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ABSTRACT 
 

 Many researchers investigated the optimum capacity and 

location of Distributed Generation (DG) considering 

either normal operation or faulty situations. In this 

paper, the effect of repairing fault periods (RFP) on the 

DG optimization process is investigated. Comparisons 

between optimal DG allocations on low voltage (LV) 

distribution network based on normal operation period 

(NOP) only and considering both NOP and RFP are 

comprehensively introduced. Also, the paper presents a 

choice preference between inserting DG units near the 

distribution transformers or at the consumer locations 

regarding RFPs during the optimization process. A two-

part objective function is developed based on energy 

losses reduction and voltage improvement. The voltage 

level, total DG capacity, transformer ratings and power 

flow limits are considered as constraints in the problem 

formulation. The suggested framework is applied on an 

actual 76-bus (15 MV buses and 61 LV buses) ring 

distribution network in EGYPT. Genetic Algorithm (GA) 

technique is utilized to get the optimal solutions. 

INTRODUCTION 

Installation of DG units (DGs) achieves numerous 
benefits including reduction of power losses and harmful 
environmental emission and improving voltage profile 
and system reliability [1]. However, some of the 
challenges begin to appear in the grid with the intense 
presence of DGs or when inserting DGs at non suitable 
locations. The troubles include increasing system losses, 
protection issues and stability problems [2]. For 
achieving the desired benefits of DG utilization, it is 
necessary to insert these units at optimal locations 
considering all operating conditions [3]. 
Many researchers investigated several methodologies and 
techniques for identifying the optimal siting and sizing of 
DG. In [4], the problem of finding optimal allocation of 
DG is introduced, where the objective is to minimize 
power losses and to maximize benefits of installing DGs. 
Analytical approach is used in radial distribution system 
for obtaining optimal DG allocation that achieves 
minimum real and reactive power losses [5]. GA is used 
for defining DG allocation to achieve maximum power 
loss savings and to improve voltage levels in balanced as 
well as unbalanced distribution systems [6]. Particle 
Swarm Optimization (PSO) is used to define optimal DG 
allocation [7].  
Several studies investigated the optimal DG allocation 
considering either normal operation or faulty conditions. 

During repairing fault period (RFP) in radial distribution 
systems, some loads and DG units, if exist, are 
interrupted depending on fault location. In ring 
distribution systems, on the other hand, all loads and DG 
units, if exist, continue in service by switching and 
transferring processes from one feeder to the other. 
Although DGs may continue in service during RFP, the 
effect of these units is completely different due to the 
new system configuration. Consequently, the optimal DG 
allocation during normal operation period (NOP) may not 
be the optimal choice during RFPs. Thus, depending only 
on NOP in the optimization process of DG allocation 
may lead to improper results. Therefore, RFPs have to be 
considered beside NOP while defining the optimal DG 
allocation in the ring distribution system 
When a fault occurs in a ring distribution system, the 

fault location is detected using switching operations 

called maneuver process. After defining and isolating the 

faulty region, repairing process starts through a certain 

repairing period. During RFP, the power can be energized 

to the loads from either direction of ring network.  

This paper presents a methodology for defining the 

optimal DG allocation that can be inserted in LV ring 

distribution systems considering both NOP and RFP. 

Also, this study reviews the preference regarding the 

insertion of DGs near the distribution transformers and at 

consumers' locations considering both NOP and RFP. 

Decreasing annual energy losses and improving the 

voltage profile are the main objectives in the adopted 

approach. 

PROPOSED METHODOLOGY 

Loads and DG units continue in service during RFPs in 

ring distribution systems by switching and transferring 

processes from one feeder to the other. Although DGs 

continue to supply power during RFPs, their influence 

will be completely different based on the new network 

arrangement. Consequently, the optimal allocation of DG 

for normal conditions may not be the best choice during 

RFPs.  

In this study, a methodology is developed to identify the 

optimal allocation of DG in LV ring distribution systems 

taking into account both NOP and RFP. In accordance 

with this strategy, the objective of the optimization 

problem is to minimize the annual energy loss. 

Formulating the problem based on energy loss achieves 

considering all operating conditions with their periods 

whether RFP or NOP. RFPs are short compared to the 

NOPs and hence, considering RFP may not affect clearly 
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the optimal allocation results. It is important to mention 

that increasing fault occurrence rate makes the RFP more 

effective in the optimization process results. 

