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This paper presents a novel analytical approach to determine the optimal siting and sizing of distributed
generation (DG) units in balanced radial distribution network to minimize the power loss of the system.
The proposed analytical expressions are based on a minimizing the loss associated with the active and
reactive component of branch currents by placing the DG at various locations. This method first identifies

a sequence of nodes where DG units are to be placed. The optimal sizes of DG units at the identified nodes
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are then evaluated by optimizing the loss saving equations and need only the results of base case load
flow. To find out the best location for DG placement, a computational method is also developed. The pro-
posed method has been tested and validated on two IEEE test distribution systems (DSs) consisting of 15
and 33-buses and it has been found that a significant loss saving can be obtained by placing DG units in
the system using proposed analytical method.
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Introduction

R/X ratio in distribution networks is much higher rather than
transmission systems, and result of higher power losses and grad-
ually loss of electrical energy along the distribution feeders [1-5].
Consequently, for many utilities all over the world loss minimiza-
tion is one of the biggest question. Two extensive methods for loss
minimization in distribution networks are network reconfiguration
and capacitors placement well known and used frequently [2,3-6].

In recent past, DG has attained significant interest and can be
defended, aspects such as environmental concerns, the restructur-
ing of electricity market, the development in advance technologies
for small-scale power generation, power electronics, and energy
storage devices for transient backup into electric power DS [6,7].
However, this inclination has extended considerable opportunities
but devised several confrontations in planning and operations of
DSs. DGs are defined as electric power generations directly con-
nected to loads or distribution networks; they range from a few
kWs to a few MWs [7,8]. Today, there are many DG technologies
in trend cover conventional (such as micro turbines, combustion
turbine, combined cycle, and internal combustion engines) to
non-conventional (such as ocean, photovoltaic solar, fuel cell,
wind, and geothermal) [1,7,8].
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The essential objective of DG units is energy injection; despite,
strategically placed and operated DG units can offer several other
benefits (i.e. technical and economical) to utilities as well as to cus-
tomers [9]. Typical cases of such benefits are the application of DG
units for loss reduction, voltage and loadability improvement,
enhanced system reliability and security, improved power quality,
increased overall energy efficiency, and relieved transmission and
distribution (T&D) [6-8]. While, economical benefits cover saving
world fuel, saving T&D cost and reducing whole sale electricity
price. Deferred investments for upgrades of facilities, reduced
operational and maintenance (O&M) costs, enhanced productivity,
reduced fuel costs due to increased overall efficiency, reduced
reserve requirements and the associated costs, lower operating
costs due to peak shaving are the additional economical benefits
[8,10,11]. As far concern to the electricity market security today’s
deregulation of power industry, DG units play an important role
in ancillary services such as reactive power support, spinning
reserve, loss compensation, frequency control and other fast
response services [9,12]. Moreover, in achieving the benefits of
these ancillary services; DG units have been come into view as
an integral part of DS. Although, inadequately operated and poorly
planned DG units may also have some adverse effect on the func-
tioning of the DS; based on the size, location, and infiltration level
they can lead to reverse power flows, voltage rise, increased fault
levels, more power losses, harmonic distortion, stability problems
and consecutive feeder overloads [1,9-11,13].
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It is evident that loss reduction is one of the most substantial
and beneficial factor to be treated in DG planning and operation
apart from factors discussed above. The major challenges in plan-
ning of DG for loss minimization are suitable location, proper sizes,
and operating strategies. The DG optimal sizing and siting for min-
imizing losses has drawn increasing attention of the extensive
group of researchers in the recent years. There have been diverse
techniques/approaches employed to cover the DG siting and sizing
problem in DS for power loss minimization considering different
type of DG technologies with their relative advantages and disad-
vantages, in attaining this distinct objective along with their prac-
ticability as examined in [1,7,8,10,11]. Therefore, this paper reports
the development of some simple analytical expressions for sizing
and siting of DG units, which can be easily implemented in a
balanced radial DS.

Remaining of the paper is set out as below: Section ‘Loss mini-
mization techniques’ describe a concise literature review on earlier
loss minimization methods/techniques for DG planning. In Section
‘Proposed methodology’, proposed analytical method for optimal
size and siting for single and multiple DG is discussed. The detailed
computational procedure is elaborated in Section ‘Computational
procedure’. Numerical results and simulation of developed analyt-
ical method applied in two IEEE test systems, interesting findings
along with discussion addressed in Section ‘Numerical results’. Sec-
tion ‘Conclusion’, summarizes the major contributions and
conclusions.

