposed by Fani et al. [39] is presented with adaptations.



With the SCC contribution from the IBRs, the settings of the relays and reclosers must be adjusted for this new scenario. According to IEC [40], the overcurrent relay curve can be obtained using Equation (23).


  t = T M S  A   M P  − 1    



(23)




where TMS stands for Time Multiplies Settings, and M is the ratio    I  m e a s u r e d   /  I  p i c k u p    .



The value of the TMS is associated with the coordination–time dial, and the value of M depends on the TMS. The dependency of TMS and the pickup current is that they both affect the tripping characteristics of the OCPD. Increasing the TMS will increase the time delay before the OCPD trips, which can help prevent nuisance tripping but may also delay the tripping response in the event of a fault. Similarly, decreasing the TMS will reduce the time delay before the OCPD trips, which can improve the response time but may also increase the risk of nuisance tripping. Considering that TMS and M are constant, the parameters A and P can be used to change the curve characteristics. Therefore, it is possible to coordinate the backup relay with the main relay of a distribution feeder dominated by IBRs.



In the absence of IBRs, the coordination curves between two relays, backup (R1) and main (R2), are presented in Figure 7 by the current curve R1 (dashed in red) and the curve R2 (in blue), respectively. Under this scenario, the fault currents through the devices are identical, represented as M, with a proper CTI.



However, in the presence of IBRs, the current through the OCPDs may change in a range of maximum and minimum currents, depending on the IBRs’ location and power rating. In these extreme scenarios, the CTI between the OCPDs can assume values below the recommended limit, and tripping times beyond the conductor damage curve. Therefore, the backup relay curve needs to be adjusted, as shown in Figure 7, to be the proposed curve R1, guaranteeing that the two restrictions are fulfilled.



To determine the new parameters for the proposed curve, a suitable CTI must be introduced between the tripping times of the relays for the maximum and minimum values of M. Thus, for   t  R 1 m i n    and   t  R 1 m a x   , as per Equation (23):


   t  R 1 m i n   = T M S  A   M  R 1 m i n  P  − 1    



(24)






   t  R 1 m a x   = T M S  A   M  R 1 m a x  P  − 1    



(25)







Rearranging the equations, gives


  A · T M S =  t  R 1 m i n    (  M  R 1 m i n  P  − 1 )   



(26)






  A · T M S =  t  R 1 m a x    (  M  R 1 m a x  P  − 1 )   



(27)







To ensure the minimum CTI between R1 and R2, a proper CTI is added between the tripping times of the relays as


   t  R 1 m a x   =  t  R 2 m a x   + C T I  



(28)






   t  R 1 m i n   =  t  R 2 m i n   + C T I  



(29)




where the value of   t  R 1 m i n    must be less than the melting time of the conductor (  t m  ) for the   M  R 1 m a x    and less than the maximum operation time of the distribution substation relay, whichever is less.



The new value of P can be calculated following


      t  R 1 m i n   ·  M  R 1 m i n  P  −  t  R 1 m a x   ·  M  R 1 m a x  P  +  (  t  R 1 m a x   −  t  R 1 m i n   )  = 0     



(30)







Therefore, the value of A can be found as


  A =   t  R 1 m i n    T M S    (  M  R 1 m i n  P  − 1 )   



(31)






  A =   t  R 1 m a x    T M S    (  M  R 1 m a x  P  − 1 )   



(32)







The values of   M  R 1 m i n    and   M  R 1 m a x    are given by Equations (19) or (20), considering the extreme scenarios for a high PL of IBRs, to be determined. This method may be more suitable for main and backup relays with different inverse-time characteristic curves, when it is necessary to change the slopes.




4.3. Adjustment of TMS


Another possible solution for the situation presented previously is to change the value of TMS. If the main and backup relays have the same inverse-time characteristic curve, the TMS of the backup relay can be increased to accommodate the minimum CTI between the devices for the new SCC level through them. The block diagram of this method is presented in Figure 8.



This method can also be applied to fuse–relay, relay–relay–relay, or fuse–relay–relay coordination, or in cases where it is possible to adjust the characteristic curve of the backup devices.





5. Case Study


To verify the proposed SCC estimation, the IEEE 34-Node Test Feeder was considered in this case study. This feeder was selected because it has similar characteristics to a real distribution feeder: unbalanced, extensive and single-phase laterals and connected distributed loads. Firstly, a classical overcurrent protection is proposed in this case study, including OCPD placement, relay and fuse settings, without considering the installation of IBRs. Subsequently, the contribution of SCC with IBRs is studied, and the results are compared with Simulink simulations. Additionally, the coordination of phase protection is evaluated, and a modification of the OCPD parameters is proposed.



The impacts on earth and fuse protection, reverse power flow and changes in the neutral current are beyond the scope of this work due to their complexity, and they may be addressed in future studies.



5.1. Overcurrent Protection for IEEE 34-Node Radial Test Feeder


5.1.1. Placing the OCPDs


Due to the characteristics of the feeder, two relays were utilized: R1, located near the substation (node 800), and R2 (node 828), situated 35.09 km from the substation. All the laterals were equipped with fuses (F#) at the beginning of the branch. The location of the OCPDs is shown in Figure 9. The OCPD parameters were determined using the data from the IEEE report, including the nominal and steady-state short-circuit currents. The conductors used were ACSR 1/0 bare conductors from node 800 to 814, and ACSR #2 6/1 bare conductors from node 814 to 840.




5.1.2. Fuse Settings


The fuses were determined using the following relations


   i  f u s e   ≃ 1.5  I  l o a d − m a x    



(33)






   i  f u s e   ≤  1 4   I  p h − m i n    



(34)




where   i  f u s e    represents the nominal fuse current,   i  l o a d − m a x    is the maximum load current that flows through the device on the installation site and   I  p h − m i n    represents the line-to-ground fault at the end of the protected lateral branch with a fault resistance of 20 Ω. Table 1 summarizes these values and presents the corresponding fuse links. Type K links were used for all lateral branches.