MATHEMATICAL DESCRIPTION OF THE 

OPTIMIZATION PROBLEM 

The problem can be mathematically described using a 

two-part objective function with four constraints. The two 

terms in the objective function are the voltage regulation 

(represented by 𝐹1 and 𝐹2) and the total system annual 

energy losses (represented by 𝐹3 and 𝐹4). The summation 

of the two parts has to be minimized. 

Objective function  
 

Equation 1 represents the two-part objective function 

with the first two terms belong to voltage regulation, 

while the last two terms are associated with energy 

losses: 

min (𝐹) = min {𝑊1. (𝐹1 + 𝐹2) + 𝑊2. (𝐹3 + 𝐹4)} (1) 

where, 𝑊1, 𝑊2 are positive weights. If it is required to 

neglect one term in the objective function, the 

corresponding weighting factor is set to zero. 

Voltage regulation 

The terms responsible for voltage profile enhancement 

during NOP and RFPs (𝐹1, 𝐹2) represent an important 

goal in the optimal DG allocation. It is required to reduce 

the voltage deviations (|∆𝑉|) from the nominal value 

(𝑉𝑛𝑜𝑚). The voltage deviations |∆𝑉| can be defined as 

follows: 

𝐹1 = |∆𝑉|𝑁𝑂𝑃 = ∑ (||𝑉𝑛𝑜𝑚| − |𝑉𝑗𝑁𝑂𝑃||) |𝑉𝑛𝑜𝑚|⁄N
𝑗=1  (2) 

where, 𝑉𝑗𝑁𝑂𝑃is the jth bus voltage, 𝑁 is the number of 

buses.  

F2 = |∆V|RFP = ∑ (||Vnom| − |VjRFP||) |Vnom|⁄N
j=1  (3) 

where, 𝑉𝑗𝑅𝐹𝑃  is the jth bus voltage during RFP, 𝑁 is the 

number of buses.  

Energy losses 

The energy loss in the line linking ith and jth buses under 

normal operation is defined as: 

F3 = ∑ ∑ (Plossi−j,NOP
N
i=1 )

N

j=1
∗ TNOP (4) 

where, 𝑃𝑙𝑜𝑠𝑠𝑖−𝑗,NOP is the active power loss in branch i-j 

considering normal operation and 𝑇𝑁𝑂𝑃 is the normal 

operation time. Equation 5 describes the system power 

loss. 

Plossi−j
+ jQlossi−j

= Si−j + Sj−i (5) 

where, 𝑄𝑙𝑜𝑠𝑠𝑖−𝑗
 and 𝑆𝑖−𝑗 are the reactive and apparent 

power losses in branch i-j. 

The system energy loss in branch i-j during repairing 

periods is expressed as follows: 

F4 = ∑ ∑ (Plossi−j,RFP

N
i=1 )

N

j=1
* TRFP (6) 

where, 𝑃𝑙𝑜𝑠𝑠𝑖−𝑗,RFP represents the active power loss in 

branch i-j during RFP and 𝑇𝑅𝐹𝑃 is the repairing time. 

For identifying optimal DG allocations, the two parts in 

the objective function are given as follows: 

F = W1 (∑ (||Vnom| − |VjNOP||) |Vnom|⁄N
j=1 +

∑ (||Vnom| − |VjRFP||) |Vnom|⁄N
j=1 ) +

W2 (∑ ∑ (Plossi−j,NOP
N
i=1 ) ∗ TNOP

N

j=1
+

∑ ∑ (Plossi−jRFP

N
i=1 )

N

j=1
∗ TRFP) (7) 

System constraints 
 

The constraints of the proposed optimization problem 

include voltage limits, DG capacity, transformer loading 

limits and power flow constraints. 

Voltage limit constraint 

The distribution bus voltages depend on the voltage drop 

and should be within specified limits [8]. 

Vmin ≤ Vi ≤ Vmax (8) 
where, 𝑉𝑚𝑖𝑛 and 𝑉𝑚𝑎𝑥  are the minimum and maximum 

voltage limits, respectively. The voltages should be 

within the range between 0.95 and 1.05 pu. 

DG capacity constraint 

The second constraint is the installed DG capacity that 

varies in the range of 0% to 30% of the total load [8]. 

