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Abstract Distribution system is one of integral part of complex power system.
Power losses in distribution system branches are very high rather than power losses
in transmission system branches. These higher losses lead to higher operational cost
in distribution system. The advancement of technology using distributed generations
has been proved to be very important in optimizing network losses, environment
pollution, and reliability of power systems. The DG allocation is a mixed-integer opti-
mization problem with nonlinearity associated. In this paper, the work optimal size
location and power factor of single and multiple placements of different distributed
generators have been presented. Distribution network loss has been minimized for
optimal power factor, size, and location of distributed generator to be optimized.
Optimum size and minimum loss have been determined. Results thus obtained have
been compared with the results in the literature. The proposed method has been
validated on the IEEE33-bus test system.

Keywords Distributed generation (DG) - Optimum size + Optimum location - DG
types - Voltage profile - Power loss

1 Introduction

The day-by-day increase in electrical power demand, as load is increasing rapidly, has
rendered the existing central generation and transmission network unable to manage
such a large burden. This increasing power demand has challenged the power engi-
neer to maintain the power system reliably, securely as well as economically [1].
Hence, it is clear that either increasing the capacity of existing transmission network
or production and supply in a small—scale near the load center can cope up with these
issues. Power production of small generation units dispersed across the power grid or
networks is defined as distributed generation [2]. These power producing technolo-
gies have led the multidimensional research opportunities in the field of distribution
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system planning and operation [3]. Apart from traditional very large scale power
generation utility, distributed generator installation near load center requires very
less capital cost, operation cost, and maintenance cost. Distributed generators are
also environment friendly, when they are used as different renewable energy tech-
nology. Renewable energy technologies which are not very new include solar genera-
tion, micro-hydro power plants, wind, geothermal generation, power from municipal
waste, landfill gas, and biomass. Emerging major power source of renewable tech-
nologies comes from sea waves and tidal stream. These energy sources possess the
property of lower energy density compared to fossil fuels, which leads to smaller,
economic, and geographically spread power plants [4]. Benefit of effective integration
of DGs includes reduced generation of central power plants, enhanced utilization of
available transmission/distribution network capacity, and improved system security,
more reliable operation and overall costs and pollutant gas emission reduction.

Being a conventional approach in power industry, distributed generation has a
large number of definitions and terms. The term distributed generation is also known
by different terminology in literature such as “embedded generation,” “dispersed
generation,” and “decentralized generation” based on their geospatial locations.
“Dispersed generation” and “embedded generation” are mostly popular in North-
American and Anglo-American countries respectively, while Europe and Asian coun-
tries use the term “decentralized generation” [5]. According to American council of
energy efficient economy sources of electricity generation which are closer to point
of use are termed as “decentralized or on-site generation” contrary to large power
producing central units [6]. Gas Research Institute acknowledge the term distributed
generation for the amount of power production “more than 25 kW but always lesser
than 25 MW” [7]. These generations can include PV solar generation, wind gener-
ation, combined heat power plant, and others. Distributed generation changes the
flow of power in network and hence results in change in network losses, not only
in distribution system but also for transmission network. These reductions in losses
further result in reduced charges for transmission network uses by utility.

It has been shown that poor power factor size and location of DG results in
increased distribution losses compared to losses with optimally located DG [8-10].
Lee et al. have presented selection of optimal locations and ratings before the integra-
tion of multiple DGs to the power grid so that minimum line losses and maximum
benefits of DGs are achieved [11]. Amanifar in his paper has presented particle
swarm optimizer (PSO) to achieve the minimum operating and maintenance cost,
reduced line losses, and reduction in THD with optimally located and sized DG [12].
The concept of network reconfiguration by opening and closing the tie switches
and maintaining the radial structure of the operational distribution network to mini-
mize the losses and voltage deviation has been achieved in [13—17]. Mathematical
modeling for reducing network losses with reconfiguration has been established in
[18]. Fractal theory-based stochastic search algorithm [19] and water cycle algo-
rithm [20] were applied to obtain a better solution in order to minimize losses while
reconfiguring the distribution network in presence of DG sources. In Refs. [21-25],
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method of analytical expression has been illustrated the optimality in size and loca-
tion to obtain minimum distribution loss and to improve the system voltages at all
nodes.

