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OPTIMIZED PLACEMENT OF CONNECTING THE
DISTRIBUTED GENERATIONS WORK STAND ALONE TO
IMPROVE THE DISTRIBUTION SYSTEMS RELIABILITY

Hamed Hashemi-Dezaki — Ali Agheli —
Behrooz Vahidi — Hossein Askarian-Abyaneh *

The use of distributed generations (DGs) in distribution systems has been common in recent years. Some DGs work
stand alone and it is possible to improve the system reliability by connecting these DGs to system. The joint point of DGs
is an important parameter in the system designing. In this paper, a novel methodology is proposed to find the optimum
solution in order to make a proper decision about DGs connection. In the proposed method, a novel objective function is
introduced which includes the cost of connector lines between DGs and network and the cost of energy not supplied (CENS)
savings. Furthermore, an analytical approach is used to calculate the CENS decrement. To solve the introduced nonlinear
optimization programming, the genetic algorithm (GA) is used. The proposed method is applied to a realistic 183-bus system
of Tehran Regional Electrical Company (TREC). The results illustrate the effectiveness of the method to improve the system

reliability by connecting the DGs work stand alone in proper placements.
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Nomenclatures

T Total number of customers connected to distri-
bution system

OF Objective function of the proposed optimization
problem

mb Number of sections located in main branch

A Failure rate of i-th section located in main
branch

A(s,p) Failure rate of p-th section located in s-th lateral
branch

Npi Number of customers supplied through ¢-th sec-
tion of main branch

Lo Amount of customer loads supplied through i-th

section of main branch
B Set of candidate sections to connect a distributed
generation (DG)

fIb(i)  First downstream lateral branch of section i lo-
cated in main branch

N(s,p) Number of customers supplied through p-th sec-
tion of s-th lateral branch

L(s,p) Amount of customer loads supplied through p-th
section of s-th lateral branch

ts(s)  Number of sections located in s-th lateral branch

blb(i)  First upstream lateral branch of section i located

in main branch
fdmb(i) First downstream main branch of i-th lateral
branch
fumb(i) First upstream main branch of i-th lateral branch
Xsi Binary variable indicates the existence or not
existence of a switching device in section i

M, Annual restoration energy by using DGs, in kVA

Mo ; Required investment to connect a DG to sec-
tion ¢

Y; Binary variable indicates section ¢ is a suggested
placement to allocate a DG in accordance to the
selected scenario

K, Accumulative coefficient based on the project life
time and other engineering economic parameters

Ko Cost of interrupted loads per kWh

G Generation size

1 Algorithm iteration

NPW Net present value of cash flow

n Project life time

r Annual load growth coefficient

P Profit rate

B; Saved cost of year ¢

Spa, Maximum capacity of generation of i-th DG

D; Length of section 1

L; Load of section

i Failure rate of section i

P, Power capacity of DG r

1 INTRODUCTION

The main objective of the planning and operation of
electric power distribution systems is to satisfy the system
load and energy requirements as economically as possi-
ble with a reasonable assurance of continuity and quality.
The two aspects of relatively low cost electrical energy
at a high level of reliability are often in direct conflict
due to the fact that providing a higher level of reliability
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Fig. 1. Energy restoration in a typical distribution system

will cost utilities more in capital and operational expendi-
tures. This has become the justification to emphasize on
the optimization of system costs and reliability [1,2]. To
improve the distribution systems reliability, some studies
have been reported on finding the best placement of pro-
tective and switching devices [2-7], decreasing the failure
rates of system components [2,8], adding protective de-
vices [9], reclosing [10, 11], reconfiguration [12] and using
distributed generations (DGs) [13, 14].

Recent years have witnessed a trend towards the devel-
opment of DGs. The distribution systems have been usu-
ally designed to operate with unidirectional power flow.
Adding DG to a distribution system imposes a different
set of operating condition on the network, such as volt-
age rise, power loss reduction, stability problems and re-
liability increasing. The placement of DG connection to
system plays a great part on the effects of DG [11-18].
Therefore, researchers tempt to find appropriate methods
for optimal placement of DG to improve system charac-
teristics such as reliability increasing and power losses
reduction [11, 15]. Most of the studies on DGs sizing and
siting have focused on finding the optimized placement
based on minimizing the system power losses [19]. Other
system parameters such as voltage profile, total harmonic
distortion (THD) and reliability have been studied, too
[20, 21].

