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Abstract: DG-integrated distribution system planning is an imperative issue since the installing of
distributed generations (DGs) has many effects on the network operation characteristics, which might
cause significant impacts on the system performance. One of the most important characteristics that
mostly varies because of the installation of DG units is the power losses. The parameters affecting the
value of the power losses are number, location, capacity, and power factor of the DG units. In this
paper, a new analytical approach is proposed for optimally installing DGs to minimize power loss in
distribution networks. Different parameters of DG are considered and evaluated in order to achieve a
high loss reduction in the electrical distribution networks. The algorithm of the proposed approach
has been implemented using MATLAB software and has been tested and investigated on 12-bus,
33-bus, and 69-bus IEEE distribution test systems. The results show that the proposed approach
can provide an accurate solution via simple algorithm without using exhaustive process of power
flow computations.

Keywords: distributed generation; distribution systems; optimum DG capacity; optimum DG location

1. Introduction

The increase on load demand and the global concerns about the environment as well as the
enormous technologies for connecting renewable energy resources (RES) all played an important role
in the distribution networks planning. DGs have considerable effects on the electric network design,
construction, analysis, operation, and maintenance [1]. A comprehensive survey and analysis must be
done before DG integration to ensure the judicious and efficient use of energy and hence maximize the
benefits [2]. Location, capacity, and power factor of the DGs are the three main factors that affect the
power system network. These three factors have significant impact on the protection system, reliability,
stability, power losses, voltage profile, and power quality [3-7]. Recent studies and optimization
techniques have been employed to find the optimal location, capacity, and power factor of DGs being
added to the network to improve the network characteristics; one of the most important characteristic is
the power losses. For many utilities, reducing these losses has become one of the significant challenges.
DG units may be used in distribution networks for this goal. This is achieved by placing the DG in a
proper location with a proper capacity and proper power factor to provide minimum power losses.
These proper values of the DG parameters that minimize the total power losses in the distribution
networks are referred to in this paper as optimal parameters of the interconnected DG unit. As shown
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in [6-11], the variation of the DG settings to a condition beyond the optimal parameters, decreases the
power losses in the network and then it rapidly increases them again.

DG planning has attracted the interest of many researchers and numerous publications can be
found on this subject [8-11]. Several methods have recently been proposed in order to minimize
the power losses in the DG-integrated distribution networks. These methods can be classified into
three main categories: (1) numerical-based category, (2) heuristic-based category, (3) analytical-based
category [12].

Regarding the numerical-based category, there are many algorithms proposed and the most
common algorithms are exhaustive search, gradient search, OPF (optimal power flow), and linear
programming [13-17]. These algorithms have demonstrated to be effective for obtaining the optimal
DG capacities at certain locations or the optimal DG location for a given DG capacity. Therefore,
these algorithms did not succeed in accurately representing an optimization problem aiming at
simultaneously optimizing DG capacity and location. On the other hand, heuristic-based category
methods are based on employing advanced computational intelligence algorithms, such as genetic
algorithms [18,19], particle swarm optimization algorithms [20], harmony search algorithms [21],
tabu search algorithms [22], and Dragonfly algorithm [23]. It is valuable to mention that the main
feature of these techniques is that they can provide near-optimal solutions thanks to their computational
robustness but, at the same time, they need intensive computational capabilities.

Analytical-based methods attract active research interests, as they are easy to implement and
fast. Analytical-based methods often follow various techniques to simplify the optimization problem.
Within this category, different techniques and methodologies have been developed in order to achieve
maximum possible losses reduction. Some of these methods were concerned with installing a single
DG unit such as a method in [24], which is based on power stability index (PSI) and the method
in [25], which is based on power loss sensitivity (PLS) index. When these methods were applied for
multiple DG units, they were efficient only when installing the DG units sequentially one-by-one.
Moreover, in [26], the optimum location-capacity pair of a single DG unit was obtained using an
analytical approach. In [27] different load models have been introduced and studied in order to achieve
minimum active and reactive power losses in the network. In [28] an analytical method has been
introduced to minimize the power losses and improve the system profiles based on the available
specific scenarios. In [29] optimum location of a single DG with unity power factor has been studied.
In [30] the authors proposed an analytical approach for losses minimization for DGs allocation, but
this method is depended on installing DG units sequentially one-by-one.