5.1.3. Relay Settings


Since both relays protect the fuses, they both have an extremely inverse (EI) curve characteristic, in accordance with IEC 60255 [40]. Table 2 summarizes the values of the maximum load current, maximum and minimum three-phase, double-phase and single-phase faults and neutral current flowing through R1 and R2.



The pickup currents for phase and earth faults (  I  p u − p h a s e    and   I  p u − e a r t h   , respectively) can be given by


   f g  ·  I  l o a d − m a x   <  I  p u − p h a s e   <   I  2 p h − m i n    f s    



(35)






   I n  <  I  p u − e a r t h   <  I  p h − m i n    



(36)




where   f g   is the growing demand factor (assumed to be 1.0),   I  2 p h − m i n    is the minimum double line-to-line fault current,   f s   is the safety factor, which may vary from 1.5 up to 2.0 (assumed to be 2.0),   I n   is the neutral current and   I  p h − m i n    is the minimum phase-to-ground fault current. Therefore, the pickup currents for phase and earth protection must be between 51.56 A and 235.85 A, and 11.13 A and 135.3 A for relay R1; and 37.77 A and 108.15 A, and 4.55 A and 94.0 A for relay R2, respectively.



For phase protection, relay R2 must coordinate with the maximum fault current for the highest fuse downstream from it. The maximum fault current for fuse FS8-25K is 203.4 A, and its maximum clearing time is approximately 433.7 ms (according to S&C Electric Company’s “K” Speed Positrol Fuse Links Time-current Characteristics Curves). A CTI of 400 ms was chosen between the relay and fuse [41]. Therefore, for 203.4 A, R2 must operate at 833.7 ms. The appropriate pickup current for R2 must be at least three times the highest fuse downstream from it, which is 25 A. Therefore, the pickup current for R2 is equal to 75 A. For an EI curve, the TMS value is


  0.8337 = T M S  80       203.4  75    2  − 1    ⟶ T M S = 0.066  



(37)







Then, the nearest available setting on the relay, TMS = 0.07, is used. Relay R1 needs to coordinate with R2 for a maximum current of 292.8 A through R2. R2 operates at 393.2 ms, so the pickup current of R1 should be equal to 90 A (120% of R2’s pickup) to ensure proper coordination between the relays. The appropriate CTI between R1 and R2 will be 300 ms [41]. Therefore, R1 must operate at 693.2 ms for 292.8 A. For an EI curve, the TMS value is


  0.6932 = T M S  80       292.8  90    2  − 1    ⟶ T M S = 0.083  



(38)







Accordingly, TMS = 0.09 was considered. The coordination curves for phase protection are presented in Figure 10.



For earth fault protection, relay R2 must coordinate with the maximum fault current through fuse FS8, which is 158.3 A, and the maximum clearing time for this current is 722.8 ms. Thus, R2 must operate at 1122.8 ms, adding the appropriate CTI of 400 ms. For earth fault protection, the pickup current is typically set to 30–40% of the phase pickup. Therefore, the pickup current for R2 is 30 A. In this situation, for an EI curve, the TMS value would be


  1.1228 = T M S  80       158.3  30    2  − 1    ⟶ T M S = 0.376  



(39)







TMS is then selected as 0.38. The relay R1 must coordinate with FS2-25 K for a fault current of 254.9 A, where the maximum clearing time for this current is 278.3 ms. Therefore, R1 must operate at 678.3 ms, considering the proper CTI of 400 ms. The pickup current for R1 is 40 A. In this scenario, for an EI curve, the TMS value is


  0.6783 = T M S  80       254.9  40    2  − 1    ⟶ T M S = 0.336  



(40)







Considering the relay settings, TMS = 0.34 was selected. The coordination curves for earth fault protection are presented in Figure 11.



Table 3 provides a summary of the relay settings for the overcurrent protection of the IEEE 34-node test feeder, while Table 4 presents the coordination time intervals (CTIs) between relays and the highest fuses for both phase and earth protection. It is worth noting that the minimum CTIs of 300 ms between relays and 400 ms between relays and fuses have been observed.





5.2. Estimation of the Short-Circuit Current Contribution


Case studies were conducted on the IEEE 34-node test feeder to analyze a 3LG fault on the MFT and on lateral branches with integrated IBR. The results obtained from the proposed estimation method were compared with simulations in the MATLAB/Simulink environment using the IBR model suggested in previous studies [24,42,43,44]. The maximum SCC contribution of the IBR was set to 1.2 pu based on its base rating.



5.2.1. IBRs on the Main Fault Trunk


A 3LG fault was applied at node 840 of the IEEE 34-node test feeder (Figure 9), with   Z f   equal to 0  Ω  and 20  Ω , and the currents were estimated and measured at R1 and R2 using the proposed estimation method and Simulink, respectively. This fault point was chosen to maintain the IBR connected during simulations because the adopted IBR model disconnects for points of common coupling (PCC) voltages under 0.1 pu of the nominal voltage.



According to IEEE data, the IEEE 34-node test feeder has a total power of 1769 kW of connected loads. Five situations of IBR penetration were evaluated: 0%, 25%, 50%, 75% and 100% of this total power, where 0% PL is used as a base for comparison. This total power was aggregated on a single three-phase IBR positioned at four different locations, including extremes, to evaluate the proposed estimation method.



	
IBR upstream R1 (right before)—Case 1;



	
IBR between R1 and R2 (righ after R1)—Case 2;



	
IBR between R1 and R2 (right before R2)—Case 3;



	
IBR downstream R2 (right after)—Case 4.






For each situation mentioned above, the currents on R1 and R2 were both estimated and measured for the two different values of   Z f  . The currents were then measured for the five different levels of IBR penetration. All the results are presented in Table 5.



For the base case (PL 0%), the average error between the   Z f   values was 1.5%, and this relative error decreased as the value of   Z f   increased. The errors were greater for R2 because the estimation method considers a pure fault circuit where the currents through R1 and R2 are equal, as presented in Section 2. On the other hand, the Simulink case considers the magnetic coupling, capacitance effect between the phases/neutral, the loads and capacitors connected, as well as the impact of single- and double-phase lateral branches. However, even under this scenario, the average error was within an acceptable range, according to the best knowledge of the authors.



