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Abstract This paper presents an algorithm for optimal
placement and size of the distributed energy resources

(DERSs) considering loss minimization, voltage profile improve-

ment, and line flow capacity as multi-objectives. DERs
are the energy resources which contain renewable energy
resources such as wind, solar and fuel cell, and some arti-
ficial models such as microturbines, gas turbines, diesel
engines, sterling engines, and internal combustion recipro-
cating engines. Combinations of DER studies and for every
combination, indices, active and reactive losses, and volt-
age profiles are studied. To optimize the objective function,
new optimization technique called Bat algorithm (BA) is pro-
posed. The work is tested on 38-bus distribution system with
different % of loading such as 90, 100, and 110 % of base-
load condition. With BA, the voltage profile of the system
and loss reduction with different loading conditions are pre-
sented. For all cases, current injection-based distribution load
flow method is used.

Keywords Distributed energy resource (DER) - Distri-
bution systemloading - Loss minimization - Optimization
algorithm - Bat algorithm

C. Yammani (<) - S. Maheswarapu - M. S. Kumari

Electrical Engineering Department, National Institute of Technology,
Warangal, India

e-mail: chandrayammani@gmail.com; chandrayammani @nitw.ac.in

dadal)

Ol bl aaall Gl Agaladl A8, 028 i g5
B e ) calal) samia Lhoa g Jadll GAN Raug cagall
Ll Jie ddUall saaaie jobias Jaii ) A8 jolas o de sdl
iy ) il Jie Aaelilaa¥) z 3t (any s 3 6 LIS 5 dyusadl] ddlall
LAY S paay Jall S paey S Gl iy A Sl
e Cle same Al Cad S Aol AN G YD IS
bl LY A i de gene JSI de sd) A8 ilas
e by Al A Con 15 aeall zedle s Aleliiall g Aladl) laall
alai e Jaall sty (BAl due )l sa end Caagll Ay Al Jal
0 %1105 %1005 %90 Jie Jaall (3 9% oA pa 38-J8L 123 58
el madle gamje &8 G dpe )l A aladiuly Baclll Jes da
3835 43yl aladind Loal o Adlide Jas Jag 8 ae ) iy HUsill
Y avead Ll cas e Sadiaall a5 gl Jes

List of symbols

Parameters

OF Objective function

IC Line flow Index

IVD Voltage profile Index

A\l Reference voltage bus

Vi Voltage of the ith bus including DER
Vimin Minimum bus voltage at bus ‘1’
Vimax Maximum bus voltage at bus ‘1’

n number of busses

S; Jth line flow

CS; maximum flow capacity of line’j’
Pgs Substation bus power

m number of DERs

Pper Active power generated by DER
Pioad Total system load

Pioad.i Active power load at bus ‘1’

PpERr.1 Active power generated by DER at bus i’
Qioad.1 Reactive power load at bus ’1’
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QpER,I Reactive power generated by DER at
bus ‘1’

Ploss Total system active power loss

nline Number of lines

PpEri Active power injected by DER in bus ‘1’

TPiossDER Total active power loss with DER

TQiossDER Total reactive power loss with DER

TPiosswoper  Total active power loss without DER

TQuosswoper Total reactive power loss without DER

ILP Active power loss Index

1ILQ Reactive power loss Index

IVD Voltage profile Index

IC MVA capacity Index of line

A Loudness of Bat

r Pulse emission rate of Bat

1 Introduction

The distributed energy resource (DER) is the electricity gen-
erated at consumer end and thereby reduces the problem asso-
ciated with transmission and distribution losses, costs, sav-
ing of the fuel, reduction of sound pollution and green house
gases, unreliability of the grid, and the problem of remote
and inaccessible regions [1]. Other benefits include peak load
shaving (energy outflows from DERs during demand peaks),
better voltage profile, relieving of transmission and distri-
bution congestion then improved network capacity, protec-
tion selectivity, network robustness, and islanding operations
[2,3]. InIndia, DER technologies are encouraged in the elec-
trified villages, where many are dissatisfied with the quality
of grid power.