Loss minimization techniques

It has been realized that most of the existing work on DG siting
and sizing in the DS, discussed different issues such as minimiza-
tion of system power loss [1,6,10,11,13-25], abatement of har-
monic pollution [19], enhancement of system voltage profile and
stability [12,13,15-18,22-25], investment minimization or profit
maximization [26,27], and loading margin [28] have been intended
by researchers in their single or multi-objective problem formula-
tions. Different optimization techniques, such as analytical
approach [1,9-11,15,16,19,25], mixed integer non-linear program-
ming (MINLP) [12,13,17,18], evolutionary algorithms (EA) tech-
nique [9], metaheuristic approaches: meta-heuristic harmony
search algorithm (HSA) [6], particle swarm optimization (PSO)
[20], heuristic approaches [27]; trade-off method [20], genetic
algorithm (GA) technique [26,28], Kalman filter algorithm [23],
multi-period AC optimal power flow (OPF) solver tool [20], and
multi-objective non-linear programming (NLP) [15] have been
used to solve the optimization problems for DG siting and sizing.
Except these, there have been many interesting studies on the
DGs siting and sizing of DS for loss minimization.

An analytical technique was noticed in [16] to find out the allo-
cation of a single DG in radial as well as mesh networks to mini-
mize the losses, based on unity power factor. However, optimal
sizing is not taken into account. A more faster and precise analyt-
ical method than the classical methods [6,20,27] based on the
equivalent current injection technique and without the use of
impedance or Jacobian matrices for optimum size and location of
DG in radial systems has been implemented in [19]. Moreover, this
method was in near concurrence with the analytical method
inscribed in [15]; in which an exact loss formula based analytical
approach has been investigated to identify the optimal size and
location of single DG in two load flow solution.

Pursuing the aforesaid work, various analytical expressions
based on exact loss formula for optimal allocation of DGs were
addressed in [1,10,11]. An efficient solution based on improved
analytical (IA) expression to locate and size of four type of (renew-
able and non-renewable) DGs for loss minimization has been

examined in [1]. Although multiple DGs allocation was not consid-
ered. Contrary to this, the same authors in [10] applied the same
approach for multiple DG unit placement to get an utmost loss
minimization in large size primary DSs. Similar kind of work was
also noticed in [11] using three analytical expressions to obtain
the optimum sizes and locations of renewable DGs for power loss
reduction considering the combination of time-varying demand
and different DG output curves.

Moreover, in [12,17,18] technique based on probabilistic plan-
ning and formulated as MINLP problem have been acquainted to
the readers. In [17,18], this technique enforced to identifying the
best supply, unify of various classes of non-conventional DGs (i.e.
wind, biomass, and solar) to reduce the power losses yearly in
DS; although, DGs competent of bringing active power only is
taken into account in both the studies. Similarly, in [12] same
approach was implemented on renewable DGs for best location
and size so as to enhance the voltage stability margin (VSM).

In the line of above, in [23] the optimal size of DGs is deter-
mined using the Kalman filter algorithm so that total power losses
are minimized. A multi-objective index-based technique to deter-
mine optimal size and location of DG units in DS with non-unity
power factor considering different load models has been exposed
in [24].

A multi-period AC-OPF solver based method is discussed for to
determine optimal power of renewable DG sources and there size
to minimize the total energy losses during a period in [20]. Authors
in [22] considered an iterative DG placement technique to improve
the VSM. Though losses and optimal size of DGs not considered and
a fixed value is assumed for all DGs. A multi-objective method is
examined in [28] for optimal placement of DGs with for loading
margin and profit to be maximized considering network con-
straints. Although, losses and fixed reactive limits for unknown
DG sizes are not studied. Recently, a new multi-objective index
(IMO) based analytical expressions to accommodate a combination
of photovoltaic and battery energy storage DG units for reducing
energy loss and enhancing voltage stability suggested in [25] using
self-correction algorithm (SCA), while considering the time-vary-
ing demand and probabilistic generation.

Most of the studies reported above, DGs considered as only pure
active power source. However, it is more beneficial to improve per-
formance of DS, when the DG units supply reactive power. Depend-
ing on the type of DG used; they can able to inject or absorbs
reactive power within their capability limits [13]. Furthermore,
large number of the commonly used analytical techniques for DG
siting and sizing are depend on exact loss formula and expect the
evaluation of the Jacobian matrix and computationally demanding
more time. Therefore, the above said methods are not quite appro-
priate due to the intricacy, capacity and the distinct property of the
DS. Consequently, the optimal allocation of either type of DG using
optimal solution methodology draws added consideration.