For the cases with IBR penetration, on average, the error was 0.8%, and it was greater for    Z f  = 0  Ω   (1.3%) and lower for    Z f  = 20  Ω   (0.2%). The greatest errors between all the results were 3.2% (PL 100%, Case 4, R2,    Z f  = 0  Ω  , Table 5) and −2.4% (PL 100%, Case 1, R1,    Z f  = 20  Ω  , Table 5). The errors were within an acceptable range for protection studies, considering current transformer saturation.



Analyzing the current values, and comparing the cases with IBR penetration to the base, the greatest variations occurred for the 100% PL. For each PL analyzed, the highest and lowest currents for R1 occurred at Cases 1 and 2, respectively, and the highest and lowest for R2 occurred at Cases 3 and 4, respectively, as discussed in the sensitivity analysis in Section 3. These extreme values were also observed in Simulink simulations.



Even with a small SCC contribution (1.2 pu on the IBR’s base rating), the IBR can significantly change the current through the OCPDs. For example, for    Z f  = 0  Ω  , Case 2, PL 100%, the current through R1 was −16.3% and −17.7% of the base for the estimation method and Simulink, respectively. For Case 3, under the same previous conditions, the current through R2 was 10.4% and 13.8% of the base for the estimation method and Simulink, respectively. Therefore, a high penetration of IBR caused a large current variation through the OCPDs, which may disrupt the protection of the feeder, depending on the settings, and should be investigated further.



For other scenarios, current variations greater than ±10% were also observed. Such variations outside of this range require attention in protection studies because they exceed the error range of devices, such as protection current transformers, and may impact the selectivity and coordination among the OCPDs. For instance, coordination may be lost due to a backup relay failing to trip (blind protection), tripping with a CTI lower than the minimum value (resulting in a higher SCC than without IBRs), or tripping faster than expected (disrupting a fuse-saving scheme and leading to a fuse-blow scheme).




5.2.2. IBRs on Lateral


In this case, the same 3LG fault was applied at node 840 of the IEEE 34-Node Test Feeder, with two different values of   Z f  , and for each case, five different levels of IBR penetration were considered: 0%, 25%, 50%, 75% and 100%. The 0% penetration level was used as the base case for comparison. Unlike the previous study, a single three-phase IBR was positioned at two different locations on Lateral 7 (refer to Figure 9):




	
IBR right after fuse FS8—Case Begin;



	
IBR at node 848—Case End.








With this, it is possible to evaluate whether the proposed equation for faults on the MFT for IBRs on laterals is suitable. Additionally, it can be seen whether the current value through FS8, in this case, is independent of the position of the IBR on the lateral branch and only dependent on the SCC value of the total amount of the IBRs downstream from it. Moreover, it is possible to evaluate whether the electrical distance of the lateral branch to the substation, according to the proposed estimation method, is sufficient to estimate the current through the OCPDs on the MFT (R1 and R2, in this case). All results are presented in Table 6, and all currents through FS8 flow reversely.



For the base case (PL 0%), the average error was 1.5%, and the difference between the current values of R1 and R2 is due to simulation characteristics, as explained previously. For the same reason, there is a difference between the estimation method and Simulink for currents through FS8: the method estimates a zero current through FS8 (because there is no IBR installed downstream of it), while Simulink returns a small value for all   Z f   values.



Considering only R1 and R2, for the cases with IBR penetration, there is a similar behavior when compared to the case only with an IBR on the MFT. The average error is greater for    Z f  = 0  Ω   and decreases for    Z f  = 20  Ω  , and as the PL increases, the average error decreases. For all these cases, the average error was 1.1%, showing good accuracy of the estimation method. The highest errors were 2.1% (PL 25%, Case Begin and End, R2,    Z f  = 0  Ω  , Table 6) and −2.5% (PL 100%, Case Begin, R1,    Z f  = 20  Ω  , Table 6). There was almost no difference in current values through R1 and R2 between the proposed estimation method and Simulink when the IBRs were installed at the beginning or end of the lateral branch, for all PLs and   Z f  . This supports the claim about the SCC contribution from IBRs on laterals while the fault is on the MFT.



Considering only FS8, for the cases with IBR penetration, the results were quite interesting. For all PLs with    Z f  = 0  Ω  , the errors were extremely high because the IBR, in Simulink, was disconnected from the feeder due to the voltage sag at its PCC. For    Z f  = 20  Ω  , the errors were high, but less than those for    Z f  = 0  Ω  , and they decreased as the PL increased because the IBR remained connected during the fault with an SCC.



In this context, it should be noted that a reverse current through these devices in the case of a fault in the MFT may appear unexpectedly, and the estimation method can be a good alternative to estimate it—since, in the simulation, the IBR can be disconnected. Despite the high errors, the method estimates the worst current that can flow through an OCPD. If this current is higher than the current supported by the OCPD, changes may be made to ensure the coordination and reliability of the protection scheme.





5.3. Impacts on the Actual Phase Protection Coordination Scheme


The impacts on the actual phase protection coordination scheme were analyzed for phase protection based on the CTI between devices for situations involving coordination between R1, R2 and FS8, considering a 100% PL of IBRs. Additionally, the impacts were evaluated considering that IBRs can inject an SCC of 1.2 pu and a maximum of 2.0 pu, given that some manufacturers are developing inverters with a higher magnitude and duration of the SCC contribution [9].



When the fault occurred at node 828, the CTI between R1 and R2 (Δt) without IBRs was equal to 329 ms, as presented in Table 7. For both values of the SCC contribution, the CTI between the devices decreased only for Case 1 due to the increase in SCC, but it remained above the minimum CTI of 300 ms. However, for an SCC of 2.0 pu, it was only 13 ms higher than the minimum CTI. This may impact the correct coordination between the devices on a real feeder. For Cases 2 and 3, with IBR between the devices, the CTIs were within an acceptable range, and the melting time of the conductors was not reached when the current was maximum for R2 and minimum for R1, as can be observed by comparing the values of the currents and the conductor curves in Figure 10.



