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Abstract 
Proper electrical power distribution system design plays a vital role in delivering the good quality of electrical 
power to each and every consumer in the system especially end user/consumer. Good quality of electrical power 
is always be measured with good voltage profiles. In general, due the electrical constants of distribution system 
feeders, there is a considerable voltage drop due to which voltage at various buses in the distribution system will 
suffers from poor voltage magnitudes. This can be overcome up to some extent by various methods such as 
providing the compensating devices like Distributed Generators (DGs) that provides both active and reactive 
power injections and shunt capacitor banks, that will give reactive support to the system. In this work, an attempt 
has been made to obtain the optimal locations and optimal sizes of these DGs and shunt capacitors by an 
algorithm based on improved version of Teaching and Learning based optimization. Basically sensitivity 
analysis is adopted to find the optimal locations and their optimal sizes are obtained by Improved Teaching and 
Learning based Optimization algorithm. The proposed work has been tested with a radial distribution test 
systems i.e., IEEE-41bus system and results are presented. 
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Introduction 
The configuration and structure of modern power system network is huge and it is a very complex and 
complicated network. The system generally consists of several electrical power generating stations of several 
types which are inter connected together to form a grid and connects various load centers through huge number 
of power transmission lines. In this conventional power system network, huge amount of electrical power is 
generated and supplied to various consumers through transmission and distribution lines and imparts major 
share in the consumer markets in the world. 
In general the conventional generating stations of large capacity are remotely located with respect to load 
centers. Due to the larger distances between the generating stations and load centers or end consumers, huge 
amount of transmission and distribution losses are involved in conveying electrical power from generating 
stations to end users. Always there is continuous growth in electrical power demand due to increase in 
population and their needs. In order to meet up this increase in load demand it is required to upgrade the 
capacities of existing capacities of power system network, which is a hectic task and involves of lot of 
expenditure. 
The best solution to meet increase in load demand is “Distributed Generation/Embedded Generation”. 
Distributed Generation is a relatively emerging concept of adding small electrical power generating stations 
(most of them of non-conventional and renewable type) of rating ranging from few kWs to few MWs. 
Distributed generators are small generators situated or embedded into a power distribution network, providing 
the electrical power to local consumers [1-3]. 
These days due to latest advances and technologies in design and manufacturing of PV cells, reciprocating 
pumps, micro turbines, fuel cells, there is expanded range of scale of applications and opportunities for modern 
Distributed Generators and have made promising to meet the specific requirements of consumers to made tailor 
made power systems.  
Most significant changes are going to occur in deregulated power systems because of the fact that, the cost of 
serving commercial and residential customers is greater than the cost to serving industrial customers. Therefore, 
the small and self contained electric generating plants normally called as Distributed Generators (DGs) can 
provide power to residential, commercial; in distribution feeders will be helpful and important.  
In general Distributed Generators based on their functionality can be categorized as:  
Type-1: DGs, those are able to generate real power only  
Type-2 DGs, those are able to generate reactive power only 
Type-3: DGs, those are able to generate both real and reactive powers 
Type-4: DGs, that  are able to generate real power and consuming reactive power 
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The chief objectives of the power distribution system operation are to provide the electrical power to meet the 
needs of different consumers in the system most economically and reliably. In conventional electrical power 
systems, huge generating units that use fossil fuels, hydro, nuclear stations generates the electrical power and 
are situated very far away from load centers. In the present scenario production of electrical power at these 
stations has become loosing importance, due to the limited resources, higher transmission and distribution 
losses. Distributed Generators (DGs), the term generally used to represent small rating generators provides the 
best solution for many of these challenges. 
DG can be referred as generating stations with a rating less than 10 MW, that are usually, installed in the 
distribution system networks [4]. At present available types of DGs includes solar plants, fuel cells, wind 
turbines and reciprocating engines [5]. Kumar v, et al [6] uses the cold load pick up (CLPU) to optimally place 
DG to have the better voltage profile. Kim KH, et al [7] reported genetic algorithm based method to determine 
the optimal allocation of DGs with their sizes.  Zhang D, et al [8] presented a method based on improved 
version of tabu search method by introducing mutation operator to reduce the execution time to reduce the loss 
in large distribution systems. Kansal S, et al [9] has determined the optimal places for DG and capacitors based 
on PSO to decrease the power loss. Sajjadi SM and Haghifam [10] presented a procedure to obtain the optimal 
allocation of DGs and capacitors simultaneously for time varying loads. 
Prommee W, et al [11] reported an algorithm based on re-initialized social structured PSO for optimal 
allocations of more than one DG in a micro grid. Griffin et al [12] obtained the best locations of DG units for 
uniformly distributed uniformly increasing load. Analytical approaches for DG placement and its size is 
presented in [13-15] to obtain the better voltage profile. Rama prabha D and Jayabarathi T [16] has presented an 
algorithm that uses an invasive weed optimization algorithm to find the optimal locations of DGs and their sizes 
for minimization of loss. 
Monika Kumar [17] has reported a method to obtain the optimal DG sitting and their sizes based on teaching 
and learning based optimization by considering voltage stability. Sivasangari. R and Kamaraj N. [18] has 
presented a performance assessment of distribution Technologies in radial system for different varieties of DG 
technologies and their combinations. Nagaraju. B et al., [19] has reported a direct search algorithm to find the 
most favorable locations of SPV based DG for minimization of power loss. 
Reza Hemmati., et al.,[20] reported numerous practical aspects in distribution system. This paper aims to reduce 
the investment and operational cost simultaneously by using a particle swarm optimization. Fernando Mauricio 
Dias. Et al., [21] has presented a planning method for distribution system network to reduce the losses and 
increase the reliability by taking the DGs, transformer tap setting and their size into account.  Rajkumar V and 
Khatod DK. [22] presented an analytical approach to find the best possible locations and their sizes of DGs for 
loss minimization and by considering the loss saving equations. Neeraj Kanwar., et al, [23] has proposed an 
improved version of teaching learning based optimization to simultaneously allocate the DG sources 
considering multi level load scenarios. 
 