In [31,32], the authors proposed an analytical approach for losses minimization indicating the
optimal sizing and siting for single DG unit with non-generated reactive power. However, in [33],
the authors produced a new method which can be used to determine the optimal sittings for multiple
DG units which are non-generative of the reactive power without determining the optimal capacities
of these DG units. In [34], the authors produced an approach which can be used to determine the
optimal capacities and sittings for multiple DG units which also consume the reactive power. In [35],
the authors produced an algorithm to determine the optimal sizing and sitting for any type of the
DG unit, but it cannot be used for multiple DG units. Also, in [7] the authors produced an analytical
approach to determine the optimal capacity and location for a single DG unit for known power factor.

In [36], the authors suggested a new hybridized method which is a combination of analytical
approach and heuristic search which was proposed to find the optimal locations of multiple DGs
of multiple types. The authors of [37] have proposed an approach to allocate a DG unit with unity
power factor. Later on, this approach has been extended in order to involve allocating a single DG
that is capable to generate real and reactive power, this approach is named as an improved analytical
(IA) method [38]. After that, the IA method has been upgraded to involve the case of multiple DG
interconnection [39]. It is worthy to mention that the solutions obtained by those methods have been
compared with the proposed approach in this paper.
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The above review clearly shows that considerable researches have been done for optimally
planning of DGs; however, in some methods it is assumed that DG power factors are not state variables
but specified values. Moreover, some methods are not able to provide the optimal solution for
the allocation of a number of DGs. Furthermore, some algorithms represent the DG optimization
problem correctly but these algorithms did not succeed to deal with number, location, capacity,
and power factor of the DG units simultaneously. On the other hand, many researches proposed
methods that successfully represent DG optimization problem, but these methods need intensive
computational capabilities.

The main contribution of this paper is to develop a new analytical method for optimally planning
of DGs in order to minimize the power loss in distribution networks. The proposed method developed
analytical expressions that has been initiated, formulated, and solved in a simplified manner by finding
the optimal capacities, locations, and power factors of the DG units added to the system by referring to
the resistances of the distribution lines in which the current pass through and hence efficiently provides
an accurate optimal solution without using intensive computational capabilities. On the other hand,
the proposed method is based on simple algorithm via basic mathematical models. Therefore, it can be
easily extended to consider the load variation and intermittent nature of RES-based DGs.

This paper is organized in five sections and the rest of the paper is prepared as follows: Section 2
gives a brief introduction about DG technology; this section includes a grid interconnection pros and
cons. In addition, major DG types and capacity are addressed in this section. Section 3 introduces the
mathematical representation and present detailed descriptions of the proposed approach. Section 4
presents the simulation results considering single and multiple DGs interconnection. The last section
concludes the work presented.

2. Distributed Generation Technology

DG plays an important role in generating power alongside power plants, but at the distribution
level. DG can assist supplying energy needs or enhancing network’s power quality (PQ). DG can
improve reliability as well as provide some benefits including: reduced lines losses, reactive power
control, congestions’ mitigation at distribution and transmission level, increased system capacity and
lower reserve margin requirements at low cost, and shorter power outages. This technology and its
impacts are dependable on the capacity, location, and type of DG [3-7].

2.1. Distributed Generation, Grid Interconnection Pros and Cons

There are many advantages for the distribution generation interconnection with the grid. First of
all, economic advantages can be summarized by: the cost of DG electricity varies because of a number
of factors. Therefore, the cost fluctuates below and above grid electricity cost. A good monitoring
of DG electricity prices can lead to massive price reductions. The DG can be a means of voltage
regulation in buses that lie in the distribution level. The reliability of the system is increased, this comes
from the fact of having multiple sources in the network. On the other hand, the disadvantages of
DG, grid interconnection are: Grid operators will request money in exchange of the interconnection
action. The owner of the DG will be expected to pay for the electricity supplied by the grid and a
fee proportional to the maximum power supplied. Apparatus and maintenance fees are required.
The addition of control, metering, and protection devices are very essential to separate the DG system
from the grid; this is very critical to ensure that the complexity of the system does not reflect terribly on
the operation of the overall system. To enhance the reliability of the overall grid the aforementioned
maintenance must be satisfied regularly. Problems that occur far from the DG units can still harm
them. Therefore, more complex and numerous protective devices must be installed to avoid critical
situations [7,8,40,41].