In distribution systems, a number of utilities and com-
panies use local generation to provide their electrical con-
sumes in both normal and emergency conditions. These
DGs work stand alone and by connecting them to the AC
network in different conditions, it is possible to decrease
energy not supplied (ENS) and increase the system re-
liability. The joint point of connecting the DG to main
network is very important because the placement of con-
nectivity changes the network topology. If the cost of the
connecting line and other required devices is venial, the
best scenario is the connection of all DGs. This assump-
tion, nevertheless, is not reasonable, since the cost of DG
connection to network is considerable. In this way, the
connection of all DGs is not economical and the previous
choice cannot be the best. To find the optimal solution, a
compromise between the cost of ENS (CENS) decrement
and that of required connector line is necessary.

According to the above problem statement, the com-
parison between the cost of DG connection and reliability
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improvement is necessary. An optimum solution suggests
some DGs to connect the main network, not all of them.

The proposed approach tries to find the optimized
placement of DG connection to main network. The new
method is applicable in both operating and designing con-
ditions. The optimized solution is equal to maximized
restoration energy using DGs. Through the application of
the proposed method to distribution systems, it is possi-
ble to find the optimized energy restoration by DG instal-
lation in proper points. If the restorative energy increases,
the reliability indices are improved. ENS decrement is di-
rectly relevant to the improvement of other indices such
as system frequency average interruption index (SAIFT)
and system duration average index (SAIDI).

Furthermore, a novel method is proposed to calculate
the value of restoration energy that can be achieved by
installation of the DG in distribution system. The objec-
tive function includes two main terms: CENS decrement
by DG connection and the cost investment of connector
lines installation.

The objective function is optimized by genetic algo-
rithm (GA). The optimized results determine in which
points of distribution system, DG connection is more ef-
fective and useful to improve the system reliability. The
proposed method is applied to a realistic distribution sys-
tem of Tehran Regional Electrical Company (TREC).
The results illustrate that by connecting the DGs work
stand alone to network in appropriate locations, it is pos-
sible to improve the system reliability effectively and eco-
nomically.

2 PROBLEM STATEMENT

ENS would be decreased by connecting the DGs work
stand alone. The possibility of connecting some DGs to
network increases the restoration energy. In view point
of reliability increase by connecting the DG to network,
the joint point to connect the DG is very important.
Finding the joint point of DGs is useful for operating
and designing conditions.

When a fault occurs in the main or lateral sections,
the first upstream protective device senses the fault and
separates the downstream loads from power supply. Now,
if there is the ability to provide the interrupted loads,
a proportion of interrupted loads can be restored. This
restoration energy occurs through using the switching
devices and maneuver strategy. The schematic of energy
restoration in a typical distribution system is shown in
Fig. 1.

The value of the restoration energy is a function of
network topology, protective and switching devices as well
as other power supplies that can provide the interrupted
loads such as DGs shown in Fig. 1. So the switching and
protective devices and position of DGs connection are
considered to be important and change the amount of
restoration energy.

The problem of finding the solution that demonstrates
the proper position of connecting the DG is different in
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interrupted area due to a fault occurrence in the main section, (b) — restorable interrupted area

due to a fault occurrence in the main section with DGs, (c) — restorable interrupted area due to a fault occurrence in the main section
switching and main supply, (d) — limited interruption area in lateral branch due to the fault occurrence in one with a protective device

view point of design and operating distribution system.
If the system is in design process, the problem variables
are the number and placement of DG connections. In
such conditions, all sections are feasible to connect the
DG to network, but if the system is in operating condi-
tions, there are some disconnected DGs. Therefore, the
candidate connecting points are the nearest place to the
available disconnected DGs. The optimized solutions in
this condition are binary variables indicating the con-
necting or disconnecting the available DGs to network,
while the optimized solutions in designing process are in-
teger variables indicating the connecting placement. The
summation of the suggested connecting points should be
less than the number of the expected DGs. The obtained
solutions in design view help determine the supportive
strategy to develop the DGs where they are more useful
to improve the system reliability.