In this paper, different cases of DG allocation strategy have been presented for
optimal location and size problem for minimizing real power losses while satisfying
different constraints. Optimal size corresponding to optimal bus for minimum loss has
been computed based on repeated load flow method with power factor. In a case where
the optimal power factor, optimal location and optimal size have been calculated for
minimum loss. The optimal power factor has been calculated by running load flow
for different power factor. For calculation of distribution loss, load flow algorithm
by backward—forward sweep is utilized [26]. The method proposed in this paper
has been implemented on standard 33-bus distribution test system.

2 Problem Formulation

This paper presents the main objective to minimize the total active power losses in
distribution network, i.e.,

nb
Minimize P = Z 1Py (1)

k=1

Subject to constraints:

Vi,min < Vz < Vi,max (2)
dg_size < dg_sizemax 3)
Ik < Ik,max (4)
dg_loc; # dg_loc, # dg_locs; 5)

where P is total network loss, I; and ry is current and resistance, respectively, of
branch k, nb is maximum number of branches in the network, V; voltage at ith node.
The maximum and minimum limit on voltage is £5% [27]. dg_loc1, dg_loc2 and
dg_loc3 are the Ist, 2nd, and 3rd location of DG placed, respectively, which must
not be same in any case.

The total network loss Pp. has been calculated by sum of losses in all branches of
network (1) using the load flow algorithm using backward—forward sweep as given
in Ghosh and Das [26]. To calculate the loss in a branch, the current flowing in that
branch is multiplied by the corresponding branch resistance. The current through
any particular branch is the addition of the all load currents beyond that particular
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Fig. 1 a Current drawn by load at nth bus. b Voltage calculation at receiving end bus

branch, i.e.,

Iy = Z Livaa(n) V n beyond branch k (6)

n

The current /j,q(n) at a particular node n is calculated by

.
Toaa(n) = W )

P;(n) and Q,(n) are real and reactive power load demand at node (n), and v(n)* is
complex conjugate of voltage v at node n.

The voltage at receiving end node connected with sending end node by kth branch
is calculated by

Vrn,k = Vsn,k —IixZ, Yk=1,2,3...nb ®)

where Vi, r and Vg, ¢ are voltages at receiving end node and sending end node, respec-
tively, connected by branch k. [; and Z; are branch current and branch impedance
of kth branch, respectively. Initially, a flat voltage profile has been assumed for each
node in the network (Fig. 1).

2.1 Optimal Location and Size of DG

The optimal locations and sizes of DGs play a very crucial role for minimization of
distribution network losses. At a bus, the loss is the function of injected power by
DG placed at that bus, so starting from minimum DG size, if we increase the size of
DG at that particular bus the losses starts decreasing till a particular DG size, which
is optimal size of DG corresponding to that particular bus. Beyond this particular
optimal DG size, any further increment in DG size leads to higher distribution losses,
and it may overtake the losses corresponding to base case losses. Similarly, it is true
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for all the buses in network. Hence, selection of DG size is very crucial as it may result
in higher distribution losses. Also, the size of DG must not be more than maximum
load demand and should be consumable within the distribution network boundary,
otherwise there will be a large amount of loss because of design of distribution
network and decreasing conductor sizes as power in passive distribution system
flows in forward direction from substation to load.

DG installation for location size and minimum power loss has been calculated for
different cases as below:

e A single unit of Type-3 DG rated in MVA injecting both active and reactive power
has been computed.

e [osses with multi-DG placed simultaneously injecting only active power has been
computed.