∑ DGCi
≤ DGmax

NDG
i=1  (9) 

DGmax = CF. PD (10) 
where, 𝐷𝐺𝐶𝑖

 is the capacity of the installed DGs at the ith 

bus (MW), 𝑁𝐷𝐺 is the number of DGs and CF is the DG 

capacity factor related to the network maximum load. 

Transformer rating constraint 

Because different types of DG units operate at low 

voltage, inserting DG in distribution networks 

necessitates using transformers. For minimizing costs, 

available distribution transformers can be used. 

Therefore, the limit of installed DG capacity should not 

exceed the rating of the distribution transformer as the 

proposed constrain. Otherwise, the overloaded 

transformers have to be replaced. 

∑ DGCki

𝑁𝑖
𝑘=1 ≤ PTR−i (11) 

where, 𝑃𝑇𝑅−𝑖 is the transformer rating at the ith bus, 

DGCki
is DG capacity at bus 𝑘 that is loaded on 

transformer i, 𝑁𝑖 is the total number of buses of 

transformer i. 

Power flow constraint 

The real power flow in lines must not exceed the 

maximum allowed limit. 

|Si−j| ≤ Si−j max (12) 

where, 𝑆𝑖−𝑗 is the MVA flow from bus i to bus j and 

𝑆𝑖−𝑗 𝑚𝑎𝑥 is the MVA flow from bus j to bus i.  

Optimal capacity and location of DGs can be obtained 

using GA through applying the following main steps, 

which are summarized in the flowchart illustrated in 
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Fig.1. The procedures start with performing load flow 

calculations to calculate the total power losses and 

voltages values. Next, chromosome populations are 

initiated randomly with DGs are inserted at different 

locations with different capacities. Then for each case, 

load flow analysis is carried out considering both NOP 

and RFP of each prospective fault in the ring network. 

Repairing periods are different for each fault according to 

actual fault cases extracted from the official database [9]. 
Regarding equations 2, 3, 4 and 6, the voltage regulation 

and the annual energy losses during both NOP and RFP 

are computed. Objective function (equation 7) has to be 

ranked considering constrains as penalty functions. New 

parents are selected randomly and recombination 

processes are applied to generate offspring chromosomes. 
The above steps are repeated until reaching satisfactory 

results that achieve objectives with considering all 

termination criteria. 

 

Fig. 1: Flowchart describing proposed framework procedures 

CASE STUDY 

The proposed framework is implemented for a ring 

distribution network, which is located in Damanhour 

town, a subsidiary of Behira Electricity Distribution 

Company (BEDC) in Egypt. It consists of 76 buses (15 

MV buses and 61 LV buses) and 84 branches with 12 

transformers distributed along two MV feeders; namely: 

A and B with a tie switch located at bus 8. Fig. 2 

illustrates the single-line diagram with the data describing 

distribution feeders in addition to transformers. The 

maximum demand of the LV rings loads is about 2.5 

MVA and the base power of the system is 100 MVA. 

MATLAB® code is utilized for representing the 

investigated system with real parameter.  
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Fig. 2: Single-line diagram of the investigated network 

SIMULATION RESULTS 

Previously, only distribution companies had the authority 

to insert DG units in distribution networks at low voltage 

side of distribution transformers. Recently, local 

electricity distribution companies are encouraging 

customers to invest in the installation of DGs such as 

small-scale photovoltaic panels using building roofs. 

Distribution companies contract with the customers to 

buy the generated energy at high prices by connecting 

these small DGs to the distribution network.  

For the above consideration, simulation results will be 

introduced in two stages according to the available 

locations for inserting DGs as follows:  

 The available locations are only in the low voltage 

side of distribution transformers owned by BEDC 

company, i.e., only 12 buses are available. 

 The available locations are both low voltage side 

buses of distribution transformers in addition to 

locations of consumers, i.e., all the 76 system buses. 