To overcome the obstacles of earlier studies and motivated by
the work of [3-5,29], this paper proposes to apply a novel and
simple analytical approach which is based on the DG active
and reactive branch currents and the associated loss saving for
allocating the DG units for loss reduction in the radial DS. The
procedure first determines the location of the DG in a consecu-
tive way. Erstwhile the DG locations are obtained, the optimal
DG capacity at each chosen locations are find out by optimizing
the loss saving equation.

Proposed methodology
This segment set forth on a detailed mathematical formulation

of the proposed analytical method. To develop the formulation fol-
lowing are the assumptions and constraints used in this paper:
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i. Considered distribution system is a single source, radial, and
balanced.

ii. The lower and upper voltage limits are set at 0.90 and

1.05 pu.

Load level is constant.

Maximum DG capacity for different test systems is assumed

to be equal to the total load of the system.

v. Maximum loss saving by the DGs for different test systems
should not be less than zero (i.e. maximum loss saving <0)

jii.
iv.

The power flow solution will be used to check the limit viola-
tions of all above assumption and constraints.

Consider a N-bus radial DS having n number of branches as
shown in Fig. 1. Here, [; is the current in branch i before DG
placement.

The total power loss of the system, i.e. P, can be given as

N—

N-1 1
Po=> I} Ri= Z(Iii +Ifi> “Ri
i=1 i=1

Here, I;; and I; are the real and imaginary components of I; (= I; + jl;)
respectively, the complex current in branch i and R; is the resistance
of ith branch. The I; can be obtained from the load flow solution of
the given DS [5]. The loss associated with the active and reactive
components of branch currents could be expressed as P, and Py,
respectively and given as

(1)

N-1

Pu= IR (2)
i=1
N-1

Py= IR 3)
i=1

The procedure of single and multiple DG placement for loss
minimization is addressed in the following section.

Loss minimization by single DG placement

Fig. 2 demonstrates a N-bus radial distribution network with
DG at mth bus. Here, I7®" is the current in branch i after DG place-
ment in the system.
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When a single DG is placed at bus m; injecting a current I,. This
current changes the currents in all the branches connected
between substation (bus no. 1) to bus m and the currents in the
remaining branch are unaffected by the DG. Therefore, modified

phasor current in ith branch, I'®” can be written mathematically
as:
[ =1 =Dy Iy, = (I — Dy Iy, ) +(1i = Di - Iy ) (4)

where I; = I; +jl,; and If, = Ig, + jlg,.
Here, Iy, and Iy, are the real and imaginary components of I,
and D; can be given as:

1;
Di:{O;

Now the total compensated losses Pj*" after DG placement may
be expressed as

if branch i is between bus 1 and m
otherwise

N-1

Sk
i=1

N-1

= {(Ia,» - D;- Ig;a)z + (I = Dy IZ;T)Z} Ry

=1

new __
P =

Loss saving in single DG case
The associated loss saving, S; may be given using (1) and (5) as:

Sy =P, — P

[i {(10,-2 +1) - { (fa =Dy -Inga)2 + (1D ~I;"gT)ZH R. (6

Simplifying the above equation, we get

S = 2§ [Iai g + Lri 'I?gr] Di-Ri - § {(121@)2 + (Igjgr)z} -D} - R;
i=1 i=1
(7)

The maximum loss saving can be obtained corresponding to the
DG currents Iy, and Iy, using (7) when the following conditions
are to be satisfied

1 2 3 i-1 i i+1 i+2 m N-1 N &—Bus
ot - -ttt - - --
T T 1 1] T
I I I I; Iiy I, Iy, < Currents
Sis
Fig. 1. A N-bus radial distribution network.
1 2 3 i-1 i i+1 i+2 m N-1 N €&— Bus
__ I __
I I Branch
1 I I I. 1. I I Currents
1 2 i-1 i i+l m N-1 after DG
Placement
Sis
Sk

DG

Fig. 2. A N-bus radial distribution network after DG placement.



194 R. Viral, D.K. Khatod / Electrical Power and Energy Systems 67 (2015) 191-201

M
=0
6Idgu
8)
B _,
oy,
Hence from (8) we get
(95 N-1 N-1
=2 LoD R —2> I, -D} R =0 9)
8Idga i i=1
85}_ B N-1 . ‘ A N-1 " 5 o
=2 Li-Di-Ri =2 Ig,-D} ‘R =0 (10)
aldgr i=1 i=1

Simplifying (9) active DG current IZ;G corresponding to the max-
imum loss saving can be given as

mo SDi L - R;
dga = T N—1
“ Yh'D R

Similarly, the reactive current IEgr corresponding the maximum

loss saving can be obtained from (10) and given as
mo— Sia'Di I - Ri

r N-1

¢ YD R

(11)

(12)

Optimal size in single DG case
The corresponding single DG size may be obtained using (10)
and (12) as

SI =V (1;’;) —V, (Ig'g,a Ig,”gr) (13)

In (13) S,Tg is the capacity of mth DG in complex form and V,, is the
phasor voltage at bus to which mth DG is connected.