When the fault occurred at node 834, the CTI between R2 and FS8 (the highest fuse downstream from R2) without IBRs was equal to 472 ms, as presented in Table 8. Case 5 represents the scenario when the IBR is located right before FS8, and Case 6 when the IBR is located right after FS8. Cases 1 to 4 are the same as before. The coordination was lost between R2 and FS8 for Case 3 for both SCC contributions. For 1.2 pu, the CTI reached 365 ms, and for 2.0 pu, it was 309 ms, below the minimum CTI of 400 ms. For the other cases, the CTI between R2 and FS8 was within an acceptable range, not disrupting the melting time of the conductor.



Since coordination was lost, an adjustment to the actual coordination scheme must be made for phase protection, starting with the coordination of R2 and FS8 for a fault at node 834 and then for R1 and R2 for a fault at node 828.




5.4. Changing the Actual Phase Protection Scheme


For this adjustment, the slope of the R1 and R2 curves was maintained. The change will be made to the TMS setting according to the block-diagram presented in Figure 8 since the conductor’s melting time was not reached for any cases with IBRs between the OCPDs. The new settings are presented in Table 9.



For an SCC contribution of 1.2 pu, the maximum current through R2 and FS8 was 220.45 A. For this current, FS8 operates at 365 ms, and to ensure a minimum 400 ms CTI, R2 must operate at 770 ms, considering the same previous EI characteristic curve and pickup current. Then, the new TMS was equal to 0.08. Between R1 and R2, the maximum current was 307.18 A. For this current, R2 operates at 406 ms, and to ensure the minimum 300 ms CTI, R1 must operate at 706 ms, considering the same previous EI characteristic curve and pickup current. Then, the new TMS was equal to 0.1. Note that both TMS values were higher than before, causing the curves to move upward graphically, delaying their operation for the previous maximum fault currents.



For 2.0 pu, the new TMS was 0.09 for R2 and 0.11 for R1, higher than for 1.2 pu SCC contribution. The proposed curves are presented in Figure 12.




5.5. Assertiveness of the New Phase Protection Scheme


The results for the new protection scheme at coordination currents are presented in Table 10. As can be seen, the CTI between R2 and FS8 increased from 365 ms (Table 8—Case 3) to 470 ms for 1.2 pu of SCC contribution, and from 309 ms (Table 8—Case 3) to 489 ms for 2.0 pu of the SCC contribution. Additionally, between R1 and R2, the CTI increased from 321 ms (Table 7—Case 1) to 346 ms, and from 313 ms (Table 7—Case 1) to 360 ms for 1.2 pu and 2.0 pu of SCC contribution, respectively, thereby ensuring a good operation margin between the devices than before.



The proposed changes have increased the reliability of the phase protection of the feeder, ensuring its protection up to 100% of PL from IBRs. Furthermore, choosing values for the 2.0 pu of the SCC contribution may offer a good operation margin for the OCPDs, considering that there are SCC contributions from loads and capacitor banks, which are outside the scope of this method.



The impacts on the OCPDs installed on the MFT and those installed on laterals, with the presence of IBRs, were analyzed, and the accuracy of the method was within an acceptable range for the current error. Moreover, the method aims to estimate the worst SCC contribution to perform a protection coordination between adjacent devices. For SCC contributions below the worst estimated contribution, the OCPDs will be coordinated.



Additionally, the proposed methodologies can be extended to other feeders and serve as an evaluation tool for DNOs to plan the grid operation in the design phase. They can also be used by teachers and in protection courses to illustrate the impacts on the SCC of a feeder in a more simplified and didactic way. The present study contributes to the enhancement of protection coordination in distribution networks with high penetration levels of IBRs. The practical implications and findings of this research hold significant relevance for distribution system operators and planners who are committed to ensuring the safety and reliability of distribution feeders.





6. Conclusions


This paper proposes a practical methodology to estimate the contribution of SCC on distribution feeders with IBRs. The results show an average error of 1.5% in estimating SCCs through OCPDs installed on the MFT and on lateral branches, considering the IBRs installation location and a penetration level up to 100%. The maximum error of the method was 3.0% for OCPDs installed on the MFT when the IBRs are installed on the MFT or lateral branches. For OCPDs installed on lateral branches, a reverse SCC was observed, resulting in larger errors. However, the values were still within an acceptable range for the phase coordination objective. Additionally, for a high PL, the small SCC contribution of IBRs disrupted the phase protection coordination of the feeder. A methodology to restore the lost phase protection coordination was proposed by using the estimated SCC values to adjust the TMS of the OCPDs. A proposal was made to restore the phase protection for an SCC of 1.2 pu and 2.0 pu from IBRs. These methodologies can be used by Distribution Network Operators (DNOs) to estimate the critical SCC values of a feeder and adjust the phase protection coordination to avoid a miscoordination or malfunction of the system protection. This research contributes to enhancing the protection coordination of distribution networks with high penetration levels of IBRs. The practical implications and findings of this study are relevant to distribution system operators and planners who aim to ensure the safety and reliability of distribution feeders.
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The following abbreviations are used in this manuscript:



	3LG
	Three-phase line-to-ground



	ACSR
	Aluminium-conductor steel-reinforced



	CTI
	Coordination time interval



	CSI
	Current source inverter



	DERs
	Distributed energy resources



	DN
	Distribution network



	DNO
	Distribution network operator



	EI
	Extreme inverse



	FS
	Fuse



	IBRs
	Inverter-based resources



	MFT
	Main fault trunk



	OCPDs
	Overcurrent protection devices



	PCC
	Point of common coupling



	PL
	Penetration level



	PV
	Photovoltaic



	SCC
	Short-circuit current



	TMS
	Time multiplies settings
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Figure 1. Single-line diagram of a radial distribution feeder, with two OCPDs, dominated by IBRs, and a three-phase line-to-ground fault at point F. 
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Figure 2. Radial distribution feeder with the integration of IBRs and a 3LG fault (F1) at bus 3. 
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Figure 3. Radial distribution feeder with the integration of IBRs and a 3LG fault (F2) at bus 4. 