The more common DER technologies available in India
are microturbines, wind turbines, biomass, and gasification
of biomass, solar photovoltaic’s, and hybrid systems. How-
ever, most of the plants are based on wind power, solar, Hydel
power and biomass, and biomass gasification. The technol-
ogy of solar photovoltaic’s, wind power is costly and nature
dependent. The fuel cells and microturbines are yet to be
commercialized in many countries like India

The maximum benefits of DER and the impact of DER on
power losses are not only affected by DER location but also
depends on the network topology as well as on DER size and
type [1]. Influence of DER on transmission congestion also
depends on location of DER in distribution system. Strate-
gically located DER units may utilize the upstream trans-
mission system less, if opportunely operated, and thereby
helping to relieve congestion in the transmission network.
For better understanding, efficient and robust operation of
DERs, and for incorporating DERs in load flow studies and
for Distribution Automation and Demand Side Management,
the mathematical modeling is very essential. For different
type of DERs, separate mathematical modeling is required.

Springer

Literature in [4-7] is available for different DER models in
distribution system load flow.

Akorede et al. [1] presents a review of different optimiza-
tion techniques for optimal placement and size of the DER. In
the papers [4—-8], DERs are modeled as constant power injec-
tion source and multiple DERs are not considered. Singh et
al. [9] have discussed the size and location of the DER for
‘different load models’, but offered no details about the mul-
tiple DER placement and size and type of DERs. Further,
the DER is modeled as unity power factor source with fixed
rating at 0.63 p.u for all studies. In this present work, the
objective was to optimize DER location and size, while min-
imizing system real, reactive losses and to improve voltage
profile. In the present work, four types of DERs (solar, wind
mill, fuel cell, and microturbine) are considered for model-
ing and incorporating to testing the proposed algorithm. In
this paper, the DERs are modeled in current injection-based
load flow (CILF), which is very efficient for distribution sys-
tems [10]. The renewable DERs wind and solar are modeled
as constant power factor (p.f) model and variable reactive
power model in CILF, and microturbine and fuel cell are
modeled as negative load model and constant voltage model,
respectively.

Various impact indices are studied in this paper. The
indices are developed in view of improving the system per-
formance by decreasing the losses and improve the voltage
profile of network. For finding the optimal solution by mini-
mizing the impact indices, a new Bat algorithm (BA) is used.
The BA is areal-coded population-based meta-heuristic opti-
mization method that mimics the mimetic evolution of a
group of Bats when seeking for the location that has the
maximum amount of available food [11]. It is the combined
algorithm of the local search tool of the PSO and mixing
information from parallel local searches to move toward a
global solution. The whole work is done for different load
models such as residential, industrial, commercial, and mixed
load.

2 Impact Indices and Objective Function
2.1 Impact Indices

1) Real and Reactive loss indices (ILP and ILQ)
The active and reactive losses are greatly depending on
the proper location and size of the DGs. The indices are
defined as

TPlossDER
ILP=——-—— )
TPlossWODER
T QlossDG
ILQ=\rri—7 (2
TQlossWODG
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2) Voltage profile Index (IVD) [12] Equality constraints
n (V1] —|Vil s
]VDZMCIX e (3) Pgs+ Z PpEr = Pioad + Pioss (6)
= Vi DER=1

The voltage profile of the system is depending on the  Inequality constraints

proper location and size of the DGs. The IVD is defined

as. Vimin <Vi=< Vimax (7)

3) MVA capacity Index (IC) [12]
The IC Index gives the important information about the
line of MVA flow through the network regarding the max-
imum capacity of conductors. The IC can be defined as

1C = iy ( 1571 ) @

This Index penalizes the size and location pair, which gives
higher flow deviation of the line from the MVA capacity of
the line, hence make the uniform line flows in the system
without congestion.