Loss minimization by multiple DG placement

This section extends the previously developed approach for
placement of multiple DG units simultaneously. Now, suppose in
an N-bus distribution network, k numbers of DGs are to be placed.
Integration of DGs at different buses alters the flow of branch cur-
rent; therefore the modified current in branch i can be given math-
ematically as:

™ =1->"D; P,

k :
<1m - ZDU dga) +Jj <1n- - Dy Ifdgr> (14)
j=1

where I

ment, I{jg is the current injected by jth DG with I{iga
its real and imaginary parts, respectively.

is the complex current in ith branch after DGs place-
and F,,, being

1; if ith branch is between S/s bus and bus at
D; = which j™ DG is placed
0; otherwise
The detail evaluation of Dy for multi DG is given in Appendix.

When DGs are connected in the DS, the associated compensated
losses, P®" can be written as

A DT
pa
N-1 k 2 N-1 k T\ ?
= ( DU Pdga) -Ri + (In — ZDU . PdgT)

i=1 j=1
-R; (15)

Loss saving in multi DG case

The associated loss saving in multi DG case can be obtained by
subtracting (15) from (1) gives the loss saving S; due to integration
of the DGs in the DS as:

S, =P, — P

1 k 2
- (10,- - ZD,-]-'I]dga> ‘Ri
j=1
1 , Kk T\ ?
- (1,1 - Dj ~Pdgr> “R;
Jj=1

I k k )
|: 21: dga Z]DU : I]dgr:| . Ri
— j=

k . k . 2
T2 <j§1:Dif'Ij¢1ga> + (;Dif'liigr> :| “Ri (16)

The maximum loss saving could be achieved by placing multi-
ple DGs if following conditions are to be satisfied:

S,

oS,

Il
B\gh
g

+
N

F

I
IM

T

Il
—_

=0
=0

: (17)
8SL
oIk dea
8SL

61 dgr -

=0

The partial derivative of S; with respect to I, and Iy, can be

dgr
given as:

39S N-1 k .
=27 Din |l = > Dy By, Ri =0 (18)
dga i=1

=1
oS, N-1 k .
g =22 Din- |li =3 Dy-hy | -Ri=0 (19)
dgr i=1 j=1

Corresponding to (17), there will be total 2k linear algebraic
equations, k out of which are similar to (18) and remaining are
similar to (19). These two sets of equations can be represented as:

[AL ) [Idga]kx1 = [B]kxl (20)
Al - Magrlier = [Clian (21)
The elements of A, B, and C can be calculated as:
N-1
pqg = ZDfP “Dig - R; (22)
i=1
N-1 :
Ap =) Dp-R; (23)
i-1
N-1
Bp = ZD[I, i - Ry (24)
i-1
N-1
Co=> Dip-li-R; (25)
i-1

where Ay, and Ay, are the off-diagonal and diagonal elements of
matrix A. Similarly, B, and C, are the respective elements of matrix
B and C. It is evident from the (22)-(25), that only the branch resis-
tance, active and reactive components of branch current of base
case are required to find the elements A, B and C. From (20) and
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(21), the active and reactive components of DG currents for maxi-
mum loss saving can be computed as:

[Idga]kx1 = [A]I::k : [B}kx] (26)
Wagrler = (At - [Cliy (27)

Optimal size in multi DG case

Once the active and reactive components of DG currents are
known from (26) and (27), the optimal size of DGs can be calcu-
lated as:

Ve (1) Ve (1) e

Computational procedure

To find out the optimal DG size and location for minimization of
loss in radial DS, following computational steps are involved.

Step 1: Read the system data and run the base load flow pro-
gram for the original uncompensated system; obtain the branch
currents, bus voltages, real power losses other necessary data.
The load flow program for the proposed methodology imple-
mentation is taken from [5]. The detail description of the base
load flow interpreted in flow chart in Fig. 3.

Step 2: Assume that every node is candidate node. Calculate the
loss saving and consequent DG size using (7) and (13) at each
bus except the source bus.

Step 3: Select the bus that yields the maximum loss saving and
itis corresponding DG size for compensation and is called a sen-
sitive bus/node. This is case of single DG.