Figure 3. Radial distribution feeder with the integration of IBRs and a 3LG fault (F2) at bus 4.



[image: Energies 16 03130 g003]







[image: Energies 16 03130 g004 550] 





Figure 4. Block-diagram of the proposed SCC calculation method. 






Figure 4. Block-diagram of the proposed SCC calculation method.



[image: Energies 16 03130 g004]







[image: Energies 16 03130 g005 550] 





Figure 5. Hypothetical extreme situations for fault currents through OCPDs in a high penetration scenario of IBRs. 
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Figure 6. Overcurrent protection coordination between OCPD1 and OCPD2 with only IBRs between. 
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Figure 7. Strategy to restore the protection coordination between two OCPDs in a distribution feeder dominated by IBRs. 
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Figure 8. Block-diagram of the proposed TMS adjustment. 
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Figure 9. Single-line diagram of the IEEE 34-node test feeder with OCPDs. 
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Figure 10. Phase fault protection coordination for R1 (in black), R2 (in red) and fuses 6 K, 15 K and 25 K. The vertical lines represent fault currents: downwards triangle is a 3LG fault, X is a phase-to-phase fault and circle is the maximum fault through the highest fuse for R2. The SCC damage curves for ACSR 1/0 and #2 6/1 bare conductors are also represented. 
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Figure 11. Earth fault protection coordination for R1 (in black), R2 (in red) and fuses 6 K, 15 K and 25 K. The vertical lines represent fault currents: upwards triangle is a line-to-earth fault. The SCC damage curves for ACSR 1/0 and #2 6/1 bare conductors are also represented. 
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Figure 12. Modified phase fault protection coordination for R1 (in black), R2 (in red) and fuse 25 K, considering a 100% PL of IBRs and different SCC contribution capacities on IBR’s base rating. The continuous curves represent the protection coordination without IBRs. 
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Table 1. Maximum load currents, minimum line-to-ground faults and fuse link to protect laterals on the IEEE 34-node test feeder.
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	Max. Load

Current (A)
	Min. Line-to-Ground

Fault (A)
	Fuse Link





	FS1
	1.22
	298.00
	6 K



	FS2
	13.02
	135.30
	25 K



	FS3
	10.62
	135.30
	15 K



	FS4
	3.10
	190.40
	6 K



	FS5
	0.31
	148.00
	6 K



	FS6
	11.70
	94.00
	20 K



	FS7
	0.14
	139.40
	6 K



	FS8
	16.30
	133.60
	25 K



	FS9
	2.09
	131.40
	6 K
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Table 2. Load and fault currents through R1 and R2 on the IEEE 34-node test feeder.
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	Max. Load

Current

(A)
	Max. Three

Phase Fault

(A)
	Max. Double

Phase Fault

(A)
	Max. Single

Phase Fault

(A)
	Min. Three

Phase Fault

(A)
	Min. Double

Phase Fault

(A)
	Min. Single

Phase Fault

(A)
	Neutral

Current

(A)





	R1
	51.56
	627.3
	543.3
	655.2
	439.9
	471.7
	135.3
	11.13



	R2
	37.77
	292.8
	253.8
	235.4
	221.0
	216.3
	131.4
	4.55
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Table 3. Relays settings.
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Phase

Protection

	
Earth

Protection






	
R1

	
Pickup (A)

	
90

	
40




	
Curve – IEC 60255

	
EI

	
EI




	
TMS

	
0.09

	
0.34




	
R2

	
Pickup (A)

	
75

	
30




	
Curve – IEC 60255

	
EI

	
EI




	
TMS

	
0.07

	
0.38











[image: Table] 





Table 4. CTI between relays and fuses FS2 and FS8 for maximum and minimum fault types on the IEEE 34-node test feeder.
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A

	
B

	
Fault (A)

3LG

	
A Tripping

Time (ms)

	
B Tripping

Time (ms)

	
CTI (ms)

(A–B)

	
Fault (A)

2L

	
A Tripping

Time (ms)

	
B Tripping

Time (ms)

	
CTI (ms)

(A–B)




	
R1

	
R2

	
Max.

	
292.8

	
751.2

	
393.2

	
358.0

	
Max.

	
253.8

	
1035.6

	
535.8

	
499.8




	
Min.

	
221.0

	
1431.5

	
728.9

	
702.6

	
Min.

	
216.3

	
1507.5

	
765.3

	
742.2




	
R2

	
FS8

	
Max.

	
203.4

	
881.2

	
433.7

	
447.5

	
Max.

	
175.0

	
1260.0

	
588.1

	
671.9




	
Min.

	
159.3

	
1594.8

	
714.0

	
880.8

	
Min.

	
152.8

	
1777.4

	
779.7

	
997.6




	
A

	
B

	
Fault (A)

LG (start)

	
A Tripping

Time (ms)

	
B Tripping

Time (ms)

	
CTI (ms)

(A–B)

	
Fault (A)

LG (end)

	
A Tripping

Time (ms)

	
B Tripping

Time (ms)

	
CTI (ms)

(A–B)




	
R1

	
R2

	
Max.

	
235.4

	
808.7

	
501.9

	
306.8

	
Max.

	
150.7

	
2061.5

	
1254.4

	
807.1




	
Min.

	
194.0

	
1207.7

	
744.8

	
462.9

	
Min.

	
131.4

	
2778.0

	
1671.8

	
1106.2




	
FS2

	
Max.

	
254.9

	
686.7

	
278.3

	
408.4

	
Max.

	
157.3

	
1880.5

	
731.6

	
1148.8




	
Min.

	
207.9

	
1045.6

	
416.3

	
629.3

	
Min.

	
135.3

	
2605.0

	
1020.1

	
1584.9




	
R2

	
FS8

	
Max.

	
158.3

	
1132.5

	
722.8

	
409.7

	
Max.

	
154.0

	
1199.2

	
765.7

	
433.4




	
Min.

	
137.0

	
1531.1

	
992.0

	
539.1

	
Min.