In order to provide the optimal solution that maximizes the benefits, minimizes the costs, and
overcome the technical challenges of DG installation; the planning of the DG-Integrated distribution
systems requires the characterization of several factors, such as: the total number and capacity of the
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distributed generators, their optimal location in the network, the kind of connection with the grid,
etc. [3-7].

2.2. Distributed Generation Types and Capacity

There are two possibilities of DG; Grid connected and autonomous DG [40]. These possibilities
can be split up into two groups depending on the availability: firm and intermittent power. The firm
power generation which gives the ability to control the power of DG as a function of the demand.
“Firm DG plants” are often classified as supporters; in periods of high consumption. The intermittent
power generations cannot be depended on for fulfilling all load requirements, having such a generation
character. For this type of power generation technology there is wind power technology or solar
power technology that is capable of energy production only when the wind is blowing and the sun is
shining [8-10].

Subsequently, DG is able to support traditional generation, for example, gas turbines, and internal
combustion engines and, in huge institution, combined-cycle turbines steam turbines. Different types
such as, Stirling engines micro turbines, renewable energies or fuel cells, including solar energy,
geothermal energy, or wind energy can be used [8-10].

As earlier mentioned, the effect of DG units strongly depends on the type of DG unit. Generally,
four major types of DG are classified, based on their real and reactive power delivering the capability [36],
as shown in Table 1. Considering the single line diagram shown in Figure 1, assuming the real power
output of DG connected to bus 1 is Ppgy,, the DG reactive power output is Qpgn, the DG power factor
is PFpgy, the real power of the load connected to bus n is Py, the reactive power of the load connected
to bus 1 is Qr,,. Then the active and reactive power injected at bus n, where the DG is located, are given
by [39]:

Pp = Ppgn — Prn @)
Qn = Qpen — QLn 2)
in which
Qpcn = ¢Ppcn ©)
where
c = (sign) tan(c:os‘1 (PPDGH)) @)

The sign function is defined as:

sign = { +1; DG injecting reactive power } 5

-1, DG consuming reactive power

The characteristics of the four DG types are listed in Table 2.

P DGn o, QDGM

Busn

Pln, Qlu
A4
Load

Figure 1. Part of a distribution system with distributed generation (DG).
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Table 1. Major types of DG based on power delivering capability.

DG Type Type Description
Type 1 DG injecting P and Q
Type 2 DG injecting P and requiring Q
Type 3 DG injecting only P
Type 4 DG injecting only Q

Table 2. The ¢ Parameters for the major types of DG.

DG Type PFpg; Sign c
Type 1 0<PFpg <1 +1 constant
Type 2 0<PFpg <1 -1 constant
Type 3 PFpg =1 +1 0
Type 4 PFpg =0 +1 00

In order to study the impact of DGs capacity on the network operation characteristics, the
Penetration Level of DGs can be defined as the ratio of the total complex power generated from DGs
(X Spg) to the total complex power peak load demand (3, Sp,q;) and it can be calculated as [3-7]:

Penetration Level = ﬁ * 100% 6)
Z SPeak

3. Proposed Approach

The main idea of the proposed method constructed by referring to the resistances of the distribution
lines in which the current pass through, and the goal of this method is planning to force the current
which feeds each load to pass through the path that has the smallest resistance in the distribution line;
and hence guarantee maximum real power loss reduction. The details of the proposed method are
listed as follows:

3.1. For Single DG Interconection

Consider a distribution system shown in Figure 2, assuming that the DG is inserted at bus number
n. Hence, the system can be divided into two regions; the first region is from bus 7 to the last bus of
the system, while the second region is from the second bus (after the slack bus) to the bus before the
DG (n — 1). The loads in the first region are preferred to be fed from the DG, in order to minimize
the resistance of distribution line which the current passes through, therefore the power losses are
minimized in the system.

PoG , Qpc

Slack
Bus Bus2 Second Region Bus n-1

Bus 1

Load Load Load Load Load Load
Figure 2. Single line diagram of a simple distribution system.

In the second region, the source of the power flowing to each load should be tested, in order
to check if it should be fed from the substation or from the DG, depending on the resistance which
minimizes the power losses. The last bus in which the resistance of the distribution lines from the
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substation to this bus is smaller than the resistance of the distribution lines from this bus to the DG can
be defined as the critical bus. The load at this bus is fed from both the DG and the substation by a
certain ratio which gives minimum power losses in the branches surrounding this bus.