3 PROBLEM FORMULATION

If the reliability improvement of DGs connection is ve-
nial, the best scenario is the connection of all DGs. By
considering the required cost of DG connection, the pre-
vious strategy cannot be the best. In this situation, the
comparison between CENS and cost of required trans-
mission line is not unavoidable. In this paper, using a
new objective function to determine the best solution for
the finding of the number and placement of the intercon-
nected DGs, a novel approach is introduced.

The proposed objective function includes two main
terms: the benefit of energy restoration by DG connection
and the cost investment to install of the connector line to
connect DG to distribution system. To calculate the value
of restoration energy that can be achieved by installation
the DG in distribution system, a mathematical method is
presented. By using this analytical method, the speed of

calculation is increased. The proposed objective function
is demonstrated as

OF = Ky x Ky x My = > (Vi x Ma;). (1)

i€p

In this paper, a novel analytical model is proposed
to calculate the value of the restoration energy by using
DG in distribution systems. An advantage of the pro-
posed analytical model to calculate the different system
characteristics is its high speed. Additionally, when the
mathematical model is provided to calculate the system
characteristics, it is simplified to do the sensitive anal-
yses of different effective parameters. The mathematical
model for calculating the restorable energy is expressed
in the following equations

mb
M, = Z KXsi X
blb(i) ts(k) i1
{ 3 3T AR DAL DB, fumb(k)+> )\wB(l,w)}x
k=1 I=1 w=1
FIb(3)  ts(2)

Min{ ( ETS L) YV, P},
z=fIb(1) p=1 v=i+1 reg (2)
—fib(i)+1

1 if exist none protective object
A, g) = in position i to 7,

0 otherwise (3)

1 if exist none switching object
B(i,j) = in position i to 7,

0 otherwise (4)

The energy restoration achieved by connecting the
DGs to electrical distribution systems is calculated by
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Fig. 3. Typical cash flow of the proposed method

(2) which will be explained on a typical system. In this
equation, the value of M1 (the restorable loads by us-
ing the DGs) is calculated according to probability of the
fault occurrence in the overhead or cable lines, the posi-
tion of protective or switching devices, the capability of
power generation of each DG. In the proposed method,
the branches of system are categorized to two groups:
main and lateral branches. When a fault occurs in the
main sections, by tripping the first upstream protective
device, some loads experience an interruption. To clarify
this concept, the interrupted area, when a fault has oc-
curred in a main section, is shown in Fig. 2a. As shown
in this figure, the protective device 3 isolates the fault
location from the system. By tripping of protective de-
vice 3, some loads installed to main or lateral sections
which are located in downstream of the protective devices
experience an interruption. In conventional systems, the
interrupted loads cannot be restored until the repair will
be completed. An appropriate idea to supply the inter-
rupted loads is using the DGs work stand alone. If there
is the DG that is capable to connect the system in nec-
essary times, by using switch 3, it is possible to isolate
the fault area and supply the interrupted loads with DG.
The restoration process and restored area as described is
shown in Fig. 2b. In the restoration process, the mini-
mum value of the capacity of power generation of DGs
allocated in interrupted area and the interrupted loads
can be supplied by DGs work stand alone.

Furthermore, in some conditions, due to occur a fault
in the main branch, some interrupted loads can be re-
stored only by switching and isolating the fault location.
In Fig. 2¢, the condition which a fault has occurred in a
different main section is shown. As it can be seen in this
figure, the restorable loads which can be obtained just by
switch 2 and 3 have shown.

