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Email: kashinath_vh@iitkgp.ac.in generation. This paper presents a method to minimize annual energy losses

through the integration of nondispatchable renewable distributed generation
(DG) units and network reconfiguration under varying load demand condition.
The optimal location and DG power level are calculated, and then these data
are used to determine DG plant size taking into account the nonavailability of
renewable energy at certain times. A network reconfiguration strategy is pro-
posed, which takes into account both the time-varying load and the renewable
energy source such that annual energy loss is minimum. The proposed method-
ology is applied to 33-node and 118-node test distribution system with different
scenarios. Results show a substantial reduction in energy loss. A cost-benefit
analysis is also carried out.
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1 | INTRODUCTION

Renewable energy sources are attracting increasing interest because of their inexhaustible and nonpolluting nature. Wind
and photovoltaic technologies are relatively matured and are competing against conventional sources. PV plants are easy
to install because of their modular nature, require little maintenance, and have a long life whereas wind power plants tend
to have a higher capacity factor and can generate power during night time also. India has committed that by 2030, at least
40% of its electricity demand will be met by nonfossil fuel-based sources by signing the Paris climate change agreement.!
It will help to reduce emissions to limit global temperature rise to below 2° C. Currently, the bulk of electricity generated
in India is coal-based, and 23% of generated power in India is lost in transmission and distribution, a majority of which
is lost at the distribution level.? As a result of this, even a small reduction in energy loss or demand at the distribution
level leads to a significant decrease in carbon emissions at the generation level. Network reconfiguration and renewable
energy-based distributed generation (DG) are helpful in this regard.

Reconfiguration and proper placement of DG will reduce active and reactive power losses, improve voltage profile,
relieve heavily loaded lines, and enhance reliability.? Distribution network reconfiguration can also help in higher pen-
etration of DG.*® Hourly and seasonal variation in load demand, as well as renewable power generation, complicate the
design process. Researchers have suggested many techniques for DG sizing and placement. These methods can be classi-
fied into analytic methods, heuristic methods, and metaheuristic methods. Some authors have proposed hybrid methods.
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The most common objective of their research work is to minimize real power loss. Many authors use multiobjective
functions including minimizing active and reactive power losses, voltage deviation, and generation cost.

An analytic approach for DG sizing is proposed in Acharya et al.” The sensitivity factor of real power loss with respect
to real power injection from the DG unit is derived from the exact loss formula, and a priority list including 30% of
the total number of buses is formed. Optimal DG at each priority bus is found using analytic expressions and least loss
causing DG unit is recommended. In Mahmoud et al,® an efficient analytical (EA) method is proposed, which considers
the power factor as a state variable. The power flow is viewed as a combination of the base case from the grid to load,
and a counter DG power flow to the grid and a new loss formula is proposed based on this. A new optimal power flow
method is also proposed in which DG unit location is found using the EA method, and sizing is done by the OPF method,
which takes into account the constraints. In Quoc and Nadarajah,® an improved analytical (IA) method is proposed and
the parameters of which could be calculated using load flow results. This method is compared with the loss sensitivity
factor (LSF) method and exhaustive load flow (ELF) method. Hung et al'® proposed analytical expressions for optimal
sizing of DG units. Optimal DG was found for each location, and the location with the least power loss was chosen. The
study considered nondispatchable DG also. In Rajkumar and Khatod,!! loads and DG units are converted into a current
source using base case load flow data, and this linearized system is used to find optimal DG power injection. In Ochoa and
Harrison,!? renewable source generation and load demand are discretized, and instances that have the same generation
and load levels are clubbed together. The total loss is minimized using ac OPF. In Masteri and Venkatesh,'3 network
reconfiguration is formulated as a nonlinear optimization problem using complementarity technique.

A heuristic technique for loss minimization was proposed in El-Hawary and Abu-Mouti.!* Total system real power loss
as a function of DG unit size was approximated to a parabola. The parabola was plotted by finding power loss at 10%, 20%,
70%, and 80% of total system load demand. The quadratic equation representing parabola was differentiated to find the
optimal size of DG.

Mohamed et al'® proposed a fireworks algorithm-based technique for the problem of power loss minimization and volt-
age stability enhancement by reconfiguration and DG. The nodes with the least voltage stability index were chosen for DG
placement. The study did not consider nondispatchable DG units. In Wu et al,'® ant colony algorithm is used to minimize
power loss through reconfiguration, but the load is assumed constant, and only dispatchable DG units are considered.
In Srinivasa Rao et al,!” LSF is calculated to find the location for dispatchable DG units, and harmony search algorithm
was used to compute the size of the DG units and for reconfiguration. A bacterial foraging optimization algorithm-based
method is proposed in Kumar and Jayabarathi'® to minimize power loss. The minimization of the total annual energy
losses is formulated as a nonlinear programming problem in Sfikas et al.!® The study considers nondispatchable DG units
and batteries. The solution method is applied at each candidate node to find optimal DG size. In El-Fergany,?® high poten-
tial buses are identified by fuzzy expert rules using LSF for the optimum DG placement. After reducing the search space,
backtracking search optimization algorithm-based method is applied to optimally place DG units such that active power
loss and cumulative voltage deviation is minimized. The study did not consider nondispatchable DG units and load vari-
ation. Effect of DG on voltage stability margin is studied in Al Abri et al,?! and a method is proposed to place DG units
optimally to improve voltage stability margin. Candidate buses for the DG installation are selected by analyzing the Jaco-
bian matrix. DG sizing problem is formulated as a mixed-integer nonlinear programming (MINLP) problem considering
the intermittent nature of renewable DG units.