2.2 Objective Function

The main objective of this paper was to study the effect of
placing and sizing the DG in all system indices given previ-
ously. Also observe the study with renewable bus available
limits. Multi-objective optimization is formed by combining
the all indices with appropriate weights. The multi-objective
function is defined as

OF =Wy« ILP+Wy x ILQ+W3 % IC+W4 1V D)
o)

To convert multi-objective function into single objec-
tive, weights are added. The weights are taken from refer-
ence paper [11]. In this paper, the weight is considered [11]
as W1=0.4, W2=0.2, W3=0.25 and W4=0.15 (for better
objective function, weights are adjusted by trial and error
method) and by taking into account constraint

4
S wi=1
k=1

The weights are indicated to give the corresponding
importance to each impact indices for the penetration of DGs
and depend on the required analysis. In this analysis, active
power losses have higher weight (0.4), since the main impor-
tance is given to active power with integration of DG. The
least weight is given to the IVD, since the IVD is normally
small and within permissible limits. The OF (5) is to mini-
mize with equality and inequality constraints.

where Wj € [0, 1]

3 Bat Optimization Algorithm

The BA is areal-coded population-based meta-heuristic opti-
mization method that mimics the mimetic evolution of a
group of Bats when seeking for the location that has the
maximum amount of available food. The echolocations of
microbats are the feasible solutions. It is based on frequency-
tuning technique to control the dynamic behavior of a swarm
of Bats, i.e., evolution of group of Bats carried by the interac-
tive individuals and a global exchange of information among
themselves [12]. In essence, it combines the benefits of the
local search tool of the PSO [13] and mixing information
from parallel local searches to move toward a global solu-
tion [14]. PSOis an evolutionary optimization method, which
is based on the metaphor of social interaction and commu-
nication such as bird flocking and fish schooling. PSO is
initialized with random solutions (swarm), every individual
or potential solution, called Particle, flies in the dimensional
problem space with a velocity which is dynamically adjusted
according to the flying experiences of its own and its social
group [15]. In the BA, the population consists of a set of Bats
with the same structure but different adaptabilities. Virtual
bat flies randomly with a velocity (Vi) at position (solution)
(Xi) with a varying frequency or wavelength and loudness
(A). As it searches and finds its prey, it changes frequency,
loudness (A), and pulse emission rate (r) [11].

3.1 Overview of BA

Assume that the initial population is formed by generating
‘B’ Bats randomly. pop (i),1=1,2,...., B. Evaluate the fitness
fit(i) of ith Bat and arrange the Bats in ascending order of
their fit values. The Fth Bat will have the highest fitness
value and first Bat will be with lowest fitness value. For every
population, the best value will appear as the last entry and
is named as ‘best’. Each bat updated with their loudness (A)
and rate (r) [10].

3.2 Bat(solution) Update

If the problem not converged in first iteration, it needs to go
for further population. The convergence criteria have used in
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this paper are maximum number of iterations. For every pop-
ulation, the fitness function is updated with local exploration
search and check the loudness is within the limits or not. If
the Bat loudness is within the limit, then solution is updated
for that bat. If the bat loudness is not in the limits, then the
bat is fixed with their limits by adding some penalty factor.
For every population, rate and fitness of bat are updating. The
bat’s having rate more than required rate are penalized by rate
factor. The flow chat shows the detailed procedure of BA.

4 Modeling of DERs in Load Flow Studies

In system with DERs, the generation of photovoltaic sys-
tems, fuel cells, microturbines, and some wind turbine units
are injected into the power grid via power electronic inter-
faces. In such cases, the model of a DER unit in load flows
depends on the control method, which is used in the con-
verter control circuit. The DERs that have control over the
voltage by regulating excitation voltage (synchronous gen-
erator DERSs) or by the ‘P’ and ‘V’ independently controlled
converter circuit, and then the DER unit may be model as
PV type. Other DERs like induction generator-based units or
‘P’ and ‘Q’ independently controlled converter are shall be
modeled as PQ type. Using these models for DERs, current
injection-based load flow method is employed for distribu-
tion system studies.

4.1 Current Injection-Based Load Flow (CILF)

The traditional load flow methods such as Gauss—Siedel,
Newton—Raphson, and fast decoupled techniques are inef-
ficient to solve distribution networks due to the radial struc-
ture and wide range of resistance with low X/R ratios. Sev-
eral methodologies have been proposed to solve the power
flow problem in distribution systems such as vector-based
distribution load flow, primitive impedance distribution load
flow, and forward and backward sweep distribution load flow.
But all the methods have limitations like, not applicable
for meshed distribution systems and implementation become
complex when control devices are present in the system. The
CILF [15] can used for both radial and mesh systems and
easy to implementation of control devices.