Sensitivity Analysis 
Sensitivity analysis [2] is a powerful technique that can be used to find the sensitive nodes or buses to place the 
devices like distributed generators or shunt capacitors. Thus sensitivity analysis gives the list of candidate 
locations for placing distributed generators or shunt capacitors. Estimation of these candidate locations helps in 
reduction of the search space considerably for any optimization procedure. 

Consider a branch ‘j” of distribution system with ).( jj XjR  as impedance and is connected between buses 

‘m’ and ‘n’ as shown in fig.1 

 
Fig. 1: Sample Line Section of Radial Distribution Systems 

 
Real power loss in the jth branch connected between ‘m’ and ‘n’ can be observed as 
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Where, LneqP is sum of real power at bus ‘n’ and real power of all the buses beyond node ‘n’, LneqQ is sum of 
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reactive power at bus ‘n’, and reactive power of all the buses beyond node ‘n’.  
The loss sensitive factor of bus ‘n’, i.e., real power loss with respect to real power flow can be calculated with 
the equation  
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Using the equation (2), loss sensitive factors are evaluated for all buses from the distribution load flow and these 
buses are arranged in descending order.  The buses at the top of this list are more sensitive with respect to real 
power loss and hence these buses can be chosen to install DG units to minimize the real power loss. 
The loss sensitive factor of bus ‘n’, i.e., real power loss with respect to reactive power flow can be calculated 
with the equation  
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Using the equation (3), loss sensitive factors are evaluated for all the buses from the distribution load flow and 
these values are arranged in decreasing order.  The buses at the top of this list are more sensitive with variation 
of real power losses with respect to reactive power flow and hence these buses can be chosen to install capacitor 
units to minimize the real power loss. 
 
Problem Formulation and Objective Function 
Problem Formulation: 
In this work, the main problem considered is to find the optimal locations and optimal sizes of Distributed 
Generators (DGs) and shunt capacitor banks that will minimizes the power losses of the system subjected to a 
set of practical constraints. 
In this work, optimal locations of the DGs as well as shunt capacitor banks are obtained by conducting 
sensitivity analysis. The optimal sizes of these units are obtained by proposed ITBLO algorithm. 
Objective Function: 
Minimization of real power loss: 
Minimization of real power loss can be considered as first objective function, the real power loss at any stage of 
the problem is calculated by using the formula given below and is obtained by using distribution load flow 
based on forward backward sweep algorithm. 
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Where iR is the resistance of branch ‘i', ‘Ii’ is the magnitude of current through branch ‘i' and Nbr is the number 

of branches of radial distribution system. 
Constraints: 
(i) Power flow balance: 
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(ii) Voltage magnitude constraint: 
Voltage at each bus should be within the individual limits even after placing a DG and/or capacitor, it should be 

greater than minV and less than maxV  and is represented as  

maxmin VVV j                                                              (7)     