	
133.6

	
1614.3

	
1048.1

	
566.1
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Table 5. Currents Through R1 and R2 for a 3LG Fault at Node 840 on the IEEE 34-Node Test Feeder and IBR Located on the MFT for Different Penetration Levels (PL) and Fault Resistances (  Z f  ).
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     Z f  = 0  Ω    

	
     Z f  = 20  Ω    

	
Error (%)




	
PL

	
Case

	

	
Method

	

	
Simulink

	

	
Method

	

	
Simulink

	

	
Method/




	

	
Current

	

	
Current

	

	
Current

	

	
Current

	

	
Simulink




	

	
(A)

	
%

	
(A)

	
%

	
(A)

	
%

	
(A)

	
%

	
    0  Ω    

	
    20  Ω    






	
0%

	
R1

	
199.91

	
-

	
197.66

	
-

	
164.41

	
-

	
164.42

	
-

	
1.1%

	
0.0%




	
R2

	
199.91

	
-

	
195.20

	
-

	
164.41

	
-

	
161.08

	
-

	
2.4%

	
2.1%




	
25%

	
1

	
R1

	
200.36

	
0.2%

	
199.67

	
1.0%

	
164.79

	
0.2%

	
166.38

	
1.2%

	
0.3%

	
−1.0%




	
R2

	
200.36

	
0.2%

	
196.64

	
0.7%

	
164.79

	
0.2%

	
162.46

	
0.9%

	
1.9%

	
1.4%




	
2

	
R1

	
191.53

	
−4.2%

	
189.23

	
−4.3%

	
154.71

	
−5.9%

	
155.38

	
−5.5%

	
1.2%

	
−0.4%




	
R2

	
200.36

	
0.2%

	
196.64

	
0.7%

	
164.79

	
0.2%

	
162.46

	
0.9%

	
1.9%

	
1.4%




	
3

	
R1

	
195.86

	
−2.0%

	
194.16

	
−1.8%

	
158.27

	
−3.7%

	
159.23

	
−3.2%

	
0.9%

	
−0.6%




	
R2

	
204.83

	
2.5%

	
202.37

	
3.7%

	
168.46

	
2.5%

	
167.10

	
3.7%

	
1.2%

	
0.8%




	
4

	
R1

	
195.86

	
−2.0%

	
194.16

	
−1.8%

	
158.27

	
−3.7%

	
159.23

	
−3.2%

	
0.9%

	
−0.6%




	
R2

	
195.86

	
−2.0%

	
191.09

	
−2.1%

	
158.27

	
−3.7%

	
155.25

	
−3.6%

	
2.5%

	
1.9%




	
50%

	
1

	
R1

	
200.87

	
0.5%

	
200.77

	
1.6%

	
165.21

	
0.5%

	
167.22

	
1.7%

	
0.0%

	
−1.2%




	
R2

	
200.87

	
0.5%

	
197.73

	
1.3%

	
165.21

	
0.5%

	
163.28

	
1.4%

	
1.6%

	
1.2%




	
2

	
R1

	
183.30

	
−8.3%

	
180.13

	
−8.9%

	
145.14

	
−11.7%

	
145.51

	
−11.5%

	
1.8%

	
−0.3%




	
R2

	
200.87

	
0.5%

	
197.73

	
1.3%

	
165.21

	
0.5%

	
163.28

	
1.4%

	
1.6%

	
1.2%




	
3

	
R1

	
191.84

	
−4.0%

	
189.85

	
−4.0%

	
152.15

	
−7.5%

	
152.97

	
−7.0%

	
1.0%

	
−0.5%




	
R2

	
209.94

	
5.0%

	
209.11

	
7.1%

	
172.66

	
5.0%

	
172.53

	
7.1%

	
0.4%

	
0.1%




	
4

	
R1

	
191.84

	
−4.0%

	
189.85

	
−4.0%

	
152.15

	
−7.5%

	
152.97

	
−7.0%

	
1.0%

	
−0.5%




	
R2

	
191.84

	
−4.0%

	
186.71

	
−4.3%

	
152.15

	
−7.5%

	
148.90

	
−7.6%

	
2.7%

	
2.2%




	
75%

	
1

	
R1

	
201.44

	
0.8%

	
201.82

	
2.1%

	
165.67

	
0.8%

	
168.02

	
2.2%

	
−0.2%

	
−1.4%




	
R2

	
201.44

	
0.8%

	
198.76

	
1.8%

	
165.67

	
0.8%

	
164.06

	
1.9%

	
1.3%

	
1.0%




	
2

	
R1

	
175.24

	
−12.3%

	
171.24

	
−13.4%

	
135.72

	
−17.5%

	
135.88

	
−17.4%

	
2.3%

	
−0.1%




	
R2

	
201.44

	
0.8%

	
198.76

	
1.8%

	
165.67

	
0.8%

	
164.06

	
1.9%

	
1.3%

	
1.0%




	
3

	
R1

	
187.83

	
−6.0%

	
185.59

	
−6.1%

	
146.04

	
−11.2%

	
146.70

	
−10.8%

	
1.2%

	
−0.4%




	
R2

	
215.24

	
7.7%

	
215.70

	
10.5%

	
177.02

	
7.7%

	
177.88

	
10.4%

	
−0.2%

	
−0.5%




	
4

	
R1

	
187.83

	
−6.0%

	
185.59

	
−6.1%

	
146.04

	
−11.2%

	
146.70

	
−10.8%

	
1.2%

	
−0.4%




	
R2

	
187.83

	
−6.0%

	
182.40

	
−6.6%

	
146.04

	
−11.2%

	
142.56

	
−11.5%

	
3.0%

	
2.4%




	
100%

	
1

	
R1

	
202.06

	
1.1%

	
202.82

	
2.6%

	
166.19

	
1.1%

	
168.77

	
2.6%

	
−0.4%

	
−1.5%




	
R2

	
202.06

	
1.1%

	
199.75

	
2.3%

	
166.19

	
1.1%

	
164.79

	
2.3%

	
1.2%

	
0.8%




	
2

	
R1

	
167.38

	
−16.3%

	
162.62

	
−17.7%

	
126.50

	
−23.1%

	
126.52

	
−23.0%

	
2.9%

	
0.0%




	
R2

	
202.06

	
1.1%

	
199.75

	
2.3%

	
166.19

	
1.1%

	
164.79

	
2.3%

	
1.2%

	
0.8%




	
3

	
R1

	
183.85

	
−8.0%

	
181.40

	
−8.2%

	
139.96

	
−14.9%

	
140.43

	
−14.6%

	
1.4%

	
−0.3%




	
R2

	
220.70

	
10.4%

	
222.15

	
13.8%

	
181.52

	
10.4%

	
183.14

	
13.7%

	
−0.7%

	
−0.9%




	
4

	
R1

	
183.85

	
−8.0%

	
181.40

	
−8.2%

	
139.96

	
−14.9%

	
140.43

	
−14.6%

	
1.4%

	
−0.3%




	
R2

	
183.85

	
−8.0%

	
178.15

	
−8.7%

	
139.96

	
−14.9%

	
136.22

	
−15.4%

	
3.2%

	
2.7%








The % on each   Z f   refers to each base case (0%). The % of relative errors on error columns are given comparing the respective values of the estimation method with Simulink simulation at each   Z f  : Case 1—IBR upstream R1 (right before); Case 2—IBR between R1 and R2 (righ after R1); Case 3—IBR between R1 and R2 (right before R2); Case 4—IBR downstream R2 (right after).













[image: Table] 





Table 6. Currents Through R1 and R2 for a 3LG Fault at Node 840 on IEEE 34-Node Test Feeder and IBR Located on the Lateral 7 for Different Penetration Levels (PL) and Fault Resistances (  Z f  ).
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     Z f  = 0  Ω    

	
     Z f  = 20  Ω    

	
Error (%)




	
PL

	
Case

	

	
Method

	

	
Simulink

	

	
Method

	

	
Simulink

	

	
Method/




	

	
Current

	

	
Current

	

	
Current

	

	
Current

	

	
Simulink




	

	
(A)

	
%

	
(A)

	
%

	
(A)

	
%

	
(A)