4.2 DER Modeled as PQ Node

A DER unit can be modeled as three different ways in PQ
node mode as illustrated below:

1) DER as a ‘negative PQ load’ model of PQ mode
In this case, the DER is simply modeled as a constant
active (P) and reactive (Q) power generating source. The
specified values of this DER model are real (Ppgr) and
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reactive (Qpgr) power output of the DER. It may me
noted that fuel cell-type DERs can be modeled as negative
PQ load model. The load at bus-i with DER unit is to be

modified as
Pioad,i = Pioad,i — PDER,i (8)
Qioad,i = Qload,i — ODER.i 9

2) DER as a ‘constant power factor’ model of PQ mode
The DER is commonly modeled as constant power fac-
tor model [16]. Controllable DERs such as synchronous
generator-based DERs and power electronic-based units
are preferably modeled as constant power factor model.
For example, the output power can be adjusted by control-
ling the exciting current and trigger angles for synchro-
nous generator-based DERs and power electronic-based
DERs, respectively [16]. For this model, the specified
values are the real power and power factor of the DER.
The reactive power of the DER can be calculated by (10),
and then the equivalent current injection can be obtained
by (11)

QipER = Pipertan(cos™ ' (PFipgr)) (10)
Liper = Ippr(VibER) + i1 ppr(ViDER)

B (PiDER + jQipER )*

ViDER

Y

3) DER as ‘Variable Reactive Power’ model of PQ mode
DERs employing induction generators as the power con-
version devices will act mostly like variable reactive
power generators. By using the induction generator-
based wind turbine as an example, the real power output
can be calculated by wind turbine power curve. Then, its
reactive power output can be formulated as a function
comprising the real power output, bus voltage, genera-
tor impedance and so on. However, the reactive power
calculation using this approach is cumbersome and dif-
ficult to calculate efficiently. From a steady-state view
point, reactive power consumed by a wind turbine can be
represented as a function of its real power [7], that is

’

Oiprr =—00— 01PipEr — Q2P ik (12)

where Q’;pgr is the reactive power function consumed
by the wind turbine. The Qp, Qj, and Qy are usually
obtained experimentally. The reactive power consumed by
the load cannot be fully provided by the distribution system,
and therefore, capacitor banks are installed for power fac-
tor correction, where induction generator-based DERs are
employed.
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Fig. 1 Optimal place and
sizing of the DERs using BA

Read Nbat, Fmin, Fmax,
MaxNo_lter,Loudness(A), rate(r)

v

Generate initial Population of Bats
with in limits

v

Find the fitness for all population of Bats
and find Best and corresponding Fitbest

Iter=1

Sol(i)=Solnew(i);
Fitness(i)=fitnessnew(i)

i=1

>
l

A

Solution update
F(i)=Fmin+(Fmax-Fmin)*rand;
V(i)=V(i)+(Sol(i)-best)*F(i);
Solnew(i)=Sol(i)+V(i);

Yes .
Solnew(i)=best+0.01*randn;
(arrange with in limits)

No

‘ Find fitness of Solnew (i) ‘47

(

fitnessnew>fitness (i) &8&
rand<A)

lter=iter+1

4.3 DER Modeled as PV Type

The DER as a PV node is commonly constant voltage model.
The specified values of this DER model are the real power
output and bus voltage magnitude. For maintain constant
voltage the, change in voltage AV; should maintain zero
by injecting required reactive power.

Yes -
Best=solnew(i);

lf(fitnessnew>fitbest) Fitbest=fitnessnow

i=i+1 —

No
f(iter=itermax

4

Stop print the
Best.

5 BA Implementation for Optimal Placement
and Sizing of DER

In this paper, BA-based optimization technique is used to
find the optimal placement and size of the DER by minimiz-
ing the losses and voltage improvement. The BA contains
40 Bats. Each Bat contains 20 bits; 8 for placement of the
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Table 1 Optimal place and size

