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ABSTRACT

 Distributed generation (DG) is a rapidly growing technology, 
which helps in proper planning for expansion of the electrical networks 
in order to face the load growth and to supply the consumers properly. 
In this article, computationally efficient & numerically robust distribu-
tion flow equations for the power flow solution of distribution system 
with distributed generation is presented. The effects of distributed 
generation on the system voltage profile and losses have been analyzed 
by using different sizes and locations of DG. The results show that the 
voltage profile is improved and losses are reduced, when a DG of proper 
size is incorporated at proper location in the system. The methodology 
is applied to IEEE-13 node test feeder system.
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INTRODUCTION

 An electrical distribution system is a service of electrical circuits 
that delivers power in the proper proportion to homes, commercial busi-
nesses and industrial facilities. To manage a loss reduction program in a 
distribution system it is necessary to use effective and efficient computa-
tional tools that allow quantifying the loss in each different network ele-
ment for system losses reduction. The power loss in a distribution net-
work can be minimized by either using capacitor banks, reconfiguration 
or by installing DG units. These different approaches for loss minimiza-
tion have been discussed in [1]. Network reconfiguration in distribution 
systems is realized by changing the status of sectionalizing switches, and 
is usually done for loss reduction or for load balancing in the system. In 
order to improve the efficiency as well as reliability indices of the electri-
cal distribution networks reconfiguration process is applied [2].
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 Distributed reactive power sources such as capacitor banks of 
optimal sizes at optimal locations can be placed, for improved voltage 
profile and hence to reduce the power losses [3], [4]. The dynamic pro-
gramming method has been used to determine the optimum number, 
location, and size of shunt capacitors in a radial distribution feeder with 
discrete lumped loads so as to maximize overall savings, including the 
cost of capacitors [5]. The method also determines when capacitors are 
not economically justified.
 Moreover, the radial distribution systems are less reliable because 
of its passive nature. The benefits of using DG resources are quantified 
for the simple case of a radial distribution feeder with concentrated load 
and distributed generator [6]. A multiple objective formulation consid-
ering the best compromise between different components of energy cost 
for the siting and sizing of DG resources has been proposed [7].
 In past some work has been carried out to determine the location 
and size of the DG. A fuzzy-GA method to reduce power loss [8], loss 
sensitivity calculation [9], power losses using voltage sensitive nodes for 
unbalanced radial distribution system [10] are few of such work.
 A probabilistic-based model is presented for selecting the optimum 
mix of renewable DG units that minimize the system annual energy losses 
in the distribution system without violating the system constraints [11]. A 
parametric cost–benefit analysis concerning the use of distributed genera-
tion (DG) technologies for isolated systems is also carried out [12].
 In the present work, computationally efficient & numerically ro-
bust distribution flow equations are used for the power flow solution 
of distribution system [3]. The effects of distributed generation on the 
system voltage profile and losses have been analyzed. The results show 
that the voltage profile is improved and losses are reduced, when DG is 
incorporated in the system. The methodology is applied to IEEE-13 bus 
radial distribution test system. Section II describes about the distribution 
load flow and the power loss equations considered. Simulation runs are 
carried out on IEEE-13 bus radial distribution test system in Section III. 
Finally Section IV concludes the article.

DISTRIBUTION LOAD FLOW

 The classical methods are inefficient in the analysis of distribu-
tion systems due to the special features of such networks—i.e., radial 
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structure, high R/X ratio, un-transposed lines, and unbalanced loads 
along with single-phase and two-phase laterals. These characteristic fea-
tures make the distribution systems power flow computation different 
and somewhat difficult to analyze when compared to the transmission 
systems’ load flow analysis. Power flow in a distribution system obeys 
physical laws (Kirchhoff laws and Ohms law) which became part of the 
constraints in the DG placement problem. In this work the distribution 
system power flow method [3] is used & presented here. A balanced 
3-phase radial distribution system is considered which is modeled by a 
set of n buses or nodes interconnected by n branches Figure 1. To simpli-
fy the analysis, the system is assumed to be balanced three phase system.

Figure 1. One line diagram of a radial feeder

 Consider a distribution system that consists of a radial main feeder 
only, as shown in Figure 1 comprising n branches/nodes. Vo represents 
the substation bus voltage magnitude and is assumed to be constant. Vo 
is assumed as reference voltage and hence, lines are represented by a 
series impedance Zl = Rl + jXl, and loads are treated as constant power 
sinks SL = PL + jQL. Distributed generators are to be placed at the nodes 
where real and reactive power injections are required. With this repre-
sentation, the network becomes a ladder network with nonlinear shunt 
loads. If the power supplied from the substation S0 = P0 + jQ0 is known, 
then power and the voltage at the receiving end of the first branch can be 
calculated as follows.