An artificial bee colony algorithm-based approach to minimize power loss is proposed in Abu-Mouti and El-Hawary.??
The method was applied to the standard, and overloaded condition and significant loss reduction were recorded. The
technique did not consider nondispatchable DG units. In Garcia and Mena,?* a modified teaching learning-based opti-
mization (MTLBO) algorithm is proposed to determine the optimal placement and size of DG units. The optimal size
of DG at a location is found using a simplified version of exact loss formula, and the place was found using MTLBO
algorithm. In Kaur et al,>* DG optimization problem was solved in two stages. In siting planning model, search space
is reduced to 30% of buses by ranking them according to combined loss sensitivity. In capacity planning model, DG siz-
ing problem is modeled as an MINLP problem and solved. Load level variation is neglected. In Majid and Sharique,® a
repeated load flow method is used for optimal sizing of a single DG, and it is reported that instead of placing the DG unit
at a single location if the capacity is split and placed at many locations reduces the power losses and improves the aver-
age voltage. In Sultana et al,2% an approach based on the grey wolf optimizer (GWO) for multiple DG units allocation is
proposed. The multiobjective function included reactive power loss reduction index and voltage profile deviation index.
The results are compared with the gravitational search algorithm and the bat algorithm-based metaheuristic methods. In
Sanjay et al,?” optimal DG allocation problem is solved using a hybrid GWO technique. The power factor of the DG units
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is varied between 0.7 to unity, and the optimal power factor is calculated. The results are compared with various other
methods.

A hybrid method combining analytical and genetic algorithm (GA) methods is proposed in Vatani et al?® to minimize
the losses. The optimum size of DG units was found using analytic expressions for assumed locations and power factors.
GA was used to find the site and power factor of DG units to minimize loss. Load level variation is not considered. In
Kansal et al,?° a hybrid method is proposed combining the IA method and particle swarm optimization (PSO) technique.
IA method is proposed to find the sizes of DG units, but optimal locations are found using PSO-based technique.

The distribution network reconfiguration problem has been the interest of many researchers. One of the approaches to
network reconfiguration is to close all tie switches to form a meshed network and selectively open switches until the radial
nature of the distribution system (DS) is restored. In Gupta et al,>* an adaptive particle swarm optimization is proposed
to open the meshed network. Random unfeasible solutions generated by the PSO algorithm are converted into feasible
ones by applying heuristic rules based on graph theory. In Romero-Ramos et al,3! network reconfiguration problem is
formulated as a mixed integer programming problem with quadratic constraint. In Niknam,*?> multiobjective network
reconfiguration problem is solved using a combination of discrete particle swarm optimization and honey bee mating
optimization (HBMO) algorithm. The objective is to minimize real power loss, voltage deviation, the number of switch-
ing operations, and to balance the loads on the feeders. The problem is formulated to maximize the norm2 distance of
objective functions from their worst case. In Niknam et al,** modified HBMO algorithm is used to solve the multiobjective
network reconfiguration problem, and a fuzzy-based decision maker is used to select the best nondominated solution. In
Shariatkhah and Haghifam, 3* network reconfiguration problem was formulated as to avoid congestion because of DG
and solved using GA. In Tomoiaga et al,>> a method based on GA and connected graphs is proposed.

Another popular approach is to close one tie line at a time and selectively open a sectionalizing switch to maintain radial
nature.?®3” In Fan et al,3” network reconfiguration is studied as an integer linear programming problem, and a switching
algorithm is developed assuming load to be current sources. In Das,3® fuzzy membership functions are defined for multiple
objectives such as minimizing power loss, voltage deviation, etc. Tie switches are rated according to the voltage differ-
ence across them, and tie switch with the highest voltage difference was closed for reconfiguration. Fuzzy multiobjective
functions are also used in Syahputra et al* to reconfigure distribution networks with DGs. Dorostkar-Ghamsari et al*
analyzed the worthiness of the hourly network reconfiguration and found it economically attractive. In Bayat,*! a con-
structive method is proposed based on the assumption that when the voltage in the network is uniform, the configuration
is globally optimal.

In Kirthiga et al,** a multiobjective PSO-based method was proposed to find the optimal number, size, and location of
DG units. A method to reconfigure was also proposed by introducing tie switches between nodes, but the method did
not maintain radial nature. A distribution feeder reconfiguration method is proposed in Olamaei et al** to reduce total
cost. The size and location of DG units are assumed in the data. The optimization problem is solved using PSO, GA, tabu
search, and differential evolution methods, and PSO is recommended. In Franco et al,* a linearized model is developed
to solve the reconfiguration problem as a mixed-integer linear programming (MILP) problem. The effect of DG is also
considered, but the location is fixed initially. In Aboelsood and El-Saadany,* a probabilistic model is proposed consid-
ering uncertainties in renewable energy generation and load demand. The loss and switching cost was minimized using
GA. In Nasiraghdam and Jadid,*® multiobjective artificial bee colony algorithm (MOABC) was used for DG sizing and
reconfiguration, but the DG location was predefined. Decimal coded quantum particle swarm optimization is applied to
solve the reconfiguration problem in Guan et al*’ using various models for DG units. A new methodology to perform
the automatic reconfiguration of distribution networks incorporating DG units is proposed in the previous studies.*34°
Analytic hierarchy process is used to determine the best sequence of switching. A discrete teaching learning-based opti-
mization algorithm is used in Pfitscher et al.’® In Arash and Hossein,*! a market-based method is proposed taking into
account locational marginal prices at different connection points between distribution and transmission systems. In Sat-
tarpour et al,>? optimal sizing and siting of DG units and smart meters problem is solved using GA. The analysis is
performed considering demand response programs, and the power loss reduction is selected as the objective. In Sattarpour
et al,> hybrid GA and is employed for optimal sizing and siting of DG units and remote terminal units (RTUs) in smart
distribution grids. The results of hybrid GA is used for assigning importance degrees to the two objectives considered
using the technique for order preference by similarity to ideal solution (TOPSIS) approach. However, both the studies>>>3
did not consider renewable DG and reconfiguration. Researchers have also used other optimization techniques such as
simulated annealing,>* artificial immune algorithm,>>>® vaccine-enhanced artificial immune system,” modified plant
growth simulation algorithm,>® PSO,>%° GA®"%3, runner root algorithm,® harmony search algorithm,% artificial bee
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colony algorithm,¢-67 hybrid Harmony search and particle artificial bee colony algorithm,®® interval analysis,*® stochastic
MILP,”® Ant Colony Optimization,”* hybrid receding horizon control and scenario analysis,’”> nondominated sorting GA,”®
fuzzy mutated GA,” tabu search,” Benders decomposition approach,’ and evolutionary programming.”” Summary of
the reviewed literature is presented in Tables 1 and 2.