Step 4: Place the DG obtained from step (3) at the bus which has
maximum loss saving and repeat step (1)-(3) again to get the
next DG bus. Find out the sequence of nodes which is to be
replaced/compensated until no such convincing loss saving
achieved or reached to zero value by further DG placement
otherwise stop the program.

Step 5: As from step (4), the sequence of nodes is known now.
Calculate the optimal DG sizes and loss saving using (28) and

Read the system data,
construct the tree and number

Read the system data

the branches

&

N A

&
<

A 4

v

Compute the active and reactive
power flow through each branch in
backward direction

A 4

Calculate the voltage magnitude at
the receiving end bus of cach
branch in forward direction

Is the
tolerance >
tolerance
specified

‘ Stop and obtained the results |

Run the base load flow program [47]
and calculate branch currents, node
voltages and real power losses of the
system

Calculate the loss saving (S;) and
corresponding DG size (S{{‘g at each

bus except the source bus using (7)
and (13) (single DG case)

Compensate the bus to yield

the highest loss saving with

the corresponding DG found

from (13) and to get the next
DG bus

Maximum loss
saving <0?

A

Select the DG size (13)
corresponding to the bus
having maximum loss saving

()]

Find the sequence of nodes and calculate
the optimal loss savings (S;) and

corresponding DG sizes (SZ'Q) using (16)

& (29) (multi DG case)

\ 4

Find out the optimal number of
DGs with optimal sizes and
locations

v
‘ Print Results |

v
End

Fig. 3. Flow chart of the proposed analytical method to allocate single and multiple DGs.
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(16) respectively. This is the case of multi DG. Finally, obtain the
optimal number of DGs to be placed.

This process is repeated iteratively until the total loss saving
reach zero value or no further loss saving could be achieved. The
method of obtaining the optimal DG sizing and siting is outlined
in flowchart in Fig. 3.

It is worth mentioning here that the proposed technique is a
SCA (i.e. after setting two or more DGs in the system). The next
decision could be to reduce the size of DG that is already set at a
certain node to obtain more loss saving. This implies that this
bus is overcompensated and we have to reduce the DG size placed
at this bus to obtain further reduction in loss. This is an advantage
in the proposed technique. Additionally, another advantage of SCA
implementation is that it requires less number of iteration to
achieve the convergence because the self-correction process is only
implemented at the selected buses obtained earlier. Another bene-
fit is that the total number of load flow used normally remains
unchanged for larger system such as 69 or 118 bus system [25,29].

Numerical results
Test systems

Two test systems have been employed to test the proposed ana-
lytical approach for optimal sizing and placement of DGs. The first
system is an 11 kV; IEEE 15-bus radial DS is taken into consider-
ation with the total load of (1.2264 +j1.2512) MV A and the total
2R losses are 61.79 kW [30]. The second system is 12.66 kV, IEEE
33-bus test system with total load of (3.715 +;2.300) MV A radial
DS and the total I?R losses of the base system are 197.94 kW [2].
To implement the above algorithm an analytical software tool
has been developed in MATLAB environment to run load flow,
determine losses and optimal sizes of DG.

Simulation results
15-bus IEEE test system

The single-line diagram of this system is shown in Fig. A.1 in
Appendix (considering no DGs). The data of the system are taken

2000
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from [30]. The losses consociated with the active and reactive ele-
ments of branch currents prevailed with the power flow method
are 30.42 kW and 31.37 kW respectively.

First, the optimal loss saving and corresponding DG size is
determined. Figs. 4 and 5 depicts the DG size and loss saving
respectively for all the buses in the system excluding the source
bus. It can be observed from Fig. 5 that the highest loss saving of
24.55 kW can be realized by placing a DG of 1421.26 kV A (Fig. 4)
at bus 3 in the first iteration. The detailed summary of results
obtained by the proposed method is illustrated in Table 1. When
the above procedure is applied again, after placing 1421.26 kV A
of DG at bus 3, it was evident that a second DG of 728.73 kV A at
bus 6, will give a further loss saving of 3.67 kW in the same
iteration.

Again, when 728.73 kV A of DG is placed at bus 6, we achieve a
loss saving of 1.77 kW with next DG size of 575.38 kV A at bus 7 in
the first iteration. Once again, repeating the same process and
place 575.38 kV A of DG at bus 7, it was found that no further loss
saving could be obtain because the optimization problem was
solved to find the size of a singly located DG (as described in tech-
nique of Section ‘Loss minimization by single DG placement’) and
loss saving till reaches zero value. Thus the sequence of buses to
be redeemed is 3, 6 and 7. The total power losses P; retrieved in
case of aforementioned single DG placement reduced from
61.79 kW to 36.69 kW with the percentage loss reduction of
40.62%. As said above, the optimization technique is a SCA, there-
fore important to mention here that in case of single DG, the MAT-
LAB codes are set in such a way that it automatically disconnects
the previously connected DG and consider only the next single
DG available in the system except the DG size achieve in base case
and this operation takes only one iteration as illustrated in Table 1.