Figure 3 represents the flowchart for the proposed algorithm which is used for finding the critical
bus when the DG is installed at each bus; also the equations that are used to determine the ratio
of power supplied from the DG and substation to the critical bus are presented and derived in the
following paragraphs.

Start

!

Select the region

!

Set the critical bus (b) is the first
bus in the region

L
L D

R:: The summation of the resistances from the 1t bus in the
region to bus (b-1)
R;: The summation of the resistances from the critical bus to
the end of the region

Yes . .
Critical bus = Critical bus +1

Figure 3. Flowchart to obtain the critical bus in any desired region.

After determining the critical bus when the DG is installed at each bus, optimal active power and
reactive power of the DG that minimize the power losses in the network can be derived and achieved.
Consider a distribution system shown in Figure 4 which represents a simple case where the DG is
inserted at bus 4, and assumed that the critical bus is found at bus 2, Kirchhoft’s current law is applied
at each bus and Equations (7) and (8) can be obtained.

L =11 -1 ()

L=Iph+1 8)

where Iy, is the rms phasor current in the branch ch, and Iy; is the rms phasor current at the load
connected to the bus i.
PLoss = 3Ry + 3| °Rs + 3111 *Ry ©)

Pross = 3ILI* Ry + 3|I12 + L*Rs + 3|11 — LI*Ry (10)

where Pp; is the total power losses, and R; is the resistance for branch 7.
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Bus 1 Bus 2 Bus 3 Bus 4

. | I1 > < I> l|3
Substation ——— | | e e ———— S
T.L T.L T. L
branch 1 branch 2 branch 3

|L1¢ |Lz¢ '4

vV 4

Load 1 Load 2 Load 3

Figure 4. Sample of distribution network used for current derivation.

To obtain the value of |I| which gives the minimum power losses, the power losses formula is

derived as:
dpP Loss

d|l|
By solving Equation (11), |I,| is obtained as:

= 6lD|(Ry + Ry + R3) + 6((I12IR3) — (II11|R1)) = 0 (11)

I111Rq — 12IR3

I p—
I R+ R+ R

(12)
The ratio (R ) between |I;| and |I;| can be defined as the ratio of the current fed from the DG to the
current fed from the substation and it can be calculated as:
|| ||
_ Bl _ bl 13
Ll - I 13)
The ratio (y) can be defined as the ratio of the current fed from the DG to the specific load total

current and it can be calculated as: |
|

’Y =
7l
The ratio (y) can be also considered as the percentage of the power of the critical bus which is fed
from the DG; v can be also obtained as represented in Equation (16).

(14)

Y+ g =1 (15)
1
D) "

For the general case when the DG is inserted at a generic bus in the system (bus number #) and
the critical bus is at bus m (where m < 1), and the total number of buses is N, the following calculations
are performed:

n—-1
— Ci*R;
Mz% (17)
i—1 Ri
where,
il I <t<m-
o JTE ] 1<izm=1 (18)
L ~Yi| m<i<n-1

The total active power, reactive power, and power factor of the DG which is inserted at bus 7 can
be calculated by Equations (19)—(21) respectively.

N
Ppcn = Z Pri+ (v X Prm) (19)
i=m+1
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N
Qpcn = Z Qri + (v X Qrm) (20)
i=m+1
PFpgn = cos(tan_l(@)) (21)
DGn

where Ppc,, Qpgn, and PFpgy, are the optimal active power, optimal reactive power, and optimal
power factor of DG when it is inserted at bus number n respectively. Pr;, Qp; are the active and reactive
power of the load connected to the bus number i. Also, Py, and Q1 are the active and reactive power
of the load connected to the critical bus m.

After determining the penetration level of the DG unit, the power losses, which are due to the
current supplied from the DG (after the critical bus to the last bus), are added to the penetration level
of the DG in order to let the DG to be able to deliver the current to these loads. Then, after assessing the
optimal penetration level of the DG at each bus in the network, the optimal location that minimizes the
power losses in the network can be evaluated. Finally, the performance of DG-integrated distribution
system is investigated and the exact value of the total power losses is calculated based on the accurate
model using power flow equations.