Optimization results considering transformers low 

voltage side only (12 buses) 
 

In the case of normal operation without any DGs, the 

energy loss of the entire system per year is 330.2 MWh, 

while the lowest bus voltage is 0.9956 pu. Regarding 

Perform load flow, voltage profile and power losses 

calculations during NOP & RFP 

Perform load flow, voltage profile and power losses 

calculations during NOP & RFP 

 

Yes 

Print unit output power and power flow results 

 

Extract offspring 

population's fitness 
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and mutation 

Read system data 
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power losses and voltages profiles without DGs 

 

Evaluate the objective function (Eqn. 7) 
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only the normal operation and applying the procedures 

given in Fig. 1 considering only buses at low voltage sides 

of distribution transformers, the optimal DG siting and 

sizing can be attained. Table 1 shows the results of 

optimal DG allocation that refer to yearly energy losses of 

291.16 MWh and a minimum bus voltage of 0.9958 pu. 
 

According to BEDC, some cables exhibit faults 3 times 

yearly. Some repairing periods may extend over 7 hours 

according to the fault type and location. In the presented 

case study, 20 h is considered as the average RFP for all 

cables yearly. Annual energy losses without any DGs 

may reach 332.8 MWh considering previous system 

conditions. Also, the minimum bus voltage during normal 

operation may reach 0.9956 pu, while it decreases to 

0.9778 pu during RFP. After connecting the DGs based 

on the optimal results for normal operation concerning 20 

h RFP, the yearly energy loss decreases to about 295.3 

MWh with a minimum bus voltage of 0.9887 pu. 
 

By considering both normal and repairing periods (20 h), 

the new optimal allocation is shown in Table 1. As 

shown, the maximum capacity of DG is 188.3 kW at bus 

8, while it was 178.7 kW at bus 7 considering only 

normal operation. Also and according to normal 

operation, a DG unit has to be connected at bus 4, while 

no units are connected at this bus when considering both 

normal and repairing periods. The annual energy loss that 

can be achieved by connecting DGs regarding NOP and 

RFP conditions is 293.7 MWh and the minimum bus 

voltages during NOP and RFP are 0.9958 pu and 0.9814 

pu, respectively. Table 2 gives a comparison between 

load flow results without DGs and with DGs inserted 

according to optimization results considering NOP only 

and both NOP and RFP. 
 

Table 1: Optimal DGs allocation considering NOP only and 

both NOP and RFP (low voltage side buses only are considered) 

DG location 
DG capacity (kW) 

NOP NOP&RFP 

4 83.5 - 

5 - 107.4 

6 170.2 163.7 

7 178.7 95.8 

8 165.3 188.3 

9 126.1 157.6 

10 85.9 96.7 

 

Table 2: Comparisons of load flow results for different cases 

(low voltage side buses only are considered) 

 
Without 

DG 

With DG 

NOP NOP&RFP 

Annual energy loss (MWh) 332.8 295.3 293.7 

Min. voltage 
(pu) 

NOP 0.9956 0.9958 0.9958 

RFP 0.9778 0.9813 0.9814 
 

A difference of about 1.6 MWh in the annual energy loss 

saving is obvious between applying the optimal 

allocation according to only NOP and both NOP and 

RFP. Also, the lowest values of bus voltage during 

normal and repairing periods are improved when 

considering the repairing periods in the calculations. 

The effect of RFPs and hence, the difference between 

considering only normal periods and considering both 

normal and repairing periods increases by increasing 

repairing periods. Thus, this difference will vary for each 

system due to the nature, conditions and status of each 

system. Thus, the study has to be extended to discuss 

different RFPs. 
The calculated annual energy losses for the system 

without DGs are 334.8, 337.5 and 340.3 MWh, assuming 

RFPs of 40 h, 60 h and 80 h, respectively. For all 

previous RFPs, the lowest bus voltage during normal 

operation is 0.9956 pu, while it is 0.9778 pu during 

repairing periods. Table 3 shows the results when 

considering both normal and repairing periods of 40 h, 60 

h and 80 h per cable/year. Furthermore, the annual energy 

losses and lowest bus voltage during normal and 

repairing periods are shown in the same table.  

The table indicates that the optimal allocation according 

both NOP and RFP changes when RFPs change. The DG 

sizes at same buses differ according to RFP hours. For 

example, a DG unit is added at bus 8 considering a RFP 

of 40 h, while the priority will be for other buses for 60 h 

or 80 h RFPs. Furthermore, the results show that insertion 

of DGs based on normal operation only achieves 

reductions in annual energy losses of 11.27, 11.8, 12.5 

and 13.22% for RFPs of 20 h, 40 h, 60 h and 80 h, 

respectively. When DGs are located based on both 

normal and repairing fault periods, the reduction in 

annual energy loss increases to 11.75%, 12.21%, 13.02% 

and 13.72%, respectively.  
 

