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Received:  14/01/2025 The paper presents the first application of the Quasi-Oppositional-Chaotic-

Symbiotic Organisms Search (QOCSOS) algorithm to optimize the phase 

angles of inverters, aiming to minimize the discrepancy in short-circuit 

currents before and after integrating photovoltaic (PV) systems. This 

approach maintains the recloser-fuse coordination under fuse-saving 

schemes to address the frequent transient faults occurring in distribution 

networks. Depending on the location and penetration level of PV systems, 

recloser-fuse coordination may lose its selectivity. However, this research 

demonstrates that adjusting the magnitude and phase angle of inverter 

short-circuit currents can restore coordination without modifying the 

protection device settings. While the magnitude of the inverter's short-

circuit current is regulated based on its characteristics, the phase angle is 

optimized using the QOCSOS algorithm. The effectiveness of QOCSOS in 

optimizing inverter phase angles is validated regardless of the PV systems' 

capacities and locations in the distribution network. To showcase the 

efficacy of the solution, the study was applied to a 22 kV distribution feeder 

of Tay Ninh power company, and the results were further verified through 

simulations in the ETAP software. 
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1. Introduction 

Renewable energy, particularly PV systems, has significantly advanced over the past decade. As 

distributed energy sources, PVs connect directly to distribution grids, supplying power to loads without 

transmission networks. They offer benefits like reducing greenhouse gas emissions, power losses, and 

supporting voltage regulation and reactive power compensation. However, high PV penetration changes 

the magnitude and direction of short-circuit currents, challenging protection coordination, especially 

recloser-fuse coordination under the fuse-saving scheme. 

Many solutions have been proposed to address the negative impacts of distributed energy sources on 

protection coordination during short-circuit events. A simple method in [1] involves disconnecting PV 

systems immediately upon fault detection, as required by IEEE 1574 standards [2]. However, this 

reduces power reliability and risks synchronization issues during reconnection [3]. Another approach in 

[4] limits distributed energy penetration to maintain recloser-fuse coordination, contradicting renewable 

energy development and environmental policies. In [5], fault current limiters (FCLs) with optimal 

placement and sizing are used to reduce short-circuit currents, but high costs, operational losses, and 

large-scale deployment challenges hinder adoption. Inverters in [6] reduce fault current output based on 

voltage sag, but minimizing current contributions to zero nearly disables the inverter. Studies in [7-8] 

adjust recloser settings or fuse sizes according to PV penetration levels, causing inconvenience due to 

frequent adjustments. In [9], an adaptive protection scheme uses a voltage transformer to sample 

measurements and restore coordination based on positive sequence impedance ratios, but the cost of 

voltage transformers limits practicality. Lastly, the multi-agent system (MAS) in [10] employs 
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intelligent electronic devices (IEDs) for optimal coordination timing, though high investment costs 

remain a significant barrier. 

The paper proposes an effective solution by utilizing the ability to adjust both the magnitude and 

phase angle of inverter short-circuit currents. The magnitude is modified based on inverter 

characteristics, while the phase angle is optimized using the QOCSOS algorithm. This ensures the short-

circuit current in PV-integrated distribution networks remains similar to that of the original network. By 

combining smart meter data with inverter control, the solution effectively maintains protection 

coordination, particularly recloser-fuse coordination, regardless of PV location or capacity. 

The paper is structured as follows: Section 2 outlines the research methodology, covering the 

QOCSOS algorithm theory, recloser-fuse coordination based on the fuse-saving scheme, short-circuit 

current limitations, and inverter operational modes. It also formulates the optimization problem for 

inverter phase angles to minimize fault current differences caused by PV integration, restoring recloser-

fuse coordination. Section 3 applies the QOCSOS algorithm to a 22 kV distribution feeder in Tay Ninh 

Power Company, analyzing various PV penetration scenarios, including capacity, location, and inverter 

phase angle control. Section 4 concludes with key findings and future research directions. 

2. Research methodology 

The paper introduces the QOCSOS algorithm and the theory of recloser-fuse coordination under the 

fuse-saving scheme. The algorithm optimizes inverter phase angles to minimize differences in short-

circuit current magnitudes before and after PV integration. It also covers the current-limiting 

characteristics and operational modes of inverters. Finally, ETAP software is used to validate the results. 