From the above literature survey, it is seen that most of the researchers have studied either DG installation or network
reconfiguration for power loss minimization. The issue of network reconfiguration in the presence of renewable DG units
has not received much attention. Moreover, it can be seen from Tables 1 and 2 that most of the research works have
neglected the seasonal variation in load demand and renewable resources availability. These gaps in the literature, the
annual energy loss reduction is selected as the objective to account for the seasonal variation in load demand and renew-
able resources availability. A methodology is suggested for finding out the optimal power injection by nondispatchable DG
units (solar and wind) and then their size is determined by a simple methodology to account for the unavailability of the
renewable resources. Reconfiguration of the distribution network is carried out to minimize power loss considering the
seasonal variation of load and generation of nondispatchable DG units. The proposed method is applied to two test sys-
tems including a large scale DS for five different scenarios, and cost-benefit analysis is carried out to test the effectiveness
of the proposed method.

Rest of the paper is organized as follows. In Section 2, the modeling of load and renewable DG is explained. The proposed
method is described in detail in Section 3. The proposed method is validated by applying to two different test systems

TABLE1 Summary of literature

Ref# Reconfiguration DG Presence Load Variation Renew. Source Variation Optimization Technique
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TABLE 2 Summary of literature Contd

Ref# Reconfiguration DG presence
45 Y Y
46,4 Y Y
47,47 Y Y
48 Y Y
50 Y Y
51 Y Y
52 _ Y
53 _ Y
55 Y _
57 Y Y
58 Y Y
59 Y Y
61 Y _
62 Y Y
63 Y _
64 Y _
66 Y _
68 Y Y
69 Y Y
70 Y Y
71 Y Y
73 Y Y
74 Y

Load Variation

TS

Renew. Source Variation

Optimization Technique

GA

MOABC

quantum PSO

analytic hierarchy process
discrete TLBO

GA

GA

hybrid GA and TOPSIS
artificial immune algorithm
many evolutionary methods
modified plant growth simulation
real time OPF

GA

GA

enhanced GA

runner-root algorithm
artificial bee colony algorithm
hybrid heuristic search method
artificial immune systems
stochastic MILP

ant colony optimization
non-dominated Sorting GA
fuzzy mutated GA

in Section 4. The results of the techno-economic analysis are presented and discussed in Section 5, and conclusions are
drawn in Section 6.

2

2.1 | Load modeling

| LOAD AND RENEWABLE RESOURCES MODELING

The load pattern is assumed to vary as mentioned in The IEEE RTS.”® Each year is divided into four seasons: winter,
summer, spring, and fall. Spring and fall seasons follow the same pattern. The demand varies differently on weekdays
and weekends in a season. The load variation for a year is represented by two hourly load curves of four days (one day
representing each season), one representing weekday and the other weekend as shown in Figure 1 and Figure 2.

Load demand in p.u.
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Winter Summer
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24 48
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96 FIGURE1 Hourly load demand curve on
weekdays
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FIGURE 2 Hourly load demand curve on 24 418 72 96
weekends Hours
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0.8

0.6

0.4

Normalised solar power in p.u

0.2

24 48 72 96
FIGURE 3 Hourly solar output Hours

2.2 | Renewable resources modeling

2.2.1 | Solar DG

The DG units are assumed to operate at constant power factor mode. The DS is assumed to be spread across a small
geographical area such that the availability of the wind and solar energy does not vary. Variation in solar power is captured
by the test systems placed at a location within the DS. The test system provides data of hourly power generated by it, and
these data are used to calculate the hourly power variation in each season similar to load variation as shown in Figure 3.7°
For example, solar power generated during the interval 09:00 AM to 10:00 AM in winter weekday is found by taking the
average of power generated on all weekdays in winter season during the same interval. If the hourly power generated data
are not available, then it can be estimated using solar insolation data of the area. The solar data used in this paper was
obtained from a 100 kW peak solar PV plant installed at the rooftop of IIT Kharagpur’® (see Appendix Table A1). In the
absence of such data, the power generated by the test system can be estimated from the solar insolation data using the

following equation®°:
g¢eq 1

IS t

Pt (h) = S X flipy X 1ipy X fpy X < > X (1 + apy[Tc(h) — T2)). ®

2.2.2 | Wind DG

Wind energy variation is taken into account using the hourly wind velocity data. The hourly per unit power generated by
awind turbine in a year is estimated using the following equation:

0 Vw < Vc—in
Pte.'vt,pu(h) _ (237.1 -176.8V,, + 37.8VV% - 1'752Vv3u)/500 Veein £ Vi £ Vi rated )
wind 1.0 Vwrated < Vw < Veeour

0 Vw Z Vc—out
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Wind velocity (m/s) FIGURE 4 Wind turbine characteristics
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Hours FIGURE 5 Hourly wind turbine power

The Equation 2 is obtained by fitting a cubic equation to an actual 500 kW wind turbine characteristics®! with V,_;,=3
m/s, Viyrated=10 m/s, and V._,,,=25 m/s as shown in Figure 4. These data are used to calculate the average hourly power
generated in each season as explained in Section 2.2.1 (Figure 5 and Table A1l).

2.3 | Scenarios

In this work, we have considered PQ™* type of DG units, which can supply both real and reactive power.?’” Moreover,
the renewable DG units are assumed to operate at constant power factor. The following scenarios are considered to
study the effect of the proposed approach. In each scenario, the analysis is done twice for the cases with and without
reconfiguration.