	
%

	
    0  Ω    

	
    20  Ω    






	
0%

	
R1

	
199.91

	
-

	
198.51

	
-

	
164.41

	
-

	
165.49

	
-

	
0.7%

	
−0.6%




	
R2

	
199.91

	
-

	
195.50

	
-

	
164.41

	
-

	
161.59

	
-

	
2.3%

	
1.7%




	
FS8

	
0.00

	
-

	
0.41

	
-

	
0.00

	
-

	
3.55

	
-

	
−100.0%

	
−100.0%




	
25%

	
Begin

	
R1

	
199.60

	
−0.2%

	
198.51

	
0.0%

	
161.35

	
−1.9%

	
163.22

	
−1.4%

	
0.5%

	
−1.1%




	
R2

	
199.60

	
−0.2%

	
195.50

	
0.0%

	
161.35

	
−1.9%

	
159.27

	
−1.4%

	
2.1%

	
1.3%




	
FS8

	
12.31

	
-

	
0.41

	
0.0%

	
12.31

	
-

	
9.78

	
175.2%

	
2938.0%

	
25.9%




	
End

	
R1

	
199.60

	
−0.2%

	
198.51

	
0.0%

	
161.35

	
−1.9%

	
163.22

	
−1.4%

	
0.5%

	
−1.1%




	
R2

	
199.60

	
−0.2%

	
195.50

	
0.0%

	
161.35

	
−1.9%

	
159.27

	
−1.4%

	
2.1%

	
1.3%




	
FS8

	
12.31

	
-

	
0.41

	
0.0%

	
12.31

	
-

	
9.77

	
175.0%

	
2938.0%

	
25.9%




	
50%

	
Begin

	
R1

	
199.30

	
−0.3%

	
198.51

	
0.0%

	
158.28

	
−3.7%

	
160.88

	
−2.8%

	
0.4%

	
−1.6%




	
R2

	
199.30

	
−0.3%

	
195.50

	
0.0%

	
158.28

	
−3.7%

	
156.87

	
−2.9%

	
1.9%

	
0.9%




	
FS8

	
24.61

	
-

	
0.41

	
0.0%

	
24.61

	
-

	
21.72

	
511.3%

	
5975.9%

	
13.3%




	
End

	
R1

	
199.30

	
−0.3%

	
198.51

	
0.0%

	
158.28

	
−3.7%

	
160.86

	
−2.8%

	
0.4%

	
−1.6%




	
R2

	
199.30

	
−0.3%

	
195.50

	
0.0%

	
158.28

	
−3.7%

	
156.86

	
−2.9%

	
1.9%

	
0.9%




	
FS8

	
24.61

	
-

	
0.41

	
0.0%

	
24.61

	
-

	
21.71

	
510.9%

	
5975.9%

	
13.4%




	
75%

	
Begin

	
R1

	
199.00

	
−0.5%

	
198.51

	
0.0%

	
155.22

	
−5.6%

	
158.46

	
−4.2%

	
0.2%

	
−2.0%




	
R2

	
199.00

	
−0.5%

	
195.50

	
0.0%

	
155.22

	
−5.6%

	
154.41

	
−4.4%

	
1.8%

	
0.5%




	
FS8

	
36.92

	
-

	
0.41

	
0.0%

	
36.92

	
-

	
33.77

	
850.5%

	
9013.9%

	
9.3%




	
End

	
R1

	
199.00

	
−0.5%

	
198.51

	
0.0%

	
155.22

	
−5.6%

	
158.42

	
−4.3%

	
0.2%

	
−2.0%




	
R2

	
199.00

	
−0.5%

	
195.50

	
0.0%

	
155.22

	
−5.6%

	
154.36

	
−4.5%

	
1.8%

	
0.6%




	
FS8

	
36.92

	
-

	
0.41

	
0.0%

	
36.92

	
-

	
33.75

	
849.9%

	
9013.9%

	
9.4%




	
100%

	
Begin

	
R1

	
198.69

	
−0.6%

	
198.51

	
0.0%

	
152.15

	
−7.5%

	
155.98

	
−5.7%

	
0.1%

	
-2.5%




	
R2

	
198.69

	
−0.6%

	
195.50

	
0.0%

	
152.15

	
−7.5%

	
151.87

	
−6.0%

	
1.6%

	
0.2%




	
FS8

	
49.22

	
-

	
0.41

	
0.0%

	
49.22

	
-

	
45.85

	
1190.4%

	
12,051.8%

	
7.4%




	
End

	
R1

	
198.69

	
−0.6%

	
198.51

	
0.0%

	
152.15

	
−7.5%

	
155.90

	
−5.8%

	
0.1%

	
−2.4%




	
R2

	
198.69

	
−0.6%

	
195.50

	
0.0%

	
152.15

	
−7.5%

	
151.79

	
−6.1%

	
1.6%

	
0.2%




	
FS8

	
49.22

	
-

	
0.41

	
0.0%

	
49.22

	
-

	
45.82

	
1189.6%

	
12,051.8%

	
7.4%








The % on each   Z f   are refereed to each base case (0%). The % on relative errors on error columns are given comparing the respective values of estimation method with Simulink simulation at each   Z f  .
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Table 7. Tripping Times for R1 and R2 for a Fault at Node 828 of the IEEE 34-Node Test Feeder with 100% of Penetration Level of IBRs.






Table 7. Tripping Times for R1 and R2 for a Fault at Node 828 of the IEEE 34-Node Test Feeder with 100% of Penetration Level of IBRs.





	
IBR

SCC

	
Case

	
R1

(A)

	
R2

(A)

	
R1

(ms)

	
R2

(ms)

	
Δt