2.1. QOCSOS algorithm 

The QOCSOS algorithm, an enhanced version of the SOS algorithm, integrates Quasi-Opposition-

Based Learning (QOBL) and Chaotic Local Search (CLS). The process begins with a randomly 

initialized population of organisms, followed by the QOBL strategy to refine the initial population. It 

then proceeds through three stages: mutualism, commensalism, and parasitism, with QOBL applied 

again afterward. Finally, the CLS strategy identifies the best organism. This iterative process continues 

until the predefined stopping criteria are met [11]. The three stages and two strategies are detailed as 

follows. 

2.1.1. The mutualism phase 

In the mutualism phase, both organisms benefit from their relationship. The vectors Xi and Xj 

represent the i-th and j-th organisms, which contain optimal solutions randomly selected from the initial 

population. Two random organisms are chosen from the population with the goal of interacting mutually 

and forming two new organisms, Xi
new and Xj

new, which are created according to (1) - (3). However, the 

new organisms are only updated if their fitness values are better than before [12]. 

   10,1new

i i bestX X random X MV bf      (1) 

   20,1new

j j bestX X random X MV bf      (2) 

1 2

2

bf bf
MV


  (3) 

Where, rand(0,1) is a vector of random numbers ranging from 0 to 1; Xbest refers to the best organism 

in an ecosystem; MV is a mutual vector representing the symbiotic relationship of mutual support 

between organisms Xi and Xj; bf1 and bf2 are benefit factors that describe the level of benefit for each 

organism, and these factors are stochastically selected as 1 or 2 (1 for partial benefit, 2 for full benefit).  

2.1.2. The commensalism phase 

The commensalism relationship is similar to mutualism, but the difference lies in the fact that only 

one organism benefits, while the other neither benefits nor is harmed. In the commensalism phase, an 
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organism Xj is randomly selected to interact with organism Xi. A new organism, Xi
new, is generated 

through the commensal relationship with organism Xj as (4). If the fitness value of Xi
new is better than its 

previous value, Xi
new is updated [12]. 

   1,1new

i i best jX X random X X      (4) 

2.1.3. The parasitism phase 

In a parasitism relationship, the parasite benefits while the host suffers adverse effects. The organism 

Xi is duplicated to create a Parasite_Vector. Certain elements of the Parasite_Vector are randomly 

selected and adjusted within an allowable range. Subsequently, another organism Xj from the current 

ecosystem is randomly selected as the host for the Parasite_Vector. The fitness values of both Xj and 

the Parasite_Vector are calculated and compared. The organism with the better fitness value is retained. 

2.1.4. The QOBL strategy 

In the QOCSOS algorithm, the QOBL strategy is applied for population initialization and 

generational jumps. The initialization process using QOBL generates two populations: a random 

population and a quasi-oppositional population. From these, a set of the best solutions is selected as the 

initial population. Additionally, the generational jump based on QOBL enables the algorithm to move 

towards a new solution with improved fitness value. The jump rate (jr) determines whether the algorithm 

retains the current solution or transitions to the quasi-oppositional solution [11].  

Given X(x1,x2,…,xn) as a point in an n-dimensional space, the opposite point Xo(xo
1,x

o
2,…,xo

n) is 

defined by (5), while the quasi-opposite point Xqo(xqo
1,x

qo
2,…,xqo

n) is defined by (6). 

o

i i i ix a b x    (5) 

,
2

qo i i
i i

a b
x rand x

 
  

 
 (6) 

Where,    , , 1,2,...,i i i ix x a b i n      

2.1.5. The CLS strategy 

The CLS strategy is applied to the current best population in the QOCSOS algorithm to explore the 

search space in the vicinity of the current best solutions and generate a new solution. From the current 

best population, a new solution is generated according to (7) [13]. 

   , , , j,0.5new

best k best k k i k kX X Z X X      (7) 

Where, 
, ,,new

best k best kX X are the newly generated solution and the current best solution at the k-th iteration, 

respectively; Zk is a chaotic number in the range of 0 to 1 at the k-th iteration; Xi,k  and Xj,k are two 

solutions randomly selected from the current best population. 

The chaotic coefficient Zk is selected based on types of chaotic maps to generate random value 

sequences with a structured search pattern. This study uses the "logistic map" as shown in (8) [14].  