Scenario 1 Base case (no DG)

Scenario 2 Single solar DG unit

Scenario 3 Single wind DG unit

Scenario 4 Wind DG; at first location and solar DG, at the second location
Scenario 5 Solar DG; at first location and wind DG, at the second location

Scenario 1 pertains to the base case with no DG connected to the system. In scenarios 2 and 3, the effect of a single
nondispatchable DG at an optimal location is studied. In scenarios 4 and 5, the impact of multiple nondispatchable DG
units is studied.
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3 | PROPOSED METHODOLOGY

3.1 | Energy loss

Each year is represented by four seasons, and each season is represented by a weekday and weekend. The total annual

energy loss would be
24

4 24
Ejpss = Z Nweak(SZPl”ZfS(h, season) + ZZPYEES(h, season)), 3)
h=1

season=1 h=1

Where P4 is power loss on a weekday; P is power loss on a weekend; N,.qx is the number of weeks in a season and
loss loss

Pioss = lej”’ |Ix|?Ry. . The weighting factors are due to the fact that a week consists of five weekdays and two weekends.
The objective is to minimize the energy loss, ie,

Min. Ejys 4)
subject to,
1. Maintain radial nature of DS.
2. Voltage constraints,
Vinin £ Vi £ Vinax 5)
3. Branch current constraints,
Ll <V k< Ny (6)
4. Distributed generator constraint
Npe
Y Pogi(h) < Pioaa(h) ~ Vh @
i
5. Load flow constraints
Nnade
Ppg; — Pr; = Z |ViViYinlcos(0i + 6, — 6;) (8)
n=1
Nrmde
Qooi = Qui = = Y ViV Yinlsin(0in + 6, — 5. ©)
n=1

In a radial DS, only one end of the feeders is connected to the substation. The power in the feeders flows only in one
direction, and hence, generally nondirectional over current relays are used for protection as opposed to the directional
relays used in the meshed transmission networks. During the reconfiguration process, special care must be taken such that
the final network solution does not contain any loops, which may jeopardize the protection of the DS. The first constraint
is included to force the solution to not have any meshes in the solution. The consumers at the far end of feeders often
experience large voltage fluctuations. The second constraint is included to ensure good quality power to the consumers
as per the standards. The third constraint is included to ensure that the current flowing in each segment of the feeders is
within limits. The fourth constraint is added to make sure that there is no reverse power flow to the grid. The loads are
assumed to be of constant power type with constant power factor. The Newton-Raphson's method is used for load flow
analysis.

3.2 | DG sizing and location

The optimal DG power was found using ELF method proposed in Quoc and Nadarajah.® Optimal DG power at each node,
which minimizes the power loss, is calculated at peak load. A DG unit is placed at a node. The power injected by the DG
unit is increased in steps, and load flow is run to find out the total power loss. The active power loss decreases as injected
power increases. The power factor is maintained constant. The DG unit power is optimal just before the power loss starts
to increases. The location, which gives minimum loss, is selected. The second location is found using the same procedure
but changing the load data at the first location by converting the optimal DG power into a negative load. This process is
repeated for different power factors of 0.7, 0.8, 0.9 lag, and UPF to optimize the power factor.2>-?” This procedure can be
generalized for multiple DG units.

Dispatchable DG capacities can be designed to be equal to the optimal power injection found out. Whereas the optimal
size of nondispatchable DG is determined by taking into account the uncertainties. Solar PV plants rarely receive rated
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solar radiation and have a very low capacity factor. Hence, they should have a larger size than a dispatchable DG at the
same place such that it produces the same power most of the times. Solar PV size is calculated taking Panel Generation
Factor (PGF) of that particular area into account,?? ie,

pmax _ Poptimat X max(Eday) (10)
Fv P® x PGF ’

test

where

total ener enerated
PGF = &8 . 11)
no of days X Pgeq

Popiimal is the optimal solar DG power injection, which minimizes power loss, Eqqy is the solar energy produced in a
representative day of a season (Figure 3), and P;,;" is the actual average peak power generated by the test PV system (max-
imum power generated in Figure 3), and P,q.q is the power rating of the test system (100 kW for the rooftop PV example
considered). The PGF for a particular location is calculated over a long period; hence, the denominator in Equation 10
denotes average energy generated in a day. Accordingly, PV DG size is chosen as P,pima boosted by a factor, which is the
ratio of average daily energy produced in the summer season to overall average energy generated in a day.

Wind power plants have a higher capacity factor as they are operating during the night also. Because of the flat power
characteristics till cut out velocity wind power plants provide the same optimal rated power even when the wind speed
is higher than the rated speed. The size of the wind power plant is determined in such a way that it injects the optimal

power at peak. Therefore, the size of wind DG is found using the following expression.

pmax _ Poptimal
wind ~ P,

, (12)

where P,, is the peak power generated by the wind turbine (Figure 5 ) in per unit.

3.3 | Reconfiguration

DS consists of sectionalizing switches (normally closed) and tie switches (normally open). Reconfiguration is achieved by
altering these switches. Often the number of possible switching combination is so large that evaluating each combination
becomes prohibitive. Hence, heuristic methods are most commonly used.

This paper uses an iterative method to reconfigure DS while maintaining the radial structure. This method is similar to
the one proposed in Baran Mesut and Wu.3® When a tie switch is closed in a radial DS, it forms a loop. A sectionalizing
switch in the loop must be opened to maintain the radial structure. If more than one switch is opened, then some nodes
will get de-energized. Hence, to maintain the radial nature of the DS and serve all the loads, the number of open switches
must remain constant. For example, consider a system as shown in Figure 6. When tie switch T1 is closed, a loop is formed,
and to maintain radial structure, one of the sectionalizing switches S3, S4, S5, S6, S7, S10, S11, S12, S13, and S14 must be
opened, and that switch takes the position of T1. The proposed algorithm maintains a list of open switches,which is con-
tinuously updated. The algorithm continuously tests whether an open switch (instead of examining all open switches as
in Baran Mesut and Wu3®) can be closed and replaced by any other closed switch resulting in a better objective. It termi-
nates when no improvement is achieved by altering any open switch. This method ensures at the least a local minimum.
The detailed procedure for a system with a Nj;, number of tie switches is described as follows.

Step 1 Read system load, generation, line, tie switches, and sectionalizing switches data. Prepare a list of open switches
with all tie switches as elements. Run load flow to get Pgopa = total power loss.

Step 2 Close the open switch OSy. Identify the closed switches that form a loop. Open one such closed switch at a time
and run load flow to get the power loss. Discard the solution if any constraints are violated.

Step 3 Select the closed switch CS;, which when opened gives minimum loss Pj,.; Without violating constraints.

Step 4 If Pgiopar > Plocar, update the actual system and the list of open switches by replacing OSix < CS;, Pgiopal = Piocal
and exit = 0. Else exit = exit + 1

Step 5 If exit < Ny, go to step 2 with next open switch. Else display the results and stop.
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FIGURE 6 Example system

3.4 | Computational procedure

The procedure to calculate total energy loss is explained below. After each reconfiguration operation, a list of open
switches is entered into a look-up table, which will be used in the actual operation of DS.