However, when multiple DG is to be placed in the system, tech-
nique reported in Section ‘Loss minimization by multiple DG place-
ment’ has to be implemented. The above techniques contribute a
total loss saving of 29.94 KW by placing the two DG 1129.69 kV A
and 544.64 kV A at buses 3 and 6 respectively in the second itera-
tion. When the original base system is redeemed with above DGs,
the load flow result pointed out that the total power losses P;
reduced by 61.79-36.60 kW with the percentage loss reduction
of 40.76%.

1,783.394

1800

mDG Size (kVA)

1600 -

1,421.268

1400 -

1,200.481

1200 -

1000 -

DG Size( KVA)

800 -

600 -

400 -

200 -

8

9 10 11 12 13 14
Bus Number

Fig. 4. Optimal size of singly located DG of 15-bus system.
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- °
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Fig. 5. Estimated loss saving in 15-bus system for a singly located DG.

However, when all three buses (3, 6 and 7) are considered for
DG placement it was observed that a total 1673.86 kV A of DGs
(1129.69 kV A at bus 3, 344.18 kV A at bus 6, and 199.99 kV A at
bus 7) contribute a loss saving of 30.02 kW in third iteration. The
associated power losses P; by placement of all three DGs are
reduced by 61.79-35.63 kW with the percentage loss reduction
of 42.33%. Consequently, the respective loss reduction associated
with the active and reactive component of branch currents are
30.42-29.00 kW and 31.37-6.63 kW respectively. It is also realized
that the proposed technique able to improve the voltage profile of
the system under consideration as represented in Fig. 6, with and
without DG in single DG case. Similarly, Table 2 highlighted the
minimum and maximum voltages deviations before and after DG
by proposed method for 15-bus system. It could be examined that
the voltage at various buses maintain within the acceptable con-
straints’ limits. In the end, the results obtained by the proposed
method are compared based on size, location, percentage loss
reduction and computation time, with those methods addressed

Table 1
Summary of results of 15-bus system.

in the literature for 15-bus test system and illustrated in Table 3
for validation purpose. The results indicate in this table are for sit-
ing and sizing of single DG to minimize the real power loss only. It
is evident from this table that better active power loss is possible
to reduce by the proposed method as distinguished in the other
methods revealed in the literature.

33-bus IEEE test system

Fig. 7 shows the single line diagram of the IEEE 33-bus system.
The data of the system acquired from [2]. Whereas the losses
linked with the active and reactive components of branch currents
abound with the power flow in base case are 131.41 kW and
66.52 kW, respectively. Enforced the methodology addressed in
Section ‘Loss minimization by single DG placement’ for single DG
placement and find the DG size and loss saving. Similar to the
15-bus system, first the optimal loss saving and corresponding
DG size is calculated and delineate in Figs. 9 and 8. It can be recog-
nized from Fig. 9 that the highest loss saving of 53.30 kW can be

S.no. System description System losses DG size DG Number  Total % Loss
location  of loss reduction
Pra Py Pr Paga Qiga S (kVA) (bus no.) iteration saving S
(kW) (kW) (kW) (kw) (kVAr) ’ L
(kW)
1 Base system 3042 3137 61.79 996.99 -1012.92 142126 3 1 24.55 -
2 Single DG 1421.26 kV A DG is placed at bus 3 29.12 798 37.11 65138 -326.72 72873 6 1 3.67 39.94
placement 728.73 kV A DG is placed at bus 6 29.01 7.67 36.69 539.02 -201.31 57538 7 1 1.77 40.62
575.38 kV A DG is placed at bus 7 28.89 7.58 36.47 486.23 —187.56 52093 3 1 —43.23 40.97
3 Base system 3042 3137 61.79 792.19 —805.39 112969 3 2 - -
382.56 —387.66 544.64 6 - - -
4 Multi DG Placed 1129.69 kV A DG at bus 3 and 29.04 7.56 36.60 1174.74 -1193.04 167433 3 and6 - 29.94 40.76
placement 544.64 kV A DG at bus 6
5 Base system 3042 31.37 61.79 792.19 —805.39 1129.69 3 3 - -
241.69 —245.04 34418 6 - - -
140.54 —142.29 199.99 7 - - -
6 Multi DG Placed 1129.69 kV A DG at bus 3, 29.00 6.63 35.63 117442 -1192.71 1673.86 3,6and - 30.02 42.33
placement 344.18 kV A DG at bus 6 and 7

199.99 kV A DG at bus 7
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Fig. 6. Voltage profile of 15-bus test system with and without DG.

