INTERNATIONAL JOURNAL OF SCIENTIFIC & TECHNOLOGY RESEARCH VOLUME 4, ISSUE 07, JULY 2015

ISSN 2277-8616
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Optimal Feeder Reconfiguration And Capacitor
Placement Problems
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Abstract: This paper introduces a new stochastic optimization framework based bat algorithm (BA) to solve the optimal distribution feeder
reconfiguration (DFR) as well as the shunt capacitor placement and sizing in the distribution systems. The objective functions to be investigated are
minimization of the active power losses and minimization of the total network costs an. In order to consider the uncertainties of the active and reactive
loads in the problem, point estimate method (PEM) with 2m scheme is employed as the stochastic tool. The feasibility and good performance of the

proposed method are examined on the IEEE 69-bus test system.

Index Terms: Optimal Distribution Feeder Reconfiguration (DFR), shunt capacitor placement, Point Estimate Method PEM), Bat Algorithm (BA).

1 INTRODUCTION

Distribution system is a significant part of the electric power
network that delivers power to the consumers. Therefore, the
situation of this part will affect the power quality of the
electrical services greatly. In this way, distribution feeder
reconfiguration (DFR) and shunt capacitor placement (SCP)
are two of the most significant strategies that can improve the
total situation of the distribution networks. By definition, DFR is
defined as the process of changing the topology of the radial
networks using some normally open switches (tie switch) and
normally closed switches (sectionalizing switches). One
significant limitation in the DFR strategy is preserving the
radiality of the network before and after the reconfiguration.
While DFR is a valuable strategy in the power system, the
intrinsic complex and discrete of this technique is a barrier for
its usage. The literature introduces many methods for solving
this problem. Some of the most significant methods can be
named as heuristic techniques [1], neural network [2], expert
systems [3], optimum flow pattern [4], brute-force approach [5],
hybrid simulated annealing algorithm and Tabu search [6],
graph theory [7] and ant colony optimization algorithm [8].
Other works exits that have assessed the effect of DFR on the
other targets such as voltage profile enhancement [9], load
balance increase [10] and reliability improvement [11]. The
other valuable reinforcement strategy is SCP. SCP can help
the system by injecting reactive power locally to the buses and
thus releasing the capacity of the feeders. This issue can
result in many benefits in the long time for the system from
both power losses and costs. Generally, the methods of
solving the SCP can be categorized in four groups [12]:
analytical methods [13-14], numerical programming [15],
heuristic search [16] and Artificial Intelligence (Al) methods
[17-19]. Nevertheless, the recent tendency has been toward
the Al methods which among them evolutionary algorithms
have the most popularity.The special characteristics of the
evolutionary algorithms are no need to derivatives and ability
of solving both continuous and discrete optimization problems.
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In the Al techniques, fuzzy logic theory [20], hybrid fuzzy-
simulated annealing [21] and bacteria foraging [22] have
shown good performance. According to the above discussions,
the main purpose of this work is to introduce a new
optimization framework to solve the DFR and SCP problems in
an individual framework to reach the maximum efficiency. The
proposed method is constructed using the bat algorithm (BA)
to search the problem space globally. BA [23] is a new meta-
heuristic optimization algorithm that imitates the behavior of
bats for taking their prey. In order to model the uncertainties of
the forecast error in the active and reactive loads, point
estimate method (PEM) is employed. PEM will replace the
uncertain parameters with suitable probability density functions
(PDFs) and then we use 2m scheme to capture the
uncertainties. The problem is formulated in a multi-objective
framework optimizing the power losses and total costs. Finally,
the IEEE 69-bus test system is used to check the satisfying
performance of the proposed problem.

2. Problem formulation
In this section, the objective functions and the limitations are
described.

2.1 Control Vector

The control vector X includes 1) optimal location of shunt
capacitors, 2) optimal size of shunt capacitors, 3) optimal
status of tie switches and 4) optimal status of sectionalizing
switches as below:

X :[ﬁa,@v,i&] @)
Tie =[Tie,, Tie,, ..., Tiey | @
Sw=[sw,Sw,, ...,Sw,_ ] @)
T=[T.T,, ....T\, @)
Q =[Q%.Q5 Qs ] (5)

where T, shows that if the i" bus is a good candidate for
reactive power compensation or not (T, =1shows a good
candidate), Tie, is the status of i tie switch (Tie, =1shows this

:th

tie switch should be closed), Swis the status of i
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sectionalizing switch (Sw, =1shows this sectionalizing switch
should be opened), Ng,is the number of sectionalizing
switches in the grid, Q%is the capacity of shunt capacitor that
should be installed on i bus, N

in the grid, and N

i IS the number of tie switches

is the number of buses in the grid.

bus

2.2 Objective Function

The first objective function is the total resistive losses of the
network that should be minimized. Since the problem is
investigated in the stochastic framework, the symbol E or L
is used to show expected value here. The amount of active

power losses can be computed as follows:
Nbr

2
F(X) = E(Ross (X)) = D_ R x[E(1))] 6
i=1
where |,is the amount of current in the i" branch, R;is the
resistance of the i branch and N,, is the number of branches.

The second target is the total network costs that includes both
the cost of power losses and the cost of capacitor placement
as follows:

Nbr

£1(X) = E(cost(X)) = K, xE(P,) + DK xQ @)
i=1

where K| is the equivalent annual cost per unit of power loss

and K;“is annual capacitor installation cost.