Scenario 1: Run load flow for each hour of the load curve and find the total energy loss in a year using Equation 3.
Now, perform reconfiguration at each hour and again find annual energy loss.
Scenario 2: Find out the optimal size and location for solar DG as explained in Section 3.2. The solar power

generated in each hour follows the pattern given in Figure 3. Find annual energy loss for both cases,
with and without performing reconfiguration.

Scenario 3: Find out the optimal size for wind DG as explained in Section 3.2. The wind power generated in each
hour follows the pattern given in Figure 5. Find annual energy loss for both cases, with and without
performing reconfiguration.

Scenario 4 and 5: Find out the optimal size and location for DG; as explained in Section 3.2. Now, to find the location
and size for DG, convert the optimal DG obtained previously (DG, ) into a negative load and repeat
the process as explained in Section 3.2. Consider DG; to be solar based and DG, to be wind-based.
Find annual energy loss for both cases, ie, with and without performing reconfiguration. Repeat the
process considering DG, to be solar based and DG; to be wind based.

4 | VALIDATION

4.1 | Test system
4.1.1 | 33-Node

The proposed method is examined on a medium scale 12.66 kV, 33-node radial DS.3¢ The system has 32 branches and
five tie switches as shown in Figure 7. Branch 33 to 37 represent tie branches. The total real and reactive power demand
of this system at the peak is 3.715 MW and 2.3 MVAr, respectively. At peak load level, this system has a total real power
loss of 202.68 kW without any DG unit. A minimum real power loss of 139.55 kW was obtained at peak load condition
through reconfiguration and without any DG unit such that branches 7, 14, 9, 32, and 37 are open. This is in agreement
with the results obtained in the previous studies. 30-3

Legend
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FIGURE 7 33-bus test system line diagram —e—o—&-----------------=
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4.1.2 | 118-Node

The proposed method is also applied on a large scale 11 kV, 118-node radial DS.®* The system has 117 branches and 15
tie switches. Branch 118 to 132 represent the tie branches. The total real and reactive power demand of this system at the
peak is 22.71 MW and 17.04 MVAr, respectively. The results of reconfiguration at peak load condition is given in Table 3

4.2 | DGsize

Table 4 shows the optimal location and power injection by the DG unit for the considered systems. The analysis is done
assuming a constant power factor for the DG unit. Optimal DG power injection at each node is calculated as shown in
Figure 8. For 33-node system, the power loss is minimum (61.58 kW) when a DG power of 2469 kW at 0.8-pflag is injected
at node 6. The panel generation factor of the area as computed using Equation 11 was 3.52, and size of the PV plant is
computed using Equation 10. The average energy produced in the summer is highest, ie, max(Eqy)=445.52 kWh, and
the peak power average power produced by the test system is during summer at 12:00 noon as shown in Figure 3, ie,
P™=65 4 kW; hence, the size of the PV DG unit is 22224532 _477g kw, Similarly, the size of the wind power plant is

test ) . X X 3.52x65.4
computed using Equation 12 at the same location is 4078 kW.

Before Reconfiguration After Reconfiguration TABLE 3 Reconfigured system at peak load
SYStem Pioss (kW) Vinin (Pu) Pioss (kW) Vinin (Pu) Opeﬂ Lines
33-Node 202.68 V15=0.9131 139.55 V;,=0.9378 7,9, 14, 32, 37
118-Node 1296.57 V;,=0.8688 853.58 V111=0.9323  23,25,34,39,42,

50,58,71,74,95,97,
109,121,129,130

Sys #0f DGs pf Ppc(node) Power Loss(kW) TABLE 4  Optimal Popimq at peak load

33-node  Single DG 0.7lag 2124 kW(6) 66.12
0.8lag 2469 kW(6) 61.58
0.9lag 2751 kW(6) 64.31
1.0 2575 kW(6) 103.97

TwoDGs 0.7lag 2124 KW(6), 433 kW(31) 50.64

0.8lag 2469 kW(6), 488 kW(31) 46.62
0.9lag 2751 kKW(6), 512 kW(32) 50.61
1.0 2575 kW(6), 405 kW(16) 93.44

118-node Single DG 0.7lag 2387 kW(71) 933.99
0.8lag 2785kW(71) 919.95
09lag 3120 kW(71) 922.94
1.0 2979 kW(71) 1015.24

TwoDGs 0.7lag 2387 KW(71), 2529 KW(110) 602.20
0.8lag 2785 kW(71), 2906 kW(110) 585.67
0.9lag 3120 kW(71), 3192 kW(110)  604.60
1.0 2979 kW(71), 3120 kW(109) 803.73

200
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Node number various nodes (33-node system, 0.8-lag p.f)
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For two DG units, the DG power of 2469 kW at node 6 is converted into a negative load. Optimal DG power injection
at each node (except node 6) is calculated again. The power loss is minimum when a DG power of 488 kW is injected at
node 31. This leads to the size of the solar and wind DG unit at node 31 to be 944 kW and 806 kW, respectively. Similar
analysis is carried out for the 118-node system (Figure 9), and the results of DG allocation for different power factors for
both the systems are given in Table 4. The optimal power factor for minimum power loss is found to be 0.8 pf lag for all
the cases of both the test systems (see Table 4)

4.3 | Cost-benefit analysis

The annual savings (AS) achieved by the proposed method is found by cost-benefit analysis. The earnings are due to the
power generated by DG units and energy saved by the reduction of power loss. The expenditures are annual installment
to repay capital cost (CC) and operation and maintenance cost. Therefore,

AS = aEpg + a(El’OSS — Ejpss) — Al — bEpg, (13)
where
Al = CRF x CC, (14)
oy 1 N
CRF = & (15)
i+1N -1

Epg is the total annual energy generated by DG in MWh, E _is the total annual energy loss without DG and recon-
figuration in MWh, Ej, is the total annual energy loss with DG and reconfiguration in MWh, a is the cost of energy in
$/MWHh, b is the operation and maintenance cost in $/MWh, Al is annual installment in $/year, CRF is capital recovery
factor, which determines the annual installment for the capital borrowed for N years at the interest rate of i. The life cycle
was assumed to be of 20 years and the interest rate to be 10%. The cost of DG units is given in Appendix.34

5 | ENERGY LOSS AND SAVINGS

The detailed simulations are carried out for both 33-node and 118-node systems with different power factor DG units for
each scenario. However, only the simulation results of the optimal power factor (0.8-pf lag) case are provided for brevity.