If the system has a sub-branch, such as the distribution network shown in Figure 5 where the
sub-branch is in bus s, the system should be divided into three regions. If the DG is desired to be
installed at bus sn, the first region is from bus sn to bus sx; which is preferred to be fed from the DG.
While, the second region is from bus 2 to bus s and from bus s to bus s1, in this case the same procedure
for the second region in the normal case which is without sub-branches is proceeded. The third region
is from bus s + 1 to bus y; these three regions are illustrated in Figure 5. In this particular, the resistance
of the distribution lines from the substation to bus s and the resistance of the distribution lines from
the DG to bus s are compared and the minimum resistance between these two resistances is chosen in
order to reduce the power losses. So, in this case, DG capacity can be represented mathematically in
order to be implemented in the algorithm as:

Sx sn Y
Ppcn = Z Pr; + Z Pri4 (Y XPry) +a Z Py; (22)
i=sn i=m+1 i=(s+1)
hd sn v
Qpcn = Z Qri + Z Qri+ (YXQrp) +a Z Qri (23)
i=sn i=m+1 i=(s+1)
where,
S S
1, YR > YK
a = i=1 i=sn
0, otherwise
1 1
Y= — R = |1| m||
(1+%) -l

and m is the critical bus number.

Note: Y"1 Priand Y. ., Qpi should be determined in region 2.
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Bus 1 Bus 2

9of 21

Bus s1 Bus sn Bus s(n+1) Bus sx
T.L ,/{_ I
~] |
First Region
L ; ;
Second Region Load s1 Load sn
Load s(n+1)  Load sx
Buss Bus (s+1) Busy
5 S
< ------ Third Region

g

Load 2

4

N

Load s Load (s+1) load y

Figure 5. Sample of distribution network with sub-branch.

3.2. For Multiple DGs Interconection

In multiple DGs case, all possible combinations or sequences of interconnected DG buses are
generated and obtained. As an example, for the distribution system shown in Figure 4, the possible
sequences of locations for interconnecting two DGs (if the slack bus is excluded) are: (Bus2, Bus3),
(Bus2, Bus4), (Bus3, Bus4). For each obtained sequence, the system must be divided into regions in
which the rules discussed before are satisfied. Then, the loads can be divided to be feed from the DGs
and the substation in order to minimize the resistance in which each load current passes from it.

Notes:

(1) If the DG is located in a bus at any sub-branch the number of the regions in the system is increased

by one.

(2)  If the number of DGs added increases by one, the number of the regions in the system is increased

by one.

Figure 6 represents a flow chart which can be followed to determine the optimal penetration levels
and optimal power factors for desired DG locations. After assessing these values for each sequence,
the optimal location that minimizes the total power losses in the network can be evaluated.
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Start
Select the sequence of buses which the Add the power losses cause by each DG to
DGs want to be added on it. the size of the DG

v {

Calculate the total power losses, and

Divide the system to regions penetration level and the power factor of
each DG
Determine the critical bus at each region Print the optimal power losses, penetration
which is between DGs and substation levels, and power factors
Determine the size of the DGs from End

equations 22 and 23

'

Insert the DGs and calculate the power
losses in the branches which each DG
current pass through it

Figure 6. Flowchart to determine the optimal penetration level, and power factors for desired
DG locations.

3.3. Voltage Profile Constraint

The voltage at every bus in the distribution grids should be kept within specific range [42].
The acceptable range of voltage profile is well defined in international standards [43—45]. The bus
voltage constraint can be represented as:

Vinin < Vi £ Viax Vi € {buses of the network}

In this work, the lower and upper voltage thresholds are set as Vi, = 0.9 pu and Vyyuy =
1.05 pu [36,39,43-45].

4. Results and Discussion

The proposed approach has been tested on two different distribution systems; the first one is a
12-bus system with the total active and reactive peak load of 435 kW and 405 kvar respectively, and
the total real power loss of 20.7 kW. The single line diagram of this test system is shown in Figure 7.
The line and load data for this test system is available in [46]. The second test system, as depicted in
Figure 8, contains 33 buses and 32 branches; it is a radial system with the total peak load of 3715 kW
and 2300 kvar, and the total real power loss of 211 kW. The line and load data for the 33-bus test system
is available in [47]. The third test system which is shown in Figure 9 is 69-bus radial system, it has
the total active and reactive peak load of 3802.19 kW and 2694.60 kvar respectively, and the total real
power loss of 225 kW. The detailed data for this system appear in [48].
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1 2 3 4 5 6 7 8 9 10 11 12

S

Figure 7. Single line diagram of IEEE 12-bus distribution test system.