(ms)






	
0 pu

	
-

	
303.91

	
303.91

	
692

	
363

	
329




	
1.2 pu

	
1

	
307.18

	
307.18

	
676

	
355

	
321




	
2

	
277.86

	
307.18

	
844

	
355

	
489




	
3

	
300.63

	
332.07

	
709

	
301

	
408




	
4

	
300.63

	
300.63

	
709

	
372

	
337




	
2.0 pu

	
1

	
310.91

	
310.91

	
659

	
346

	
313




	
2

	
261.33

	
310.91

	
969

	
346

	
623




	
3

	
298.45

	
352.93

	
720

	
265

	
455




	
4

	
298.45

	
298.45

	
720

	
377

	
343








Case 1—IBR upstream R1 (right before); Case 2—IBR between R1 and R2 (righ after R1); Case 3—IBR between R1 and R2 (right before R2); Case 4—IBR downstream R2 (right after).
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Table 8. Tripping Times for R1, R2 and FS8 for a Fault at Node 834 of the IEEE 34-Node Test Feeder with 100% Penetration Level of IBRs.






Table 8. Tripping Times for R1, R2 and FS8 for a Fault at Node 834 of the IEEE 34-Node Test Feeder with 100% Penetration Level of IBRs.





	
IBR

SCC

	
Case

	
R1

(A)

	
R2

(A)

	
FS8

(A)

	
R1 Trip

(ms)

	
R2 Trip

(ms)

	
FS8 Trip

(ms)

	
Δt (R1-R2)

(ms)

	
Δt (R2-FS8)

(ms)






	
0 pu

	
-

	
199.68

	
199.68

	
199.68

	
1836

	
920

	
448

	
916

	
472




	
1.2 pu

	
1

	
201.83

	
201.83

	
201.83

	
1787

	
897

	
439

	
890

	
458




	
2

	
167.14

	
201.83

	
201.83

	
2940

	
897

	
439

	
2043

	
458




	
3

	
183.59

	
220.45

	
220.45

	
2278

	
733

	
368

	
1545

	
365




	
4

	
183.59

	
183.59

	
220.45

	
2278

	
1122

	
368

	
1156

	
754




	
5

	
198.41

	
198.41

	
236.29

	
1865

	
934

	
321

	
932

	
613




	
6

	
198.41

	
198.41

	
198.41

	
1865

	
934

	
455

	
932

	
479




	
2.0 pu

	
1

	
203.77

	
203.77

	
203.77

	
1745

	
878

	
432

	
867

	
446




	
2

	
147.37

	
203.77

	
203.77

	
4283

	
878

	
432

	
3405

	
446




	
3

	
173.10

	
235.75

	
235.75

	
2667

	
631

	
322

	
2037

	
309




	
4

	
173.10

	
173.10

	
235.75

	
2667

	
1294

	
322

	
1373

	
972




	
5

	
197.56

	
197.56

	
262.71

	
1885

	
943

	
263

	
942

	
680




	
6

	
197.57

	
197.57

	
197.57

	
1885

	
943

	
459

	
942

	
484
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Table 9. Relay Settings for Phase Protection of the IEEE 34-Node Test Feeder with 100% PL of IBRs.






Table 9. Relay Settings for Phase Protection of the IEEE 34-Node Test Feeder with 100% PL of IBRs.





	

	

	
IBR with SCC

of 1.2 pu

	
IBR with SCC

of 2.0 pu






	
R1

	
Pickup (A)

	
90

	
90




	
Curve-IEC 60255

	
EI

	
EI




	
TMS

	
0.10

	
0.11




	
R2

	
Pickup (A)

	
75

	
75




	
Curve-IEC 60255

	
EI

	
EI




	
TMS

	
0.08

	
0.09
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Table 10. Tripping times and CTI Between R1, R2 and FS8 for the New Adjustments for Phase Protection of the IEEE 34-Node Test Feeder with 100% PL of IBRs.






Table 10. Tripping times and CTI Between R1, R2 and FS8 for the New Adjustments for Phase Protection of the IEEE 34-Node Test Feeder with 100% PL of IBRs.





	
IBR

SCC

	
A

	
B

	
Fault (A)

3LG

	
A Trip

(ms)

	
B Trip

(ms)

	
A-B

(ms)






	
1.2 pu

	
R1

	
R2

	
307.18

	
751

	
406

	
346




	
R2

	
FS8

	
220.45

	
838

	
368

	
470




	
2.0 pu

	
R1

	
R2

	
310.91

	
805

	
445

	
360




	
R2

	
FS8

	
235.75

	
811

	
322

	
489
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