3 Methodology

In this section, loss calculation for Type-3 DG has been presented. Load flow has
been performed to get the optimal size and location for each power factor, and
corresponding loss also has been calculated. Thus, power factor for which loss is
minimum has been obtained by comparing losses at other power factor. Power factor
has been taken from zero to unity and has been increased in small steps of 0.02. For
each power factor, different DG size has been taken into account starting from zero to
4 MW in a small step, and then, load flow has been run to calculate the losses at each
bus. And thus optimal DG size, location, and optimal power factor corresponding to
minimum loss are stored.

3.1 Procedure

Step 1 Run base caseload flow using input system data.

Step 2 Start with initial chosen size of DG, initial DG location, and initial power
factor as initial solution vector and calculate the system loss.

Step 3 Increment the size of DG in a fixed small step to get the corresponding loss.

Step 4 If the loss found with DG size in step 3 is lesser than previous loss, update
the solution vector else go to step 3 until the maximum DG size is reached.

Step 5 Increment the DG location by one.

Step 6 Repeat steps 2—6 until all the possible DG location have been checked
and update the solution vector and corresponding loss if found lesser than
previous.

Step 7 Make an increment in previous power factor by a fixed step change.

Step 8 Repeat steps 2 to 8 until unity power factor and update the solution vector
and corresponding loss if found lesser than previous loss.

Step 9 Print the updated solution vector and stop.
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Applying the above procedure, itis also possible to get the minimum loss, optimum
DG size, and location at any given power factor. In this paper, the work has been
extended to obtain the minimum loss, optimal size, and location of multiple DGs
injecting only real power, i.e., Type-1 DG. The procedure for placement of multiple
units of Type-1 DG is as follows.

3.2 Procedure for Multi-type-1 DG Placement

Step 1 Input the system data and run the load flow to obtain the size and location for
Ist DG, as stated in previous method for unity power factor, for minimum
distribution loss.

Step 2 Store the DG size, optimal location, and minimum loss obtained for 1st DG.

Step 3 Fix the DG of capacity/size obtained above, at their respective optimal
location.

Step 4 Repeat steps 1 and 2 to obtain the size and location, corresponding to
minimum loss for 2nd DG, and then for 3rd DG also.

4 Results and Discussion

4.1 Size, Location, and Loss

The methodology is tested on standard 33-bus 32 branch test system with 2.3 MVAr
and 3.715 MW load at 100 MVA, 12.66 kV [17]. The test system is radial in nature.
A MATLAB code has been written in the MATLAB R2018a environment to evaluate
the optimal location of DG and its size to calculate the minimum loss in the network.

In Fig. 2, minimum loss at each DG location corresponding to different power
factors for 33-bus system is shown. For more clarity, Fig. 2 is redrawn and shown in
Fig. 3 in a more clear way for some selected power factors at 0, 0.5, 0.82, 0.9, and
unity power factor. For each power factor, it is found that loss corresponding to that
power factor occurs at different location and different DG size. Figure 4 is drawn for
the minimum loss obtained at each power factor, which exhibits that at 0.82 power
factor loss is minimum.

Case 1: For Type-3 DG injecting both real as well as reactive power, load flow for
every power factor with varying DG size for each and every bus has been performed,
and corresponding minimum loss is calculated which is shown in Fig. 5. It is found
that at 0.82 power factor, locating 3.1 MVA capacity of DG at bus no. 6 gives the
minimum loss of 61.371 kW. In Fig. 5, optimum DG size and losses corresponding
to optimally located DG at each bus is shown for Type-3 DG.