  (1)

  (2)
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Repeating the same process yields the following recursive formula for 
each branch on feeder,

  (3)

  (4)

  (5)

Where,
 Pi, Qi: real & reactive power flows from node i to i+1,
 Vi: bus voltage at node i,
 PDgi, QDgi: real & reactive power injections from DG at node i.

 The Dist Flow equations mentioned above can be generalized to 
include laterals. Figure 2 represents a distribution system comprising 
the main feeder as well as laterals. For notational simplicity, the lateral 
branching out of node k is referred to as the lateral k & the node k is re-
ferred to as the branching node.

Figure 2. One line diagram of radial feeder with laterals

 For lateral k with nk branches, the same process of formulation ap-
plied to the main feeder can be repeated for the lateral by using line flow 
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equations (3), (4) and (5) and the new terminal conditions Vk0 = Vk, Pkn 
= 0, Qkn = 0. As a result, we have the following 3(nk+1) equations, i = 0, 
1…… nk-1.

  (6)

  (7)

  (8)

 Hence, in general, for a distribution network of n branches & l lat-
erals, there are 3(n+l+1) Dist flow equations. They are of the form,

 G(x,u)	=	0 (9)

Where x =  xi
T …. …. …. xl

T x0
T]T, xk = [ xko

T …. …. …. xkn
T]T

 Dist flow equations can be used to determine the operating point 
“x” of the system if the DG sizes u are given. These equations can be 
utilized to develop a computationally efficient and numerically robust 
solution algorithm.
 The real power loss in the network can be calculated as the sum of 
the i2r loss on each branch, i.e.,

  (10)

 Where, Pki & Qki are real & reactive power injected at ith bus con-
nected to kth lateral & (ki–1) is the resistance of (ki-1)	branch.

TEST SYSTEM AND RESULTS

 In this work IEEE 13-bus radial distribution test system is consid-
ered [14]. First the distribution load low of the test system is performed 
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without placing DG units. The base case real & reactive power losses & 
voltage profile of the system is calculated. Then, based on the total load 
on the system, various sizes of DG are considered i.e. between 5 to 30% 
of the total load on the system. Distribution load flow is again performed 
with various DG sizes. The real & reactive power losses and system volt-
age profile are calculated including the DG units & are compared with 
the results of base case i.e. without DG.
 The study is done for different sizes of DG. The size of DG is var-
ied from 5% to 30% of the total load on the system, in step of 5%. The 
total load on the system is 3.8266 MVA & the voltage is 4.16 KV. So the 
DG sizes taken are 0.1933 MVA (for DG size of 5% of total system load), 
0.38266 MVA (for DG size of 10% of total system load), 0.57399 MVA (for 
DG size of 15% of total system load), 0.76532 MVA (for DG size of 20% of 
total system load), 0.95665 MVA (for DG size of 25% of total system load) 
and 1.14798 MVA (for DG size of 30% of total system load).
 The real power loss & reactive power loss without the placement 
of DG are 0.0298 MW & 0.0836 MVAR respectively. We have placed the 
DG of different sizes in a particular node & seen the variation of loss & 
system node voltages with different sizes of DG.
 From the Table 1 & Figure 3, it is clear that the power losses are re-
duced as the DG size is increased when connected to node 2. The real & 
reactive power losses are 0.0242 MW & 0.0671 MVAR respectively, when 
a DG of 5% of total load is placed in node 2. These two losses are reduced 
to 0.0199 MW & 0.0541 MVAR, when DG size is increased to 10% of total 
load respectively. As we go on increasing the DG size to 15%, 20% & 25% 
of the total system load the real & reactive power losses are reduced to 
0.0167 MW & 0.0446 MVAR, 0.0147 MW & 0.0446 MVAR, 0.0138 MW 
& 0.0359 MVAR respectively. Whereas the DG size is increased further 
i.e. to 30% of the total system load, the real & reactive power losses are 
increased to 0.0140 MW & 0.0365 MVAR. This increase in losses after a 
particular size of DG shows that DG size should be in proper proportion 
to the total load of the system. So, when placed at node 2, the size of DG 
corresponding to minimum losses is 25% of the total system load. Simi-
larly, the real & reactive power losses are 0.0219 MW & 0.0559 MVAR 
respectively, when a DG of 5% of total load is placed in node 8, shown 
in Table 1. These two losses are reduced to 0.0173 MW & 0.0441 MVAR, 
when DG size is increased to 10% of total load respectively. With increas-
ing DG size to 15% of the total system load the real & reactive power 
losses are reduced to 0.0156 MW & 0.0356 MVAR. But, as the DG size is 
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increased further i.e. from 20% to 30% of the total system load, the real 
& reactive power losses are increased, instead of decreasing, from 0.0168 
MW & 0.0343 MVAR to 0.0275 MW & 0.0518 MVAR. So, when placed at 
node 8, the size of DG corresponding to minimum real power loss is 15% 
of the total system load.