(iii) Feeder capability constraint: 
The magnitude of the current through all the line sections should be within the acceptable limits of the 
respective branch i.e., 

)....3,2,1{,max lkII kk                                                          (8) 

Where max
kI  is maximum current carrying capacity of branch k 
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(iv) Distributed Generator Constraints: 
If a DG unit is installed at bus ‘i', its active and reactive power generations should be within the DG units 
capacity limits; otherwise these values should be equal to zero. Mathematically, this constraint can be developed 
as: 

max
,,

min
, .. iGiiGiGi PWPPW                Ni   and  Subi                         (9) 

A binary variable Wi is used to describe the installation of DG on bus ‘i’.  When a DG unit is installed at bus ‘i’, 
Wi =1 other wise Wi = 0 
(v) Shunt Capacitor Constraint: 
If a shunt capacitor bank is installed at bus ‘i', its reactive power rating should be with the kVAr rating of the 
capacitor bank.  Mathematically this can be: 

max
,,
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, iCiCiC QQQ 

                                                             (10) 
Implementation with itlbo Algorithm 
The proposed ITLBO algorithm is implemented to solve optimal sitting and sizing of DG and capacitor units 
problem. Here, minimization of power loss is considered as an objectives and is solved while satisfying system 
constraints. The step by step implementation is described as follows: 
Step 1: Initialize the problem parameters and read system data.  
Step 2: Define the problem search space to find the solution. 
Step 3: Initial population is generated randomly for the control parameters within their limits.  
Step 4: The system bus and line data is updated with the generated new population. 
Step 5: Perform distribution load flow and calculate the system loss and fitness values of each of the 

populations. 
Step 6: Select initial population as teachers and treat the remaining population as learners and increase the 

iteration count. 
Step 7: Assign the learners to teachers and form the groups. 
Step 8: Calculate the teaching factor for each of the teachers in each of the groups. 
Step 9: Generate new population in teachers. Using this population, calculate the objective and fitness values 
and identify the best solution from the results. 
Step 10: Generate new population in learners phase. Using this population, calculate the objective and fitness 

values. 
Step 11: Repeat the steps from 6 to 10 for a predefined number of iterations or a convergence condition is 

satisfied 
Step 12: Output the results and identify the best solution. 
 
Results with Analysis 
The proposed method is tested on standard IEEE-41 bus test systems results are presented. 
Here in this work, two generators each of 1000 kW operating at a power factor of 0.8 lag and two capacitors 
each of maximum capacity of 500 kVAr are used. 
An IEEE-41 bus radial distribution system shown in fig. 2, consisting of 41 buses or nodes and 40 lines with 
one sub stations is considered here as test system. 

Fig.2: IEEE-41 Bus Radial Distribution System 
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Proposed ITLBO algorithm has been tested for four cases as 
Case-1: Base case (original system) 
Case-2: System with optimal placement of DGs without capacitors 
Case-3: System with optimal placement of capacitors without DGs  
Case-4: Simultaneous placement of DGs and capacitors 
 

Table 1: Simulation Results of ITLBO for Four Cases 
S. No. Aspect Without 

DG 
With DG 

only 
With 

capacitors only 
With both DGs 
and Capacitors 

 
1 

Optimal location of first 
DG 

(Bus Number) 

 
- 

 
7 

-  
7 

2 Optimal size of the 
first DG(kW) 

- 622.34 - 472.33 

 
3 

Optimal location of 
second DG 

(Bus Number) 

 
- 

 
11 

-  
11 

4 Optimal size of second 
DG (kW) 

- 519.79 - 357.64 

 
5 

Optimal location of first 
Capacitor bank (Bus 

Number) 

 
- 

 
- 

 
30 

 
30 

 
6 

Optimal size of the first 
Capacitor bank (kVAr) 

 
- 

 
- 

 
478.36 

 
387.39 

 
7 

Optimal location of 
second 

Capacitor Bank (Bus 
Number) 