Table 2 22 23 24

Voltage before and after DG at 15-bus system. { ! =

System Voltage at bus before DG Voltage at bus after DG 25 26 27 28 29 30 31 32
Min Max Min Max { % J‘ % { ! ll {

15-bus 0.9452 at 13 1.000 at 1 0.9721 at 13 0.9899 at 9

213 4 5|6 7 8 9 10 11 12 13 14 15 16 17

1 1 1]

Table 3 l | I |
Comparison of results for 15-bus test system. 18 18 20 21

Fig. 7. Single line diagram of the IEEE 33-bus test system.

Particulars Gozel and Murthy and Proposed
Hocaoglu [19] Kumar [31] method
Optimal bus 3 3 3
DG size (MV A) 1.418 1.411 1.421 ) ) )
% Loss reduction 39.041 42.008 42331 realized by placing a DG of 2968.53 kV A (Fig. 8) at bus 6. The
CPU time (s) 0.032 0.041 0.023 detailed summary of results accessed by the suggested method is
demonstrated in Table 4.
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Fig. 8. Optimal size of DG in 33-bus system for a singly located.



R. Viral, D.K. Khatod /Electrical Power and Energy Systems 67 (2015) 191-201 199
60
mLoss Saving (K
: [ ],
8 S8 8
8 ]
50 2 P
5 8 § 3
g g 2 3
<
40 2
‘E, 3 RN I
E) 30 m ...... o N Rt e B B B e o
S © 8 3 =
a3 a S & 8
[} N =
5 s 8
§ 20 o M- N LSRRI W B WA W ..
g ¢
10 | 2
3
?zgg
0 l
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Bus Number
Fig. 9. Estimated loss saving in 33-bus system for a singly located DG.
Table 4
Summary of results of 33-bus system.
S.no. System description System losses DG size DG Number Totalloss % Loss
location  of saving S;  reduction
Pra Py P Paga Qiga S(kVA) (bus no.) iteration (kW)g "
(kw) (kW) (kW) (kW) (kVAr) .
1 Base system 13141 66.52 197.94 242840 —-1707.23 2968.53 6 1 53.30 -
2 Single DG 2968.33 kV A DG is placed atbus 6 126.13 13.03 139.16 1077.94 —350.22 113341 14 1 6.79 29.69
placement 1133.41 kV A DG is placed at bus 125.67 6.26 131.92 1609.24 —483.33 1680.25 24 1 2.98 33.35
14
1680.25 kV A DG is placed at bus 124.68 6.18 130.86 1585.16 —479.56 1656.11 - 1 - 33.88
24
3 Base system 13141 66.52 197.94 1120.26 -1053.75 153797 6 2 - -
774.97 —370.29 858.89 14 - - -
4 Multi DG Placed 1537.97 kV A DG at bus 6 125.58 595 131.53 189523 -1424.04 2396.86 6and 14 - 58.45 33.55
placement and 858.89 kV A DG at bus 14
5 Base system 13141 66.52 197.94 102331 -1006.51 143535 6 3 - -
725.22 —346.05 803.55 14 - - -
1068.39  -520.56 1188.46 24 - - -
6 Multi DG Placed 1435.35 kV A DG at bus 6, 125.28 2.58 127.86 281692 —-1873.12 342736 6,14 - 62.94 35.40
placement 803.55 kV A DG at bus 14 and and 24
1188.46 kV A DG at bus 24
1.02
- - Without DG
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B o R
R e e e T s
2
(-3
=]
=
g, 0.96
(]
=
P
=
S 094
S
0.92
0.9

12 3 4 56 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Bus Number

Fig. 10. Voltage profile of 33-bus test system with and without DG.
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It is evident from Table 4, that we get two more single DG at
buses 14 and 24 in first iteration. The corresponding DG size and
loss saving are 1133.41 kV A, 1680.25 kV A and 6.79 kW, 2.98 kW
at buses 14 and 24 respectively. It is also seen from Table 2 that
after 2.98 kW no further loss saving could be obtain in first itera-
tion. Thus the sequence of buses to be redeemed for this system
is 6, 14 and 24. The total power losses P; claim in case of aforemen-
tioned single DG placement diminished from 197.94 kW to
131.92 kW with the percentage loss reduction of 33.35%. When
only first two buses (6 and 14) are to be redeemed in the second
iteration using technique reported in Section ‘Loss minimization
by multiple DG placement’; it contribute a total loss saving of
58.45 kW. When the original base system is redeemed with above
DGs, the load flow result indicated that the total power losses P,
reduced by 197.94-131.53 kW with the percentage loss reduction
of 33.55%.