The term (sz;ll Aw B(1,w)) is calculating the sum-
mation of annual failure rate of all main sections while
the interrupted loads can be restored with other sources
such as DGs work stand alone. This term includes two
parts: A, and B(l,w) indicate the failure rate of sec-
tion w and it is possible that restoration operations be
conducted due to the fault occurrence in section w. By
multiplying the terms (Zzw;ll Aw B(1,w)) and minimum
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value of interrupted loads and capacity of DGs in down-
stream of the corresponding section,

flb(i) ts(n)

mb
Z ZL(n,p)—i—Z LmvazY;‘PT}u

n=fIb(1)— fIb(i)+1 p=1 v=i+1 reg

Min{

the possible ENS decrement can be obtained. The dis-
cussed interrupted loads can be restored if and only if con-
necting the DGs work stand alone is created. This com-
parison checks the available capability and operational
restoration energy.

For the lateral sections and occurrence a fault in them,
the similar methodology has been used. The difference be-
tween concepts of restoration operations during the fail-
ure in lateral and main branches is relevant to perfor-
mance of protective devices. During all the faults in main
sections, the downstream loads experience an interrup-
tion that by using DGs and switch located in downstream
the fault location can be restored. However, if in any sec-
tion of a lateral branch which a protective device has been
allocated, none downstream loads located in other main
or lateral branches experience an interruption. The ex-
istence or none-existence of the protective device in the
lateral branch is determined by auxiliary function.

It can be seen as described explanation and Fig. 2. d,
the position of the protective device affects the extent of
the interrupted area. If there is a DG in downstream of
the discussed protective device, the restoration of a por-
tion of the interrupted area is possible. The restoration
process requires switching devices whose positions change
the value of restoration energy.

Since the distribution loads have an annual growth,
the value of loads should be considered in (2) by their
growth rates. Also, in engineering economical concepts,
time value of money is an important subject. By using
profit rate, it is possible to determine the net present
worth. In Fig. 3, the cash flow of applying the proposed
method to a typical system is shown.

The net present worth (N PW) of cash flow shown in
Fig. 3 is calculated as (5). The value of B; is obtained by
considering the value of B; as (6) and the summation of
NPW is simplified to (8). According to (8), the parameter
of K, is defined.

NPW =—-C+ By +By+ -+ B,, (5)
14+ 351"
Bi—B1|:1 1,0)0}7 (6)
+ 100
1+ 155
9= : (7)
1+ &
nfl_l
NPW:—C+Bl<1+%>, (8)
glg" ' =1
Ki=1+22 7 9
1 + g1 (9)
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Fig. 4. Flow chart of the optimization by GA

4 OBJECTIVE FUNCTION OPTIMIZATION

Finding the maximum of the objective function is a
nonlinear programming. The mathematical expression of
the objective function is demonstrated as follows.

MaxOF = K1 KoMy — Y | YiMy; = f(Y;)
icp
Y; =1 or 014 € Possible Position
To DG Allocate
> iep(YiM;) < Expected Capital.

(10)
subject to

As this problem is a nonlinear one and being somehow
complex, an intelligent optimization method should be
used to optimize the suggestive objective function. Ge-
netic algorithm (GA) is selected to solve the optimiza-
tion problem. GA is one of the intelligent algorithms
used to optimize nonlinear programming problems such
as [10, 13]. Each possible location for connection a DG is

corresponding to a gen in one chromosome. The flowchart
of the optimization algorithm using GA is shown in Fig. 4.

5 NUMERICAL RESULTS

In this paper, an electric power distribution system of
Tehran Regional Electrical Company (TREC) is selected
to apply the proposed methodology of finding the opti-
mum placement for connecting the DGs work stand alone
to improve the system reliability.

The single line diagram of the test system is shown
in Fig. 5. The system data are listed in Table 1. Also
the position of available protective and switching devices
are presented in Table 2. The other parameters that have
been defined to calculate OF are detailed in Table 3.
The coefficients presented in Table 3 are considered in
according to experience values of TREC. Furthermore,
these values are approximately similar to the considered
values of [3,6,7].

There are four DGs in nearby the distribution system
that work stand alone. The required costs for connector
lines to connect any of these DGs have been calculated by
help of staffs of TREC. A number of cases for connecting
the DGs to some sections are not feasible because differ-
ent constraints and limitation exist such as geographic
and urban barriers. For impossible cases, a great value is
considered which is very distinct from other those.