7 8 9 10 11 12 13 14 15 16 17 18

Substation Voltage = 12.66 kV

|
1 2 3 14 15 16 17 18 19 20 21 22 23 24 2 26 27
(N1 | F I T A M A
[ 1 K Pl bbbl PPl Pl bbb
68 69
Substation Voltage = 12.66 kV
> >
5I35i1 5|5 56 57 SIS 59 BIO 61 6|2 6|3 64|I Efi
b ' bl bbbl bbb
286 20 30 31 32 33 34 a5
I T I I T I
B

Figure 9. Single line diagram of IEEE 69 bus distribution test system.

In order to evaluate the power losses reduction (PLR) in these two test systems, the following

formula is used:
PLoss, noDG — PLoss,With DG

PLIR = x 100% (24)

P Loss, noDG

where: Pryss, noDG is the total real power losses in the network without DGs (in kW), and Pp s wir DG is
the total real power losses in the network in the presence of DGs (in kW).

4.1. 12-Bus Test System

The 12-bus radial distribution system is simple and used in order to validate the proposed method.
Moreover, most of the algorithm steps for the proposed method are discussed. In order to ensure
about the performance and accuracy of the proposed method, the evaluated results are validated by
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comparison with the exact solutions obtained by exhaustive optimal power flow (OPF) algorithm
which required excessive calculations efforts.

The critical bus, when a single DG is added at a generic bus, is determined by referring to the
flowchart of Figure 3. Figure 10 represents the sign of the difference in impedances. The critical bus is
the last tested bus which has negative sign in the difference of the resistances. As an example, if the
DG is interconnected at bus 8, the critical bus will be bus # 4. And if the DG is interconnected at bus 10,
the critical bus will be bus # 7.

The Sign of the Difference in The Resistance

DG Bus

The Critical Bus

Figure 10. The sign of the difference between the impedances of the two paths of the current for each
bus when the DG installing at each bus.

The proposed method was implemented and compared with the actual values, which are obtained
by exhaustive OPF solution, as shown in Figure 11. It is clear that the proposed method performance
succeed to give results very close to the actual values. Table 3 represents a comparison between the
proposed method and the actual values obtained by exhaustive OPF. The results for the proposed
method show that the minimum power losses is 3.1587 kW when the penetration level of the DG is
52.97% with power factor equal to 0.73, also, it was noticed that the optimal location of the DG is at bus
9. While, the actual results showed that the minimum power losses is 3.1561 kW when the penetration
level of the DG is 53% with power factor equal to 0.74, also, it was noticed that the optimal location of
the DG is at bus 9 which is the same location of the proposed method.
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18 T
===Actual
——Proposed
16 .
14
g 12
g
210
-
o
6 =
4 |-
2 1 1 | 1 1 1 | 1
2 4 5 6 7 8 9 10 1 12
Bus Number
Figure 11. Power losses when the DG is connected to each bus with the optimal parameters.
Table 3. Comparison between two methods for adding single DG using 12-bus test system.
. Penetration PFpg Total Power o
Method DG Location Level (%) (Lagging) Losses (kW) PLR (%)
Proposed method 52.97 0.73 3.1587 84.74
Actual 53 0.74 3.1561 84.75

In order to deal with the case of multiple DGs interconnection. The previous part has been repeated
for more than one DG and as an example two DGs are considered. Figure 12 represents a 3D plot of
the total power losses with respect to the location of the two DGs added to the system; the diagonal of
the x-y plane (locations of the first and second DGs) represents the case of two interconnected DGs on
the same bus and simply it can be considered as the case of interconnected single DG. However, it is
noticed that for all bus numbers, the single DG added to the system results in higher power losses than
the case of two DGs added to the system. Moreover, it is noticed that the optimal location of the first
DG in order to reduce the power losses as much as possible is at bus 7, and the location of the second
DG is at bus 10. Table 4 presents a comparison between the values of proposed method and the actual
ones for the case of 2 DGs interconnection. It is clear from the results that the processed method has an
excellent accuracy and the values are very close to the exact ones.

Table 4. Comparison between two methods for adding two DGs using 12-bus test system.