Further, when all three buses (6, 14 and 24) are treated for DG
placement it was detected that a total 3427.36kV A of DGs
(1435.35kV A at bus 6, 803.55 kV A at bus 14, and 1188.46 kV A
at bus 24) add a loss saving of 62.94 kW in third iteration. The
associated power losses P; by placement of all three DGs are short-
ened by 197.94-127.86 kW with the percentage loss reduction of
35.40%. The respective loss reduction associated with the active
and reactive component of branch currents can also be observed
from Table 4. The enhancement of voltage profile can also be

10 —
8 @DGZ14_L
(¥ 13
(O
sis 7 7 10 l_l_14. l
6 11—
5|} 11T 15“L®
2 121‘ ¥ DG 4
© = IO
DG 1 DG 3
13 ——

Fig. A.1. Single-line diagram of 15-bus test system with DG.

Table 5
Voltage before and after DG at 33-bus system.

System Voltage at bus before DG Voltage at bus after DG
Min Max Min Max
33-bus 0.9141 at 18 1.000 at 1 0.9183 at 33 0.9971 at 19
Table 6
Comparison of results for 33-bus test system.
Particulars Gozel and Murthy and Proposed
Hocaoglu [19] Kumar [31] method
Optimal bus 6 6 6
DG size (MV A) 2.988 2.536 2.968
% Loss reduction 31.599 34.868 35.405
CPU time (s) 0.043 0.053 0.038

examine as depicted in Fig. 10, with and without DG in single DG
case. In the same sequence, the voltage deviation of various buses
for this test system can be examine in Table 5. Moreover, it is real-
ized from this table that the voltage at various buses manage
within the acceptable constraints limits. Table 6 display the com-
parison of results achieve by dissimilar methods for allocation of
single DG to lessen the real power loss in 33-bus system. It could
be realized from this table that extra active power loss saving by
the proposed method is in close compromise with the other meth-
ods as bring out in the literature.

Conclusion

In this paper a simple and novel analytical method for minimiz-
ing the loss associated with the active and reactive components of
DG branch current is proposed. The proposed method is tested on
two IEEE 15 and 33 distribution networks. In both the test system
it was demonstrated that on which optimal bus, the optimal num-
ber of sizes of DG is to be placed so that the maximum loss saving
could achieve. In the 15-bus system it was found that by placing
the optimal DGs at buses 3, 6 and 7 the total power losses can be
reduced from 61.79kW to 35.63 kW (whereas, P, and P;,
29.00 kW and 6.63 kW respectively due to Iz, and Ig). In the
33-bus system it was found that by placing optimal DGs at buses
6, 14 and 24 the total power losses associated can be reduced from
197.94kW to 127.86 kW (whereas, P;, and P, 125.28 kW and
2.58 kW respectively due to I4g, and I4g,). It may also conclude that
using proposed method, the voltage profile is also improved. Fur-
ther, the proposed method compared with those other methods
reported in literature to show the credibility. Additionally, since
the proposed method uses the SCA, which requires less number
of iteration (as only 3 iteration used for each system) to achieve
the convergence and hence demands less computation time.
Another benefit of the suggested method is that the total number
of load flow used normally remains unchanged for larger system
such as 69 or 118 bus system. Besides that, the proposed method
not applicable for unbalanced and meshed distribution system.
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Appendix

Consider a 15-bus radial system as in Fig. A.1 [30], if four DGs
(i.e. k=4) are to be placed at buses 7, 10, 12 and 15, then the DG
branch set o; and the transpose of matrix D can be written as D".
For this set of DG buses the matrix D' can be evaluated as given
below:

k =4, number of DGs buses
1 (at DG bus 7) = [1,7,8]

02 (at DG bus 10) = [1, 5, 6]
03 (at DG bus 12) = [1, 2,10, 11]

O4(at DG bus 15) = [1,2,3,14]

For these set of branches the formulation of matrix D7 is as
following
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1000001100000 0

(10001 100000000
1100000001100 0
1110000000000 1,

In matrix DT rows and columns represent the number of branches
and buses of DG respectively. In above case D' is the (k x N— 1 or
4 x 14) matrix. Similarly, the D; can be evaluated for n number of
DG.
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