The genetic algorithm to solve the optimization pro-
cess is implemented using Matlab on a Pentium-IV per-
sonal computer. The optimization results are demon-
strated in Table 4. The results provide the optimized
placement of DGs to connect the system. Sections 27,
103, 171, 181 are four positions that by their connections
to DGs, the reliability improvement would be maximized.

The optimization results obviously confirms that loca-
tion of protective and switching devices directly change
the affects of connecting the stand alone DGs. Any fault
occurrence in main sections located in the upstream of
section 27 results tripping the protective devices installed
in the 63/20 kV substation. If any maneuver strategy has
been performed, all loads experience an overall interrup-
tion. To avoid a long interruption, using the DGs located
in downstream is an appropriate choice. Because there is
a switching device in section 25, when a fault occurs in
sections 1 to 25, the interrupted loads located upstream
of section 25can be restored by disconnecting the switch-
ing device 25 and connecting the DG to section 27. By
comprise the DG connection to other sections such as sec-
tions 1 to 25, it is not possible to restore any interrupted
loads because the fault area cannot be isolated. Studying
the other optimum DGs connections confirm the effects
of the location of protective and switching devices on the
restoration energy.

The results illustrate the effectiveness of the method in
order to improve the cost and reliability of the distribu-
tion system. They also confirm by an additional 197540
US $ investment in order to create the connector lines to
connect the DGs to system, it is possible to save 8120200
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Table 1. Component data for analyzed feeder, columns: 1 — Branch No, 2 —L; (kVA), 3 — D; (m), 4 — \; (F/Year)

1 2 3 4 |1 2 3 4 1 2 4 1 2 3 4 1 2 3 4
1 0 8 0.016(38 0 250 005|755 O 0.004{112 100 15 0.003{149 0 200 0.04
2 0 50 001{39 0 50 0.01|76 200 250 0.05|113 100 140 0.028|150 200 240 0.048
3 50 400 0.08 {40 0 350 0.07 |77 160 240 0.048]114 200 230 0.046/151 0 330 0.066
4 0 500 0.1 |41 0 360 0.07 |78 0 120 0.024|115 0 10 0.002|152 200 1600 0.32
5 250 50 0.01({42 O 100 0.02 |79 100 240 0.048{116 0 50 0.01 153 0 250 0.05
6 0 400 0.08 |43 425 140 0.028| 80 315 160 0.032|117 100 120 0.024|154 200 150 0.03
7 100 0.02 144 0 10 0.002| 81 200 120 0.024{118 0 10 0.002|155 315 250 0.05
8§ 200 200 0.04({45 0 40 0.008/ 82 0 380 0.076{119 25 350 0.07 |156 100 60 0.012
9 315 80 0.016|{46 0 40 0.008( 83 100 0.003{120 0 370 0.074|157 0O 180 0.036
10 0 230 0.046|47 0O 500 0.1 |84 25 0.014{121 0 360 0.072{158 50 150 0.03
11 100 210 0.042|48 0 630 0.126| 8 200 300 0.06 122 0 40 0.008|159 0 400 0.08
12 25 400 0.08 (49 50 10 0.002{8 0 140 0.028|123 0 30 0.006/160 0 500 0.1
13 0 1050 0.21 |50 200 600 0.12| 87 200 0.002{124 0 50 0.01 |{161 100 10 0.002
14 0 20 0.004/51 200 10 0.002| 88 100 330 0.066|125 200 150 0.03 |162 0 900 0.18
15 0 20 0.004/52 0 130 0.026|89 0 140 0.028]126 100 310 0.062|163 0 60 0.012
16 50 300 0.06 |53 200 15 0.003] 90 250 550 0.11 {127 0 200 0.04 |164 200 850 0.17
17 0 40 0.008|54 500 100 0.02|91 O 0.001|128 100 300 0.06 {165 0 70 0.014
18 0 370 0.074|55 250 60 0.012] 92 200 570 0.114{129 500 150 0.03 |166 0 30 0.006
19 50 15 0.003|56 200 450 0.09 {93 0 1000 0.2 |130 O 120 0.024|167 0 450 0.09
20 200 100 0.02 [57 0 190 0.038{ 94 O 0.006{131 0 130 0.026{168 50 450 0.09
21 0 10 0.002|58 250 350 0.07 |95 50 500 0.1 (132 100 10 0.002{169 O 150 0.03
22 0 30 0.006(59 0 180 0.036|/96 0 350 0.07 133 100 400 0.08 {170 50 50  0.01
23 0 30 0.006{60 0 180 0.036| 97 50 100 0.02|134 160 420 0.084|171 50 200 0.04
24 0 100 0.02 |61 500 350 0.07 |98 315 0.01 1135 0 60 0.012(172 0 120 0.024
25 200 50 0.01 ({62 100 50 0.01]99 315 300 0.06 136 0 150 0.03 ({173 100 210 0.042
26 100 210 0.042(63 0O 160 0.032|100 200 300 0.06 |137 0 150 0.03 {174 200 260 0.052
27 0 420 0.084{64 0 350 0.07]101 50 630 0.126|138 200 120 0.024(175 50 300 0.06
28 315 80 0.016(65 100 50 0.01 {102 O 0.002{139 200 120 0.024{176 0 200 0.04
29 0 150 0.03(66 0 15 0.003{103 O 0.01 |140 0 220 0.044|177 0 30 0.006
30 100 420 0.084|67 100 180 0.036|104 O 0.012{141 100 10 0.002{178 100 250 0.05
31 160 450 0.09 |68 200 360 0.072|105 O 0.01 |142 0 220 0.044(179 O 15 0.003
32 100 10 0.002{69 100 420 0.084|106 100 0.003|143 0 40 0.008{180 100 8 0.0016
33 400 220 0.044|70 200 240 0.048/107 O 180 0.036{144 0 120 0.024|181 250 120 0.024
34 0 10 0.002|71 160 120 0.024|108 O 0.008|145 200 40 0.008{182 0 20 0.004
35 315 150 0.03 |72 500 210 0.042|109 250 0.012{146 0 60 0.012{183 200 250 0.05
36 315 340 0.068{73 0 70 0.014|110 250 200 0.04 147 50 15 0.003