DG

DG

Penetration

PFpg

Power

Method Number Location Level (%) (Lagging) Losses (kW) PLR (%)
Proposed DG near 7 41.1558 0.7173 0.85087 95.89
method DG far 10 30.7418 0.7470
Actual DG near 7 41.1665 0.7173 0.85085 95.89
ctua DG far 10 30.7525 0.7469
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Total Power Losses (KW)
)
|

The Location of the Second DG The Location of the First DG

Figure 12. Minimum power losses for the combination of two DGs using the proposed approach.

Voltage profile of 12-bus distribution test system is shown in Figure 13, the “Without DG” curve
shows the voltage profile for the original test system and this curve identify that the minimum voltage
occurs at the end of the feeder. In addition, it is observed that the voltages at all buses are within
the acceptable voltage range. It is clear that the bus voltages will enhance when DGs are optimally
connected in the electrical distribution system.
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Figure 13. Voltage profile of 12-bus distribution test system.
4.2. 33-Bus Test System

The second test system used in the study is 33-bus test system, this test system is a widely used in
the literature. To evaluate and validate the performance of the proposed method, results have been
compared with hybrid approach, improved analytical (IA) method, and particle swarm optimization
(PSO) technique [36-39].

Referring to the proposed method and considering the case when a single DG is interconnected
at each bus, Figure 14 shows the critical buses. After that, assessing the optimal penetration level of
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the DG at each bus in the network is required; finally, the optimal location that minimizes the power
losses in the network is evaluated. The power losses have been calculated when the DG is installed at
each bus as presented in Figure 15 which shows that the minimum power losses that can be achieved
when a single DG unit is added at each bus. As a result, it is noticed that the minimum power losses
is 67.75 kW and occurred when the DG is added to the bus 6 with penetration level of 70.444% and
power factor of 0.8255.
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Figure 14. The critical bus when the DG is tested at each bus.
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Figure 15. Power losses when the DG is connected to each bus with the optimal parameters.

Tables 5-7 summarize the results of the proposed method for single, two, three DG units
interconnection in terms of optimal DG location, DG penetration level, DG power factor, and total
power losses. The results of the proposed method have been compared with the hybrid, PSO, and IA
methods. The last column in these tables presents the amount of power loss reduction achieved by the
above-mentioned methods. The results in Table 5 show that better PLR values are attained with the
proposed method in the one DG interconnection scenario. On the other hand, the results of the other
three methods are the same in terms of PLR, optimal DG locations, and optimal PF with negligible
change in the penetration level. In contrast, for the scenario of 2DG interconnection, it was noticed
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from Table 6 that the IA method provides power losses of 44.39 kW compared to 28.60 kW obtained by
the proposed method and other two methods. This is because IA often fails to succeed in determining
the optimal locations, especially for multiple DG interconnections. From Table 7, the proposed method
and hybrid method achieved a PLR of 94.455%, compared to 94.408% for PSO method which is nearly
the same. Again, IA failed to succeed in determining the optimal locations and hence achieves the
lowest PLR values.

Table 5. Comparison between methods for adding single DG using 33-bus test system.

. Penetration PFpg Total Power o
Method DG Location Level (%) (Lagging) Losses (kW) PLR (%)
Proposed method 6 70.444 0.8255 67.75 67.89
Hybrid 6 69.301 0.82 67.90 67.82
PSO 6 69.461 0.82 67.90 67.82
IA 6 71.109 0.82 67.90 67.82
Table 6. Comparison between methods for adding two DGs using 33-bus test system.
DG DG Penetration PFpg Total Power o
Method Number Location Level (%) (Lagging) Losses (kW) PLR (%)
Proposed DG1 13 22.403 0.90 28.60 86.445
method DG2 30 35.422 0.72
Hvbrid DG1 13 31.813 091 28.60 86.445
Y DG2 30 34.513 0.72
PSO DG1 13 20.918 0.91 28.60 86.445
DG2 30 35.131 0.73
IA DG1 6 50.236 0.82 44.39 78.962
DG2 30 25.130 0.82

Table 7. Comparison between methods for adding three DGs using 33-bus test system.