In Fig. 5, optimum DG size and losses corresponding to optimum size of DG
placed at each bus is shown for Type-3 DG.
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Fig. 3 Total loss with Type-3 DG at different buses for selected power factors

Case 2: As this case has been studied for multiple Type-1 DG placements in distri-
bution network. Three successive DGs of optimum size have been placed one by
one at their optimum location found with previously installed DGs, and losses have
been computed as shown in Fig. 6. Thus, it is noticed that after placing 1st DG of
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Fig. 5 Optimal size and corresponding loss for Type-3 DG at each bus

size 2.6 MW at bus no. 6, the optimal location for 2nd DG is bus no. 16 of DG size
0.4 MW reduces the losses to 93.736 kW. And for 3rd DG, it is found that 0.6 MW
DG at bus no. 25 reduces the losses further to 85.989 kW.

Voltage: Voltage profile for all the cases mentioned in this paper has been calculated
for each case. In Table 1, the minimum and maximum voltage obtained in each case
and corresponding bus with and without DG placement is reported.

In Fig. 7, the voltage profiles for all cases have been drawn, and it is clear that
using multiple numbers of Type-1 DG improves the voltage mostly as compared to
Type-3 DG. In Table 1, minimum and maximum voltage and corresponding bus with
and without DG are also shown.
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Table 1 Voltage profile for two cases with and without DG
Cases Vmin (p-u.) (bus no.) Vimax (p-u.) (bus no.)
Without DG With DG Without DG With DG
Case 1 1 DG 0.91309 (18) 0.96697 (18) 1.0 (1) 1.0015 (6)
Case 2 2DG 0.96059 (33) 1.0(1)
3DG 0.96291 (33) 1.0 (1)
- Voltage profile at each bus
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Fig. 7 Voltage curve for different cases of DG placement
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Table 2 Result obtained for two cases

Cases Base case Case 1 Case 2

Opt. DG location - 6 6 and 16 6, 16 and 25

Opt. DG size MW - 2.6 and 0.4 2.6, 0.4 and 0.6
MVA (pf) - 3.1,0.82 - -

Loss (kW) 202.67 61.371 93.736 85.989

% Loss reduction - 69.72 53.75 57.57

% Voltage increment 5.9 52 5.46

Table 3 Comparison of results

Case 2 Multi-DG placement

In Ref. [16] DG size in MW 0.1070 0.5724 1.0462
(DG location) (18) a7 (33)
Power loss (kW) 96.76
Minimum voltage 0.967
% Loss reduction 52.26

Method applied in this paper DG size in MW 2.6 0.4 0.6
(DG location) (6) (16) (25)
Power loss (kW) 85.989
Minimum voltage (bus) 0.96291 (33)
% Loss reduction 57.57

In Table 2, it is shown that loss is lowest for case 1 using Type-3 DG which
reduces losses to 61.371 kW, while using multiple DGs reduces the losses in a great
extent but lower than case 1. Type-3 DG reduces the losses by 69.72%, while three
numbers of Type-1 DG reduce the losses by 57.57%.

A comparative study of optimal location of multiple Type-1 DG approach for
maximum loss reduction is shown in Table 3, which shows that placing DG at nodes
6, 16, and 25 has reduced the losses to 85.989 kW as compared to 96.76 kW loss
obtained with the meta-heuristic harmony search algorithm (HSA) [16]. And loss
reduction has been improved to 57.57% as compared to 52.26% of HSA. Although
it is found that voltage profile with the method applied in this paper experiences a
slight decrement compared to HSA [17] but within its acceptable limit.

5 Conclusion

This paper has presented the Type-3 as well as multiple numbers of Type-1 DGs to
minimize the real power losses in distribution network by injecting real or reactive
power. From above discussion, it can be concluded that Type-3 DG is best suitable
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for the most loss reduction which is calculated as 69.72% as can been seen in Fig. 6
and Table 2, while improvement of voltage at almost all buses after installing DG at
their optimal location is well within the limit of +5%. Placing a single Type-3 DG
improves the voltage significantly which is almost equivalent to placing two Type-1
DGs as can be seen in Fig. 7. A more improved voltage profile has been achieved
with three Type-1 DG placement cases.
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