5.1 | Scenario 1: Base case (without any DG)

In this case, load flow is carried out at each hour according to seasonal variations of load on weekdays and weekends as
shown in Figure 1 and Figure 2, respectively. Annual energy imported from the grid, energy loss, and savings before and
after reconfiguration is given in Table 6. From Table 6, it is seen that without DG and without reconfiguration energy
imported from the grid is Eg;g=28 127.83 MWh, and energy loss is Ejys = 1229.15 MWh. But without DG and with recon-
figuration, Eg;q=27750.78 MWh and Ej,,= 852.10 MWh. Hence, annual energy imported from the grid decreases after
reconfiguration and percentage of reduction is 1.34%. Similarly, reduction of energy loss after network reconfiguration is
(1229.15-852.1)/1229.15 = 30.67%. From Table 6, it is also seen that the net annual saving is $64 098. This saving is due to
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network reconfiguration without any DG. However, for the 118-node system, the reduction of energy loss after network
reconfiguration is 33.26%.

5.2 | Scenario 2: Single solar DG unit (0.8-pf lag)

For this case, results are presented in Table -7. If the solar PV DG unit is connected at node 6, energy (Ep¢ ) supplied by the
PV DG unitis 4797.66 MWh, annual energy loss is 896.58 MWh, and annual savings are $392 007 without reconfiguration.
When network reconfiguration is carried out with the PV DG unit placed at node 6, annual energy loss is 645.32 MWh, and
annual savings is $434 721. Therefore, the reduction of annual energy loss is (896.58-645.32)/896.58 = 28.02%. The annual
increase in savings is (434 721-392 007)/392 007 = 10.9%. The reduction in annual energy loss due to reconfiguration for
the 118-node system is 30.76%, and the increase in savings is 67.32%.

5.3 | Scenario 3: Single wind DG unit ( 0.8 pflag)

For this case, results are presented in Table 8. If a wind DG unit is placed at node 6, annual energy supplied by the wind
DG unit is 16948.209 MWh, annual energy loss is 403.08 MWh, and annual savings are $902274 without reconfiguration.
If reconfiguration is carried out with a 0.8 pflag power factor DG unit placed at node 6, annual energy loss is 347.65 MWh.
Hence, annual energy loss reduction is equal to (403.08 - 347.65) = 55.43 MWh ( ie, 13.75% ). For 118-node system, it is
1625.80 MWh (28.74%). The annual savings for the 33-node system is $911696. Therefore, the increase in savings due to
network reconfiguration is equal to (911 696-902 274) = $9422 (ie, 1.04% ).

5.4 | Scenario 4: Wind DG, at first location and solar DG, at second location

For this case, results are presented in Table 9. In this scenario, annual energy supplied by PV, and wind DG units is
948.26 MWh and 16 948.21 MWh, respectively. Before reconfiguration, annual energy loss is 353.67 MWh, and yearly
savings is $976 978. After reconfiguration, annual energy loss is 307.92 MWh, and annual savings is $984 757. There-
fore, reduction of annual energy loss is (353.67-307.92) = 45.75 MWh (ie, 12.94% ), and increase in annual savings is
(984757 - 976978) = $7779 ( ie, 0.8% ). The results for 118-node system is given Table 10. The increase in savings due to
reconfiguration is $222695 (12.57%).

5.5 | Scenario 5: Solar DG; at first location and wind DG, at second location

For this case also, results are presented in Table 9. From Table 9, it is seen that annual energy supplied by solar and
wind DG units are 4797.66 MWh and 3349.83 MWHh, respectively. Before network reconfiguration, annual energy loss
is 560.12 MWh, and annual savings is $599 785. After network reconfiguration, annual energy loss is 402.44 MWh, and
annual savings is $626 590. Hence, reduction in annual energy loss is (560.12-402.44) = 157.68 MWh (ie, 28.15%), and the
increase in annual savings is (626 590-599 785)=$26 805 (ie, 4.47%). As shown in Table 10, the reconfiguration process
brought the energy loss from 4983.74 MWh to 3481.90 MWh (30.13% reduction) for the 118-node system.

5.6 | Power loss and peak voltage

Figures 10 and 11 show the effect of reconfiguration on power loss for 33-node system with DG units operating at 0.8 pf
lag. Reconfiguring the network leads to a significant reduction in power loss. The curves for scenarios 1 and 2 coincide
with each other during night time as solar DG unit cannot provide power at night. Table 5 shows the maximum and
minimum voltages before and after reconfiguration. In every scenario, there is an improvement in minimum voltage after
reconfiguration. Moreover, the improvement is more significant for the cases with DG units when compared with the
base case with no DG units.

5.7 | Discussion

Tables 6 to 10 show the annual savings and annual energy loss achieved by the proposed method. In the case of single DG
unit operation, the savings were maximum for the wind power plant at node 6 (scenario 3, Table 8 ). For two DG cases,
scenario 4 resulted in a maximum savings of $984 757 and a minimum energy loss of 307.92 MWh per year. Figure 12
shows the optimal generation curve on weekdays with DG units operating at 0.8 pf for scenario 4. Similarly for 118-node
system, scenario 5 was found to be the most economical with a maximum savings of $2 026 186 and a minimum energy
loss of 3481.90 MWh per year. Figure 13 shows the optimal generation curve on weekdays with DG units operating at
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FIGURE 10 Hourly power loss curve on