 1 4 1k k kZ Z Z      (8) 

Where,      0 , 0,1 0,1,2,...kZ rand Z k     

2.2. The impact of PVs on recloser-fuse coordination 

2.2.1 Recloser-fuse coordination under fuse-saving scheme  

Recloser-fuse coordination under the fuse-saving scheme ensures that for transient faults, the recloser 

trips to protect the fuse, while for permanent faults, the fuse blows to isolate the fault. This coordination 
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follows conditions (9) and (10). Figure 1 (a) shows the coordination between recloser Rec_1 and fuse 

Fuse_200A. 

min maxFaultI I I   (9) 

Where, Imin and Imax represent the current magnitudes determined at the intersection points between 

the slow trip characteristic (Trip_2) of Rec_1 and the total cut-off curve of Fuse_200A, and between the 

fast trip characteristic (Trip_1) of Rec_1 and the minimum melting curve of Fuse_200A, respectively; 

IFault is the fault current after Fuse_200A, as shown in Figure 1 (b). 

To ensure selectivity, the minimum time gap between the minimum melting time of the fuse and the 

fast tripping characteristic of the recloser must be greater than 100 ms [15].  

min_Fuse_ 200A Re _1 100( )ct t t ms     (10) 

Where, tmin_Fuse_200A and tRec_1 represent the minimum melting time of Fuse_200A and the tripping 

time of the fast trip characteristic (Trip_1) of Rec_1, respectively. 

2.2.2. Four zones connecting PVs 

The distribution network has four zones for PV connection, as shown in Figure 1 (b). PVs in zones I 

and II increase the fault current through the fuse during downstream faults, potentially violating 

condition (10). In contrast, zones III and IV have minimal impact on recloser-fuse coordination. This 

study analyzes the negative effects of PVs in zones I and II and proposes using the QOCSOS algorithm 

to optimize inverter phase angles to mitigate these effects. 

2.2.3. Short-circuit current limit of the inverter 

The study uses the inverter model in the ETAP software. In the short-circuit current limiting mode, 

the inverter is considered as a constant current source feeding into the distribution grid. The limits and 

parameters of the inverter are illustrated in Figure 2 (a) and Figure 2 (b). Additionally, the operational 

mode of the inverter in the short-circuit current limiting mode needs to be selected, including Reactive 

Current Priority (RCP), Real Power Priorityt (RPP), and User-Defined Power Factor. The first two 

modes do not support reducing short-circuit current during faults downstream of the fuse. However, 

since the phase angle of the inverters can be adjusted in the third mode, the short-circuit current from 

the inverters, combined with the fault current from the grid, can result in a fault current magnitude 

similar to that before the PV systems were integrated. These phase angles are obtained by applying the 

QOCSOS algorithm. 

  
(a) (b) 

Figure 1. Recloser-fuse coordination (a): coordination principle; (b): four zones connecting PVs. 
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(a) (b) 

Figure 2. Inverter characteristic (a): short-circuit limiting curve; (b) parameters. 

2.2.4. Short-circuit current analysis before and after PV integration 

When a short circuit occurs downstream of the fuse, it is desirable for the short-circuit current passing 

through the fuse and recloser to remain unchanged, regardless of whether PVs are integrated, in order 

to maintain the recloser-fuse coordination without violating (10). To address this issue, adjusting the 

phase angle of the inverter during a fault is proposed as a feasible solution based on (11). 

 

_

_

1

No PVs PVs

Fault Fault

n
PVs

Fault Grid PV i i

i

I I

I I I  


 



    



 (11) 

Where, (IPVs
Fault, α), (IGrid, β), and (IPV_i, φi) represent the magnitude and phase angle of the short-

circuit current with integrated PVs flowing the fuse, the short-circuit current from the grid, and the short-

circuit current from the i-th PV, respectively; INo_PVs
Fault denotes the magnitude of the fault current 

without PV integration flowing the fuse. 

To perform the mathematical transformations of (11), follow the steps leading to (12) and (13). 