Table-1.
Variation of power loss with different DG sizes when placed in node 2 & 8

Figure 3.
Variation of power loss with variation in DG sizes when placed in node 2

 Similarly the variation of power loss values with different DG sizes 
placed at node 10 & 11 is given in Figure 5 & 6. From the plots for the 
two nodes shown in Table 2, it’s quite clear that the power loss does not 
always decrease with increase in DG size.
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Table 2.
Variation of power loss with different DG sizes when placed in node 10 & 11

 From the values of real & reactive power losses for different DG 
sizes at various nodes, we can see that the power losses do not always 
decrease with the increase in the DG penetration level or DG size. A 
proper size of DG is always required for efficient operation of the sys-
tem. Table 3 shows the sizes of DGs corresponding to minimum loss 
in the system for a particular node.
 The variation in node voltages from base case voltage profile 
at nodes 2, 8, 10 & 11 with different DG sizes is mentioned in Table 
4 to 9.

Figure-4.
Variation of power loss with variation in DG sizes when placed in node 8
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 In Figure 7 the variation in voltage profile with different DG 
sizes when placed at node 2 is shown. From the figure it is quite clear 
that there is improvement in node voltages with the increasing DG 
size. Similarly, the improvement in node voltages with various DG 
sizes when placed at nodes 8, 10 & 11 is shown in Figure 8, 9 & 10 
respectively.

Figure 5.
Variation of power loss with variation in DG sizes when placed in node 10

Figure 6.
Variation of power loss with variation in DG sizes when placed in node 11
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CONCLUSIONS

 In this article the distribution flow analysis has been proposed for 
radial distribution networks. The proposed method has been tested in 
IEEE-13 bus radial distribution test system. The standard data taken is 
given in the Appendix. 

Table 3. DG sizes corresponding to minimum loss for a particular node

Table 4. Node voltages with 5% DG size
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Table 5. Node voltages with 10% DG size

Table 6. Node voltages with 15% DG size
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Table 7. Node voltages with 20% DG size

Table 8. Node voltages with 25% DG size
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 The used method has advantages over the general load flow meth-
ods, in terms of its robustness and its simple calculation. The forward-
backward sweep method is used here for the power flow calculation. DG 
is considered to be connected at all the buses except the slack bus. The 
effects of distributed generation on the system voltage profile and losses 
have been analyzed. The system is simulated for different sizes of dis-
tributed generation and a comparative study of the system with DG & 

Table 9. Node voltages with 30% DG size

Figure 7. Variation of node voltages with variation in DG sizes when placed 
in node 2
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Figure 10. Variation of node voltages with variation in DG sizes when placed 
in node 11

Figure 8. Variation of node voltages with variation in DG sizes when placed 
in node 8

Figure 9. Variation of node voltages with variation in DG sizes when placed 
in node 10
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without DG is carried out. The results reveal that, with the incorporation 
of DG, the system voltage profile improves to a greater extent and also 
the system loss is minimized extensively. The results show that the volt-
age profile is improved and losses are reduced, when DG is incorporated 
in the system.
 From Table 6 & 8, we see that, the voltage at node 11 is improved 
from 5% to 6.5% from its base case value, when the size of DG placed 
at node 11 is increased from 15% to 25% of total system load. However, 
from the table of power losses we see that with the increase in DG size 
the power losses do not decrease always. When DG size of 15% of total 
system load is placed at node 11, total power loss is improved by 48% 
from its base case value, as shown in Table 2. But the increase of DG size 
from 15% to 25%, the power loss has been worsened by 34% from its base 
case value. This increase in losses after a particular size of DG shows that 
DG size should be in proper proportion to the total load of the system.

APPENDIX

 The IEEE 13 node test feeder system is shown in Figure A-1. The 
feeder voltage here is 4.16 kV. The load data & line segment data are 
given in Table A.1 & A.2. The node 650 is considered as the slack bus or 
the substation bus. The nodes 632, 671, 680, 633, 634, 692, 675, 645, 646, 
684, 611, 652 are considered serially as nodes 2 to 13 respectively.

Figure A-1. One line diagram 
of IEEE 13 node test feeder
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Table A.1.1. Load Data (Spot Load)

Table A.1.2. Load Data (Distributed Load)

Table A.2. Line Segment data
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