weekdays, without reconfiguration

FIGURE 11 Hourly power loss curve on

weekdays, after reconfiguration

TABLE 5 Peak voltages (pu) before and

after reconfiguration

TABLE 6 Annual savings for
base case (scenario 1, no DG)
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Before Reconfiguration After Reconfiguration
System scenario V,,;, Vinax Vnin Vinax
33-Node 1 Vg =0.9131 V7 = 1.0000 V3, =0.9378 V7 = 1.0000
2 Vig =0.9204 V5 =1.0075 V3, =0.9432 V4, =1.0076
3 Vg =0.9531 V,=1.0166 V3, =0.9696 Vs =1.0104
4 Vig =0.9531 Vg =1.0166 Vi, =0.9696 Vg =1.0104
5 Vig =0.9286 V5 =1.0147 Vig =0.9574 Vg =1.0092
118-Node 1 V77 =0.8688 V7 = 1.0000 V111 = 0.9323 V3 = 1.0000
2 V;; =0.8810 V;; =1.0105 Vi33; =0.9323  V; =1.0000
3 Vlll = 0.9053 V71 = 1.0292 Vlll =0.9323 V71 = 1.0054
4 V54 =0.9117 V71 = 1.0292 Vlll =0.9389 V71 = 1.0054
5 V7 =0.8810 V30 =1.0250 V74, =0.9416 Vi3 = 1.0025
Without Reconfiguration Reconfiguration
System Egig(MWh)  E;o( (MWh) Savings ($) E,iq(MWh) Ej, (MWh) Savings ($)
33-Node 28127.83 1229.15 0 27750.78 852.10 64098
118-Node 173627.47 7900.12 0 171000.08 5272.72 446658

0.8 pf for scenario 5. Hourly generation curves of DG units and grid plotted in Figure 12 and Figure 13 follow the hourly
load demand curve in Figure 1 as total power generated should balance the total load and losses. Annual saving due to
wind DG unit is more because it operates all the time, but solar DG unit only works in the daytime.

As reconfiguration is carried out in every hour, therefore it is not possible to present reconfiguration networks at every
hour. Opening branches and closing branches are the same for the 33-node system at all hours without any DG unit.
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TABLE 7 Annual savings for a single PV DG (scenario 2)

System DG Size Epc(MWh) Without Reconfiguration Reconfiguration

Egria(MWh)  Ejo(MWh)  Savings ($) Egia(MWh)  Ej(MWh) Savings ($)
33-Node 4778 KW (6)  4797.66 23005.33 896.58 392007 22754.07 645.32 434721
118-Node 5390 kW(71) 5411.70 166016.34 6949.71 539948 163878.23 4811.60 903427

TABLE 8 Annual savings for a single wind DG (scenario 3)

System DG size Epc(MWh) Without Reconfiguration Reconfiguration

Egia(MWh)  Ejo(MWh)  Savings ($) Egia(MWh)  Ej(MWh) Savings ($)
33-Node 4078 kW(6) 16948.21 10361.27 403.08 902274 10305.85 347.65 911696
118-Node 4600 kW(71) 19117.36 151017.08 5656.12 1240827 149391.29 4030.32 1517213

TABLE 9 Annual savings for two DGs (33-node system)

Scenario DG size Epy Ewina No Reconfiguration Reconfiguration
Wind PV (MWh) (MWh) Egy Ejpss Savings Eg;q Ejoss Savings
(Mwh) (MWh) ($) (MWh) (MWh) ($)
4 4078 kKW(6) 944kW(31) 948.26 16 948.21 9363.61 353.67 976 978  9317.85 307.92 984 757
5 806 kW(31) 4778kW (6) 4797.66 3349.83 19 319.03 560.12 599785 19161.36 402.44 626 590

TABLE 10 Annual savings for two DGs (118-node system)

Scenario DG Size Epy Ewina No Reconfiguration Reconfiguration
Wind PV (MWh) (MWh) Egqg Ejoss Savings Eg; Ejpss Savings
(MWh) (MWh) ($) (MwWh) (MWh) ()
4 4600 KW (71) 5624 KW (110) 5646.82 19117.36 144 571.52 4857.38 1771460 143261.50 3547.41 1994155
5 4800 kW(110) 5390 KW (71) 5411.70 19947.95 144102.41 4983.74 1770874 142600.54 3481.90 2026186

Figure 14 shows the reconfigured network without any DG:; it is identical at every hour. But with DG units, opening and
closing branches are not the same. However, for the 118-node system, the reconfigured network is not the same for every
hour even for scenario 1. The list of open switches after reconfiguration for scenario 1 is 23, 25, 34, 39, 42, 50, (61 or 58),
71, (73 or 74), (76 or 95), (82 or 97), 109, 121, (125 or 129), and 130. The proposed method was able to reduce the annual
energy loss by 74.95% for the 33-node system (scenario 4) and 55.93% for the 118-node system (scenario 5), thus achieving
its objective.

5.8 | Practical aspects

This work proposes to minimize energy loss through renewable DG and reconfiguration. The line losses at the distribution
level are usually borne by the distribution company (DISCOM). Hence, the DISCOM has a strong incentive to minimize
the losses. However, the government-owned, cash-starved, loss-making distribution company (which is the case for most
of the developing world) may not show interest in the installation of DG units because of the costs associated with it
whereas a private for-profit company may show interest. Even then the DISCOM is bound to provide quality power to the
customers with voltage limits as per the regulations. The DISCOM may show interest in implementing network reconfig-
uration, which does not cost as much as DG unit installation but provides good voltage profile improvements as shown
in Table 5.

Many simplifying assumptions are made during the analysis, which may not hold while implementing for a practical
system. Each branch section is assumed to have a sectionalizing switch with remote or manual control. The cost of switch-
ing is neglected in this study. Whereas in a practical system, there may be a few remotely controlled switches (RCS) as
they incur a significant cost for installation. However, there is a natural tendency to incorporate RCSs and smart meters
to encourage demand response and local DG. Special incentive mechanisms and government policies triggered by fear of
climate change are expected to accelerate the modernization of the distribution network into a smart grid with communi-
cation infrastructure. Hence, switching cost is likely to reduce in the future as other factors are also driving the installation
of RCS. Moreover, in developing countries, manual switching may be more economical compared with RCS owing to the
cheap labor cost. The optimal allocation of RCS for maximum economic benefits is discussed in the previous studies. 8>86
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The implementation of the proposed method should be preceded by a detailed protection analysis as the introduction
of DG alters the short circuit level around the point of coupling. The protective relay parameters must be redesigned
to account for the effect of DG and reconfiguration. A suitable mechanism must be there to isolate the DG unit from
the network in the event of any fault. The systems considered cannot operate independently of the grid as there is no
dispatchable DG unit to control the frequency. However, the energy storage system can be introduced to control the
frequency when the grid is unavailable.