     

     

_

1

_

1

cos cos cos

sin sin sin

n
PVs

Fault Grid PV i i

i

n
PVs

Fault Grid PV i i

i

I I I

I I I

  

  






 



  





 (12) 

         
2 2

_ _

1 1

1 1
1 cos cos sin sin 0

n n
Grid Grid

i PV i i PV i iPVs PVs PVs PVs
i iFault Fault Fault Fault

I I
G I I

I I I I
    

 

   
        

   
   (13) 

The phase angles of the inverters φi are the variables to be determined to satisfy (13), as the 

magnitudes and phase angles of the remaining currents in (13) are already defined. Indeed, the short-

circuit current before the integration of PV systems INo_PVs
Fault is known, and the short-circuit current 

from the grid (IGrid, β) is also determined. Furthermore, the magnitude of the fault current of the inverters 

IPV_I can be calculated based on their short-circuit current limitation characteristics, as illustrated in Fig. 

2(a). 

2.2.5. Problem formulation 

The goal is to optimize inverter phase angles to minimize the short-circuit current deviation before 

and after PV integration during downstream faults. The objective function is given in (14). 

 min iOF G   (14) 
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The first constraint is that the adjustable phase angles of the inverters are limited from 0 to the 

maximum allowable phase angle, φi_max as expressed in (15). 

_ max0 i i    (15) 

The second constraint is that inverters connected to the same bus, having the same terminal voltage 

during a fault, must be identical phase angles, as expressed in (16). 

j i

j i

V V

 





 (16) 

The inverter phase angles from the QOCSOS algorithm are input into ETAP to verify fault current 

magnitudes and ensure coordination time compliance with (10). 

2.2.6. Implementation of the QOCSOS Algorithm for Inverter Phase Angle Optimization 

The initial population of the QOCSOS algorithm is a combination of a randomly initialized 

population and a Quasi-opposite-population, with a size of (NP×D). Here, NP represents the number of 

organisms, and D denotes the dimensionality of each organism. Each organism in this population is 

structured as shown in (17). 

_1 _ 2 _n, ,...,i PV PV PVX        (17) 

The fitness of each individual is calculated using (18). 

 _Group i

Group

Fitness OF std     (18) 

Where, OF is the objective function; α is the penalty value for constraint violations; std() represents 

the standard deviation of phase angles. 

The detailed calculation process is illustrated in the flowchart shown in Figure 3. 

3. Results and discussion 

3.1. Tay Ninh power company's 22 kV distribution feeder 

  
(a) 
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(b) 

Figure 3. Algorithm flowchart (a): QOCSOS; (b) SOS. 

The single-line diagram of the 22 kV distribution feeder operated by Tay Ninh Power Company is 

illustrated in Figure 4 (a). The key parameters of the feeder are summarized in Table 1. The coordination 

between Rec_1 and Fuse_200A is chosen as a model for detailed analysis. 

3.2. The distribution feeder without PVs 

According to the specifications of Rec_1 and Fuse_200A in Table 1, the simulation in ETAP software 

indicates that the fault current through Rec_1 and Fuse_200A is 1888 A, with a corresponding Δt of 117 

ms. Since this does not violate (10), as shown in Figure 4 (b). 

3.3. The distribution feeder with PVs 

3.3.1. PVs connected to only one zone 

ETAP simulations (Figure 4) show that in zone I (B2), RPP mode maintains coordination (Δt > 100 

ms), while RCP mode fails from 5 MWp onwards. The QOCSOS algorithm restores coordination, 

achieving Δt = 117 ms at 5 MWp with an optimal phase angle of 8.44° (Figure 5 (a)). In zone II (B8), 

RCP mode fails from 1 MWp, and RPP mode maintains coordination up to 3 MWp. The algorithm 

restores Δt to 117 ms at 9 MWp with an optimal phase angle of 18.57° (Figure 5 (b)). 

Table 1. Key parameters of the 22 kV distribution feeder. 

Power grid 
Three-phase fault: 7.5 kA, and 

line-to-ground fault: 8.9 kA 
Fuse: Fuse_200A Type K: 200 A 

Total load 21 MVA 
Cross-section of 

overhead line 
 AC240, AC185, AC95, và AC70 

Recloser: Rec_1 
Pick up: 500 A, and time dial: 

0.078  
Inverter 

Maximun short-circuit current is 

200 % of the rate current 
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(a) (b) 

Figure 4. The 22 kV distribution feeder (a) the single-line diagram ; (b) recloser-fuse coordination . 