 
- 

 
- 

 
38 

 
38 

8 Optimal size of second 
capacitor bank (kVAr) 

- - 287.39 427.33 

9 Power Loss (kW) 801.17 427.91 684.29 314.94 
10 Minimum voltage 

(p.u.) 
0.9142 0.9455 0.9511 0.9607 

 
Case-1: Base Case: 
In case-1, the system losses and voltage profiles have been obtained by distribution  load flow without 
considering the inclusion of Distributed Generators and shunt capacitor banks. It is found from the simulation 
results that the real power losses are 801.17 kW and the minimum voltage of the system is observed to be 
0.9142  p.u found at bus number 41. 
Case-2: System with optimal placement of DGs: 
In case-2, the system is considered with optimal sitting and sizing of DGs without using the shunt capacitor 
banks. Initially sensitivity analysis is conducted to obtain the loss sensitive factors in which variation of real 
power flow with respect to real power flow for all the buses and is arranged in the descending order. The 
buses having highest loss sensitive factors are chosen to install DG units. The results of sensitive analysis for 
IEEE-41 bus system for case-2 given away in fig. 3. 
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Fig.3: LSFs of IEEE-41 Bus System for Case-2 

 
It is observed that, bus numbers 7 and 11 have highest Loss sensitive factors (LSFs), therefore these buses are 
chosen to install DG units. From the simulation results it is observed that the real power loss has been reduced 
from 801.17 kW to 427.91 kW and minimum voltage has been increased from 0.9142 to 0.9455. The 
convergence characteristics of ITLBO are shown in figure. 4. 
 

Fig. 4: Convergence Characteristics of ITLBO for IEEE-41 bus Radial Distribution System for Case-2 
 
Case-3: System with Optimal placement of shunt capacitor banks: 
In this case, the system is considered with optimal sitting and sizing of the shunt capacitors without using DGs. 
Initially sensitivity analyses is conducted to obtain the loss sensitive factors in which variation of real power  

Fig. 5: Variation of LSFs of IEEE-41 bus Radial Distribution System for Case-3 
 
flow with respect to reactive power flow for all the buses and are arranged in the descending order. The buses 
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having highest loss sensitive factors are chosen to install DG units. The results of sensitive analysis for IEEE-41 
bus system for case-3 are shown in fig. 5. 
It is observed that, bus numbers 7 and 11 have highest Loss sensitive factors (LSFs), therefore these buses are 
chosen to install DG units. From the simulation results it  is  observed that the real power loss has been reduced 
from 801.17 kW to 684.29 kW and minimum voltage has been increased from 0.9142 to 0.9511 p.u. The 
convergence characteristics of ITLBO are shown in figure.6. It is also observed that when capacitors are used in 
the system the reactive support made the voltage profile better when compared to the voltage profile with DG 
units only. 

 
Fig. 6: Convergence Characteristics of ITLBO for IEEE-41 Bus Radial Distribution System for Case-3 

 
Case-4: System with Optimal placement of both DGs and shunt capacitor banks: 
In this case, the system is considered with optimal sitting and sizing of both DGs and shunt capacitors. As per 
the sensitivity analysis bus numbers 7 and 11 are selected to install DG units and bus numbers 30 and 38 are 
selected to include shunt capacitor banks. From the simulation results it is observed that the real power loss has 
been reduced from 801.17 kW to 314.94 kW and minimum voltage has been increased from 0.9142 to 0.9607 
p.u. The convergence characteristics of ITLBO are shown in figure. 7. 

 
 
 

Fig. 7: Convergence Characteristics of ITLBO for IEEE-41 Bus Radial Distribution System for Case-4 
 

Conclusions 
In this work a methodology based on Improved Teaching and learning based Optimization (ITLBO) is proposed 
and tested on standard IEEE-41 bus radial distribution system. For this test system the optimal locations of DGs 
and shunt capacitor banks are found by sensitivity analysis and their optimal sizes are found by ITLBO 
algorithm. In this work the analysis is carried out for different combinations of DGs and shunt capacitors and 
results are presented. From the obtained simulation results, it is observed that proper location of DGs and shunt 
capacitor banks with their optimal sizes in the distribution system reduces the losses and improves the voltage 
profile effectively if they are used simultaneously.  
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