We had assumed a simplified per kW cost for installation of DG units as shown in Table 11. However, while implement-
ing one has to consider all the costs including planning cost, cost of land, equipment (PV modules or wind turbine) cost,
power converter cost, transportation cost, wiring cost, SCADA system and communication infrastructure cost, labor cost
for installation, government or license fees (if any), etc. Moreover, the DG unit installation at the optimal location may
be infeasible because of unavailability of land, government regulation, noise, aesthetics, etc. Proper risk analysis should
be performed to safeguard the investors, for example, a consequent fall in the grid electricity price would adversely affect
the earnings in the future. Such risk factors should be identified and hedged.
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Type of DG Capital Cost ($/kW) Operation and Maintenance Costs ($/MWh) TABLE 11 Cost of DG units
Solar photovoltaic 770 10
Wind 4000 12

6 | CONCLUSIONS

In this paper, a method has been proposed to minimize annual energy loss by incorporating renewable DG units and
reconfiguration. The DG plant size and location have been determined using the optimal power injection, which mini-
mizes the power loss at peak load. The DS is reconfigured at every hour considering varying demand and renewable DG
units. The proposed method has been examined on a medium size 33-node network and a large scale 118-node network
for various scenarios with multiple DG units and power factors. Cost-benefit analysis has been compared for different
scenarios. The study reveals that for single DG unit operation, savings is maximum for a wind DG power plant at node 6
(node 71 for the 118-node system) (scenario 3). For two DG case, the wind power plant at node 6 and PV power plant at
node 16 (scenario 4) give maximum savings (scenario 5 for the 118-node system). The analysis also reveals that the hourly
switching pattern for network reconfiguration is the same without any DG for the 33-node system only. However, these
hourly switching pattern is not the same after network reconfiguration with DG units. It was also found that there is a
significant improvement of the voltage profile for all the scenarios with DG after reconfiguration.

LIST OF SYMBOLS AND ABBREVIATIONS

apy temperature coefficient of PV panels

Ny efficiency of the power converter of the solar DG unit

npy efficiency of the PV panels

a cost of energy in $/MWh

AI annual installment in $/year

AS annual savings in $

b operation and maintenance cost in $/MWh

CC capital costin $

CRF capital recovery factor

CS;ji™ closed switch

Eg4qy solar energy produced in a representative day of a season in kWh
Epg energy supplied by DG unit in a year in MWh

Ejss total annual energy loss with DG and reconfiguration in MWh
E;OSS total annual energy loss without DG and reconfiguration in MWh
fpy derating factor for PV panels

i interest rate at which capital cost is borrowed

F' rated solar insolation of PV panels

I maximum current limit of k™ branch

I, magnitude of current in k" branch

N life cycle of DG units in years

N, number of branches in the DS

N,,,qe number of nodes in the DS

N;. number of tie switches in the DS

Nyear number of weeks in a season

OSk™ open switch

P,, peak power generated by the wind turbine

Pgiopar global minimum power loss in kW

Pjoeqr local minimum power loss when when a particular tie switch is opened
P" power loss on weekdays

loss

P power loss on weekends
loss
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Popiimat Optimal DG power injection which minimizes power loss in kW
Pp7* size of PV DG unit in kW

Pﬁi‘;’fi size of wind DG unit in kW

PGF panel generation factor

Ry resistance of the k™ branch

S Total area of PV panels

Tzf rated cell temperature of PV panels

V._in cut-in wind speed

Ve—our cut-out wind speed

Vinins Vinex minimum and maximum voltage limits in p.u.
Vi rared Tated wind speed
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APPENDIX A
Hour Winter Summer Spring Fall TABLE Al Seasonal solar and wind generation
Solar Wind Solar Wind Solar Wind Solar Wind data in per unit”
1 0.0000 0.7611 0.0000 0.8399 0.0000 0.5086 0.0000 0.8091
2 0.0000 0.6968 0.0000 0.7663 0.0000 0.5372 0.0000 0.7063
3 0.0000 0.6915 0.0000 0.7332 0.0000 0.5503 0.0000 0.7710
4 0.0000 0.7258 0.0000 0.6996 0.0000 0.5673 0.0000 0.7510
5 0.0118 0.7061 0.0000 0.6838 0.0009 0.5614 0.0087 0.8049
6 0.0804 0.6359 0.0222 0.6748 0.0493 0.6679 0.1036 0.8554
7 0.2294 0.6031 0.1239 0.6822 0.2390 0.6294 0.3111 0.8086
8 0.4304 0.6032 0.2939 0.7134 0.5005 0.6564 0.5277 0.8473
9 0.6137 0.6977 0.4966 0.7509 0.7206 0.7198 0.7101 0.8069
10 0.7317 0.6487 0.6480 0.8113 0.9012 0.6734 0.7653 0.8034
11 0.7606 0.6588 0.7250 0.8350 1.0000 0.7304 0.7651 0.9166
12 0.6834 0.7142 0.7449 0.9074 0.9837 0.8675 0.7318 0.9451
13 0.5390 0.7803 0.6990 0.9070 0.8628 0.9387 0.6383 0.9283
14 0.3536 0.7434 0.6120 0.9291 0.6921 0.9364 0.4575 0.9530
15 0.1833 0.7501 0.4687 0.8821 0.4601 0.9326 0.2836 0.9435
16 0.0702 0.7177 0.2929 0.9598 0.2242 0.9294 0.1270 0.9480
17 0.0138 0.7099 0.1472 0.9259 0.0665 0.9600 0.0257 0.9326
18 0.0002 0.7075 0.0416 0.9447 0.0114 0.9303 0.0004 0.9245
19 0.0000 0.8002 0.0017 0.9147 0.0000 0.8739 0.0000 0.9908
20 0.0000 0.7931 0.0000 1.0000 0.0000 0.8546 0.0000 0.9762
21 0.0000 0.8182 0.0000 0.9645 0.0000 0.8048 0.0000 0.8890
22 0.0000 0.8621 0.0000 0.9758 0.0000 0.7013 0.0000 0.9665
23 0.0000 0.7744 0.0000 0.9259 0.0000 0.6757 0.0000 0.8908
24 0.0000 0.7799 0.0000 0.9367 0.0000 0.5423 0.0000 0.8991
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