DG DG Penetration PFpg Total Power o
Method Number Location Level (%) (Lagging) Losses (kW) PLR (%)

P d DG1 13 20.125 0.91 11.7 94.455
NN DG2 24 27.088 0.90
fmetho DG3 30 33.012 0.71

DG1 13 19.980 0.90 11.7 94.455
Hybrid DG2 24 27.144 0.89
DG3 30 32.934 0.71

DG1 13 19.751 0.91 11.8 94.408
PSO DG2 24 27.189 0.90
DG3 30 32.751 0.71

DG1 6 25.130 0.82 223 89.436
1A DG2 30 25.130 0.82
DG3 14 17.577 0.82

Regarding the voltage profile for 33-bus test system, it is clear from Figure 16 that the presence of
DG in the system improves the voltage profile. The case of interconnecting more than one DG provides
more voltage improvement. However, the improvement in the voltage profile in the case of two DGs
and three DGs are nearly the same.
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Figure 16. Voltage profile of 33-bus distribution test system.
4.3. 69-Bus Test System

Tables 8 and 9 present the results for 69-bus test system when single and two DGs are connected
respectively. The results of the four methods are nearly the same in terms of optimal DG parameters
which leads to nearly the same PLR. Particularly, for three DG units as shown in Table 10, the results of
the proposed method are same as by PSO technique in terms of optimal location, but PLR is 98.10% by
the proposed method as compared to 97.95% by PSO technique.

Table 8. Comparison between methods for adding single DG using 69-bus test system.

. Penetration PFpg Total Power o
Method DG Location Level (%) (Lagging) Losses (kW) PLR (%)
Proposed method 61 48.112 0.811 23.18 89.70
Hybrid 61 48.067 0.810 23.19 89.69
PSO 61 47.637 0.810 23.20 89.69
1A 61 48.131 0.820 23.18 89.70
Table 9. Comparison between methods for adding two DGs using 69-bus test system.
DG DG Penetration PFpg Total Power o
Method Number Location Level (%) (Lagging) Losses (kW) PLR (%)
Proposed DG1 17 13.489 0.828 7.21 96.80
method DG2 61 45.551 0.816
Hvbrid DG1 17 13.519 0.820 7.21 96.80
Y DG2 61 45.492 0.810
PSO DG1 17 13.519 0.820 7.20 96.80
DG2 61 45.706 0.810
IA DG1 17 14.141 0.820 7.25 96.78

DG2 61 47.101 0.820




Appl. Sci. 2019, 9, 5446

18 of 21

Table 10. Comparison between methods for adding three DGs using 69-bus test system.

DG DG Penetration PFpg Total Power o
Method Number Location Level (%) (Lagging) Losses (kW) PLR (%)

P d DG1 11 12.688 0.814 4.27 98.10
rof;ﬁsz DG2 18 9.861 0.833
metho DG3 61 44.091 0.814

DG1 18 10.300 0.770 4.30 98.09
Hybrid DG2 61 44.204 0.830
DG3 66 11.373 0.820

DG1 11 12.875 0.830 4.61 97.95
PSO DG2 18 9.871 0.810
DG3 61 44.204 0.810

DG1 17 13.347 0.820 4.95 97.80
1A DG2 50 17.789 0.820
DG3 61 44.483 0.820

Figure 17 shows the voltage profile for 69-bus test system before and after the DG interconnection,
it is observed that voltage profile improves in all cases when the DG is connected to the system,
moreover the voltage profile variations satisfy the voltage constraint which is defined in the

international standards.

Without DG

== == \Nith one DG
=@ \\\/ith two DGs
== = == \\ith three DGs

1

5 9 13 17 21

25 29 33 37 41 45 49 53 57 61 65

Bus number

Figure 17. Voltage profile of 69-bus distribution test system.

5. Conclusions

69

The paper has proposed analytical method for determining optimal location, capacity, and power
factor of DGs for minimizing losses in power distribution networks. Validity of the proposed method

are tested and verified on two test systems. In addition, a comparison has been conducted with hybrid,
IA, and PSO methods. Based on the results, the main observations are summarized as follows:

e The proposed method can provide a simple and accurate solution and do not required
exhaustive computations.

e  Locations, capacities, and power factor of DG are crucial factors in the planning of the DG-integrated
distribution systems for loss minimization.

e DG of type 1 with optimal power factor reduces losses more than the DG of other types.

e  The voltage profile will improve when DGs are optimally connected to the distribution networks.
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Finally, the proposed method is based on simple algorithm via basic mathematical models.
Therefore, it can be easily extended to consider the load variation and intermittent nature of
RES-based DGs.
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