Table 3: Optimal DGs allocation, annual energy loss and lowest 

bus voltage values with different repairing periods (low voltage 

side buses only are considered) 
Repairing hours 

DG location 
40 h 60 h 80 h 

DG capacity (kW) 

5 113.2 56.5 67.7 

6 146.6 270.6 270.1 

7 177.4 162.1 147.4 

8 122.8 - - 

9 179.4 211.4 216.4 

10 68.3 108.6 107.2 

Annual energy losses (MWh) 293.9 293.57 293.6 

Min. voltage 

(pu) 

NOP 0.9958 0.9959 0.9959 

RFP 0.9813 0.9814 0.9814 

Optimization results considering all system buses (76 

buses). 

In this case, it is assumed that all customers in the case 

study can install DGs. This means that the candidate 

locations for installing DGs are 76 buses. Table 4 shows 

a comparison between optimization results considering 

NOP only and both normal and repairing periods (20 h). 

Although the results of table 4 indicate that most optimal 

locations are common between considering NOP only 

and both NOP and RFP, the DG capacity at each location 

is different. As can be expected, it is noticed that almost 

all DGs are installed at consumers' buses as optimal 

locations. Also, results of table 4 show that a significant 

reduction in annual energy losses is achieved by applying 

the optimal allocation considering both NOP and RFP. 
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This reduction increases by increasing repairing hours as 

show in table 5. In addition, when DGs are located based 

on both normal and repairing fault periods, the 

percentage reduction in annual energy losses increases to 

19.92%, 23.19%, 27.04% and 30.63%, for RFPs of 20 h, 

40 h, 60 h and 80 h, respectively.  
 

 

Table 4: Optimal DGs allocation, annual energy losses and bus 

voltage considering normal and RFPs (all buses are considered) 

DG location 
DG capacity ( kW) 

NOP NOP&RFP 

9 92.9 - 

19 85.1 70.3 

27 93.2 - 

32 77.3 128.9 

41 - - 

42 92.3 108.7 

48 - 82.1 

49 79.5 117.1 

50 - 72.6 

61 - 64 

66 91.4 - 

67 103.3 81.5 

69 80.2 - 

73 - 65.1 

74 115.5 117.5 

Annual energy losses (MWh) 278.25 266.52 

Min. voltage (pu) 
NOP 0.9967 0.9963 

RFP 0.9826 0.983 
 

Table 5: Optimal DGs allocation, annual energy loss and lowest 

bus voltages with different RFPs (all buses are considered) 
Repairing hours 

DG location 
40 h 60 h 80 h 

DG capacity (kW) 

8 51.7 - - 

9 73.5 74.5 54.9 

19 - - 51.9 

20 120.1 - - 

32 - 117.8 81.5 

39 55.8 123.2 - 

41 - - 117.3 

42 - - 72.7 

48 62.5 71.6 55.1 

49 139.9 162.7 119.4 

50 - 59.1 71 

58 - 55.8 - 

61 65.7 - - 

67 73.5 80.7 105.6 

73 80.9 71.4 91.5 

74 101.5 102.8 91.9 

Annual energy losses (MWh) 257.17 246.23 236.06 

Min. voltage (pu) 
NOP 0.9963 0.9964 0.9964 

RFP 0.983 0.9833 0.9833 

CONCLUSION  

This paper presents a methodology for identifying the 

optimal allocation of DG when inserted into low voltage 

ring distribution systems considering both NOP and RFP. 

The energy loss is considered as the objective function in 

the optimization problem rather than the power losses. 

Results indicate clearly that considering repairing periods 

causes a difference regarding both bus location and DG 

capacity, which has positive effect on system energy 

losses reduction.  
Generally, the optimal choice for DGs is to be added at 
consumers’ locations rather than at low voltage side of 
distribution transformers. Also, results give a clear 
outline of the optimal DGs allocations that achieve the 
maximum technical and economic feasibility. These 
allocations have the priority when installing and 
contracting with the owners of DGs. Briefly, it is 
recommended to study the optimal DG allocations 
considering both NOP and RFP before contracting with 
their owners. Taking this recommendation into account 
avoids negative technical or economic impacts due to 
inappropriate capacities or locations of DGs.  
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