of the DERs with base load S.no Distribution generations type Optimal DER DER value (kW)/ Active power Reactive
BUS number reactive power loss (kW) power loss
(kVAR) (kVAR)
1 No DER added (Base Case) 20.221 13.484
2 DER as negative load 14 63 14.28 9.457
3 Solar 31 63/32.27 11.886 7.94
4 Fuel cell 30 63/25.146 14.206 10.03
5 Wind mill 13 47.1 17.652 11.74
6 Neg. load model and solar 13 6275 7.555 4.99
32 627/32.1
7 Neg. load model, solar 31 58.3 2.947 2.06
and fuel cell.
14 60.8/31.1
30 61.6/11.09
8 Combination of all 4 DERs 28 57.50 2.890 2.05
14 54.6/28.0
29 59.3/12.63
7 46.6/-25.0
Table 2 Performance indices for base load
DER as negative Solar Fuel cell Wind mill Neg. load model Neg. load model, All 4 DERs
load and solar solar and fuel cell.
ILP 0.7064 0.5878 0.702 0.872 0.3736 0.1457 0.142
1ILQ 0.7011 0.5895 0.743 0.871 0.3704 0.1533 0.152
1C 0.9951 0.9998 1.1322 0.995 0.9950 0.9946 0.994
IVD 0.0733 0.0734 0.0539 0.078 0.0429 0.0203 0.0192
OF 0.6825 0.6140 0.7209 0.783 0.4787 0.3406 0.3391
Table 3 Optimal place and size of the DERs with 90 % of base load
S.no Distribution generations type Optimal DER DER value (kW)/ Active power Reactive power
BUS number reactive power loss (kW) loss (kVAR)
(kVAR)
1 No DER added (Base Case) 16.1277 10.752
2 DER as Negative load 14 63 11.1 7.38
3 Solar 31 63/32.27 8.996 6.03
4 Fuel cell 30 63/25.146 10.355 7.32
5 Wind mill 13 47/-25.2 14.029 9.33
6 Neg. load model and solar 13 61.69 5.531 3.66
31 63/32.27
7 Neg. load model, solar and fuel cell. 13 62.93 2.296 1.66
7 62.8/32.2
30 60.9/12.1
8 Combination of all 4 DERs 31 334 2.485 1.74
13 59.7/30.6
29 59/11.15
11 38.2/-22.0
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Table 4 Performance Indices for 90 % of BaseL.oad
DER as negative Solar Fuel cell Wind mill Neg. load model Neg. load model, All 4 DERs
load and solar solar and fuel cell.
ILP 0.6910 0.5578 0.6421 0.8699 0.3429 0.1423 0.1541
1ILQ 0.6868 0.5612 0.6811 0.8684 0.3410 0.1552 0.1624
1C 0.8945 0.8953 0.9469 0.8945 0.8941 0.8944 0.8941
IVD 0.0646 0.0642 0.0481 0.0695 0.0377 0.0169 0.0174
OF 0.6470 0.5688 0.637 0.7556 0.4345 0.3140 0.3202
Table 5 Optimal place and size of the DERs with 110 % of base load
S.No Distribution Optimal DER DER Value Active power loss Reactive power
generations type BUS Number (kW)/reactive (kW) loss (kVAR)
power (kVAR)
1 No DER added (base case) 24.8599 16.582
2 DER as negative load 14 63 17.91 11.85
3 Solar 31 63/32.27 15.213 10.15
4 Fuel cell 30 63/28.858 18.838 13.28
5 Wind mill 14 47/-25.2 21.780 14.48
6 Neg. load model and Solar 14 60.07 10.56
6.93
29 62.9/32.2
7 Neg. load model, Solar and Fuel cell. 32 62.70 3.839
2.68
14 60.9/31.2
30 62.8/13.61
8 Combination of All 4 DERs 8 55.09 2.987
2.09
14 59.0/30.2
30 58.0/15.81
31 46/-25.1

DER and remaining 12 are for size of the DER. The informa-
tion about the DERs is taken by decoding the Bat. The Fig.1
shows the flow chart of optimal place and size of the DER.
Matlab programming platform is used for simulation. All
DERs are modeled as power system equivalent models, and
BAT optimization algorithm is programmed to obtain objec-
tive function. Maximum numbers of iterations are limited to
100. In this study, the rate is taken as 0.4 for first popula-
tion, and it is gradually increased with number of iterations.
The loudness value is taken as 0.7. Due to the multi-parallel
searches and moving toward global optimum, this BA-based
optimization technique can be used for any number of bus
systems. The number of Bats, loudness, and rate of the Bats
are fixed based on the problem complexity.