3.3.2. PVs connected to multiple different zones 

PVs with capacities of 5 MWp (PV1, PV2, PV3) and 3 MWp (PV4) are connected at B2, B8, B12, and 

B13, as shown in Figure 6 (a). ETAP simulations show that Δt is below 100 ms in both RCP and RPP 

modes (Figure 6 (b)). The QOCSOS algorithm is applied to restore coordination by optimizing inverter 

phase angles in three scenarios: (1) all inverters at the same phase angle, (2) all inverters controllable, 

and (3) some inverters uncontrollable. Results confirm that the algorithm restores coordination, as 

shown in Figures 6 (a) and 6 (b), with phase angles listed in Table 2. 

Table 2. Results of phase angles for different scenarios. 

Scenario (1)  All inverter angles are set to 17.010 φPV_i-max = (300, 300, 300, 300) 

Scenario (2) PV1: 5(29.990 ), PV2: 5(18.230), PV3:5(9.900), PV4: 3(3.770) φPV_i-max = (300, 200,100, 50) 

Scenario (3) PV1: 5(29.830 ), PV2: 5(19.760), PV3:5(8.930), PV4: 3(00) φPV_i-max = (300, 200, 100, 00) 

3.4. Discussion 

  

 

 

 
(a) (b) 

Figure 5. Δt for PVs connection to the feeder  (a): zone I; (b): zone II. 
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Simulations indicate  RCP mode adversely impacts reclosing-fuse coordination more than RPP 

mode, as the smaller angle between IPVi and IGrid leads to higher short-circuit currents and more frequent 

coordination violations (10). In zones I (B2) and II (B8), Δt in RCP mode violates coordination earlier 

than in RPP mode, as seen in Figure 5. The higher overload capacity of inverter semiconductor switches 

(2–3 times nominal value) further amplifies its impact on coordination. 

 

 

 
(a) (b) 

Figure 6. Simulation results (a): verification using ETAP software; (b): Δt for each scenario. 

Table 3. Comparision of algorithm results. 

Algorithms → QOCSOS LMDE CMDE GMDE 

Executive time (s) 48 690 693 687 

Iterations 369 20.000 20.000 20.000 

Best fitness 0 0.000529 0.002980 0.000240 

High PV penetration and multi-zone connections further increase coordination violations, as 

illustrated in Figure 6 (a), where both RCP and RPP modes fail coordination (10). This highlights the 

challenges posed by high PV penetration to reclosing-fuse coordination. However, adjustable inverter 

phase angles help mitigate short-circuit current differences and restore coordination. Regardless of 

whether all inverters are controllable or some are not, the QOCSOS algorithm determines optimal phase 

angles, as shown in Figure 6. Practically, 110 kWp inverters are typically used for PVs in distribution 

networks. Each 1 MWp of PV capacity requires 10 inverters, corresponding to 10 phase angle variables. 

With 18 MWp penetration (Section 3.3.2), there are 180 variables. To simplify operation, phase angles 

of PVs at the same location are constrained to be equal, facilitating management and control. 

To validate the effectiveness and robustness of the algorithm, Table 3 compares convergence speed, 

execution time, and fitness value for scenario (2). The QOCSOS algorithm achieves the best results with 

an average execution time of 48 seconds, 369 iterations, and a best fitness value of 0. These results 

demonstrate its superiority over Modified Differential Evolution (MDE) algorithms. 

4. Conclusion 

The paper proposes using the QOCSOS algorithm to optimize inverter phase angles, minimizing 

short-circuit current differences before and after PV integration, thus restoring recloser-fuse 

coordination under the fuse-saving scheme. These angles are determined based on pre-integration fault 

currents, grid fault currents, and inverter-generated fault currents. The algorithm has been successfully 

applied to various PV penetration scenarios in 22 kV distribution feeder of Tay Ninh power company, 

including capacity, location, and phase angle controllability. Detailed analyses, validated by ETAP 

simulations, show favorable results. Future research will expand to analyze the impact of PVs on all 

protective device coordination in distribution networks. For example, it could explore optimizing 

inverter phase angles using the QOCSOS algorithm to minimize deviations in total operating times of 

primary relays with or without PV integration. 
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