37 400 200 0.04 |74 100 300 0.06 |111 O 0.0031148 50 240 0.048

Table 2. Placement of the protective and switching devices of test
system

Branch No
5,16,27,28,58,105,130,131,156,160,79,97,170,171
25, 43, 45, 47, 60, 104, 143, 160, 177

Device type
Fuses
Isolators

Table 3. Objective function parameters

Objective parameter Value

Permanent failure rate 20 Fault/100 km. year
K, 1.8 US$/kW

I} All main sections

r 5%

n 20 years

D 20 %

Interruption duration 9 hours

of fault occurrences
Required time for switching 30 minutes

Number of available DGs 4
Spag,,1=1:4 5 MW

US$ by decreasing CENS. Since the obtained solution

suggests the connection of all DGs, it is comprehensi-
ble that connecting the DGs work stand alone to proper
positions improves the system reliability effectively and
economically.

5 CONCLUSION

This paper is concerned with the improvement of the
distribution systems reliability by connecting the DGs
work stand alone to the system. A novel methodology has
been introduced to find the optimum solution for the con-
necting places of DGs. This objective function is defined
on the basis of the system cost including the cost of con-
nector lines of the DGs as well as the saving costs resulted
from CENS. The mathematical method is introduced to
calculate ENS that is an important part of the objective
function. In this paper, GA is used to optimize the ob-
jective function. The optimization process is applied to a
realistic distribution system of TREC. The results illus-
trate that by connecting the DGs work stand alone to the
appropriate places in system, the reliability system will
be improved and the system cost decreased. The effec-
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Table 4. Test results

Desired characteristics

Optimum parameters

Appropriate places for DG allocation
Optimized value of the objective function
Capital cost to install the maneuver lines for connecting the DGs ($) 197540

Annual restoration energy using DG connection (kW /year)

27, 103, 117, 181
8120200

270673
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tiveness of the introduced method becomes obvious from
the test results.
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