6 Results and Validation

For testing the proposed algorithm, the test data of 38-bus
distribution systems are considered. In the test data, given

load is taken as base load. System data of distribution system
are available in paper [17]. The 90 and 110 % of the base load
are taken for optimal placement and sizing of DERs at all load
variable conditions. Table 1 shows the optimal placement
and sizing of DERs with base-load condition. Single DER
integration and various combination DERs are also presented
in tables. With the maximum number of DERs integration,
the active power losses are decreased from 20.221 to 2.890
and reactive power loss from 13.484 to 2.054. Table 2 shows
the impact indices of base-loading condition, the lower the
indices represent the best performance of the system. The
fuel cell integration shows the least performance than the
other DERSs because it is modeled as constant voltage model.
In this constant voltage model, the required p.u voltage at
optimal bus is maintained.

Table 5 shows the optimal placement and sizing of DERs
with 110% of base load. With the maximum number of
DERs integration, the active power losses are decreased from
24.8599 to 2.987 and reactive power loss from 16.582 to
2.09. In this case also, the placement of the single DERS is
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Table 6 Performance indices for 110 % of base load

DER as negative Solar Fuel cell Wind mill Neg. load model Neg. load model, All 4 DERs
load and solar solar and fuel
cell.
ILP 0.7206 0.6119 0.7577 0.8761 0.4251 0.1544 0.1201
1LQ 0.7147 0.6123 0.8011 0.8736 0.4180 0.1618 0.1263
1C 1.0959 1.1012 1.3250 1.0959 1.0958 1.0957 1.0956
IVD 0.0821 0.0826 0.0599 0.0874 0.0554 0.0227 0.0215
OF 0.7174 0.6549 0.8035 0.8122 0.5359 0.3714 0.3504

Voltage(p.u) ——>

——DER as Negative load

0.9 - == Solar ===Fuelcell

=t Wind mill —&—Neg.load &Solar

Neg.load, Solar & Fuel cel = All 4 DERS

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39
BusNo ——>

Fig. 2 Voltage profile with combination of DERs for base load

T 0.96
2 094
&
8
E 0.92 - ~=#=Without DER ~——DER as Negative load
~—Solar ——Fuel cell
0.9 == Wind mill ~&—Neg.load &Solar
~+—Neg.load, Solar & Fuel cel «w All 4 DERS
0.88 +

1234567 891011121314151617181920212223242526272829303132333435363738
BusNo —>

Fig. 3 Voltage profile with combination of DERs for 90 % of base load

almost same of the base case, but in case of multiple DERs,
the bus numbers are changing in sensible busses such as
7,11,13,14,28,29,30,31, and 32.

Tables 4 and 6 shows the impact indices for 90 and 110 %
of base-load case. With the addition of multiple DERs, the
losses are decreasing, but the number of the DERs increased
from 3 to 4. The loss reduction ratio is comparatively less in
all the load cases; therefore, the DER number is limiting to
4.

Figures 2, 3 and 4 are the voltage profiles of base load,
90 % of base load and 110% of the base-load conditions.
In the base load, the lowest voltage occurred at 19th bus
is 0.91p.u. with the decrees of the base loading the voltage
profile increased and the 19th bus voltage is improved to
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Fig. 4 Voltage profile with combination of DERs for 110 % of base
load

0.925p.u. the same bus voltage when 110 % of load condition
is again dropped to 0.905p.u. Because of the low variation
of the placement of the DERs in 90% and 110% of load
conditions, the DERSs can fix in to the same busses founded
in base case.

7 Conclusions

In this paper, an algorithm for optimal placement and size of
the DERs is proposed considering system loss minimization
and voltage profile improvement as objective functions. The
solar and wind systems are modeled as constant power fac-
tor model and variable reactive power model and the other
two; fuel cell and microturbine are modeled as negative load
model and constant voltage model, respectively. Combina-
tions of DERs also studied and for every combination, all
indices, active and reactive losses, and voltage profiles are
studied. The proposed BA is tested for base load, 90 % of
the base load and 110 % of the base load and results are pre-
sented. This work is tested on 38-bus distribution systems,
and results are found to be satisfactory.
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