2.3 Constraints and Limitations

There are some limitations that should be preserved as
follows: - Distribution power flow equations The power flow
equations are supposed as equality constraints of the problem:

ER) = YIEMEV,)|IY; |oos(d, ~E@)+E) o

EQ) = 2EM)I[EW)

where Ny, is the number of buses, dJ, is the voltage angle of i

v,

sin(6, —E(5,) +E(5,))

bus, Y;is the admittance of the feeder between the buses i
and j, V,is the voltage of in bus, 6, is the angle of the
admittance of the feeder between the buses i and j,.

- Capacitor sizes
Shunt capacitors are made in discrete sizes and generally an
integer multiply of the smallest capacitor size as follows:

Qe = LxQ’ 9)
where Q,° is the size of the smallest capacitor in kVar and L is

an integer. The available capacitor sizes and their cost per
kVar are given in Table 1.
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Table 1
The available capacitor sizes and their costs [21]

rN“mbe 1 2 3 4 5 6 7 8 9
Q°( 105 120 135
kvary 150 300 450 600 750 900 g 5 5
o/kvar 05 03 02 02 02 01 02 01 02

00 50 53 20 76 8 28 70 07
rN“mbe 10 1 12 13 14 15 16 17 18
Q°( 150 165 180 195 210 225 240 255 270

kVar ) 0 0 0 0 0 0 0 0 0
02 01 01 021 01 01 01 01 01

$lkvar 1 93 g7 1 76 97 70 89 87
rN“mbe 9 20 ., 22 28 24 25 26 27
Q°( 285 300 315 330 345 360 375 390 405

kVar ) 0 0 0 0 0 0 0 0 0
$/ kVar 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
83 80 95 74 88 70 83 82 79

- Bus voltage limitation

From the operation view, the voltage of the buses should be
preserved in the limited ranges as follows:

Vo SE(V,) <V, (10)

where V. / V,_, are the minimum / maximum voltage level of
the buses.

- Feeder maximum power flow limitation

Maximum transfer power of the feeders is preserved according
to their thermal capacity as below:

I E(PijLiI’IE) |< P-Line

ij,max

(11)
where P is the amount of power flow in the line between
P_Line

ij,max

the buses i and j and is the amount of maximum power

flow in the line between the buses i and j.

- Radial structure of the network limitation

The radial structure of the network should be preserved before
and after the DFR. The number of main loops of the network is
calculated as:
Ng =N br — N
12)

+1

bus

3. Modeling Uncertainty

In order to model the uncertainties of the problem, this paper
proposes PEM as a suitable tool. PEM uses the idea of
replacing each random variable z with a PDF function f,.
Then, by the use of 2m scheme (wherein m shows the number
of uncertain variables), each PDF is replaced by two
concentration points z,; and z,,. Fig. 1 shows the schematic
diagram of the 2m PEM.
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Fig.1. Schematic representation of 2m PEM

According to Fig. 1, the uncertainty of the input variables is
transferred to the output variables through the PEM. The mean
values of z;; and z,, are calculated as follows:

4 =, t§y0,; k=12 (13)

where o, is the standard deviation of the f,. Each time that

the load flow is run, one of these two concentration points will
replace the mean value of the relevant uncertain parameter as
follows:

S:F(,UzlthZ""Zl,k""l:uzm);k:112 (14)
where , is the mean value of the PDF of the random

variable z, S is the output of the load flow equations and z), is
the k™ concentration point of I uncertain variable z that is
calculated using (13). In the (13), the value of (f,'k is

calculated as:

&k =%+(—l)3k,,m—(/lf3/2)2 , k=12
E [(Z, — 1, )3:|
(GZI )3

The weighting factors of w; , w,, are calculated as follows:

(15)

4 3= (16)

1 en
A m (él,l_él,z) (17)
1 G
G
' m (§|,1_§|,2)

Finally, the expected value of the output variables (here
targets) are calculated as follows:

UZW: E(Siz)_[E(Si)]z

E(S)) =33 (01, %St gy )

1=1 k=1
The variable var shows the variance math operator and S/ is
i"™ moment of i" objective function S;.

(18)
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4. Bat Algorithm (BA)

BA is a population based evolutionary optimization algorithm
that imitates the behavior of bat animals to take their prey. The
superiority of BA is demonstrated over some others such as
honey bee mating optimization [25-28], particle swarm
optimization (PSO) [29-30], teacher learning algorithm [31],
shuffled frog leaping algorithm [32], cuckoo search algorithm
[33] and firefly algorithm [34]. BA is constructed based on four
main concepts: 1) bats utilize echolocation process to find
distance and identify the difference between prey and food; 2)
Each bat in the position X; flies randomly with the velocity of V;
producing a pulse with the frequency and loudness of f; and A;
respectively; 3) The loudness of A; differs in many ways such
as reducing from a large value to a low value; and 4) The
frequency fi and rate r; of each pulse is regulated
automatically. After the generation of the initial random bat
population, the objective function is calculated for all bats and
the best bat Gbest is stored.

VP = v 4 £, (Ghest — X; )i =1,..., Nggy
XPew = xold e o1 N

fi — fimin _le(fimax _ fimin)

19)

,| :1""’NBat

where Ngy is the number of bats in the population; ¢, is a
random value in the range [0,1] and ™ /™" are the
maximum/minimum frequency values of the i" bat. The above
formulation is an improvisation stage for shifting the bat
population toward the best bat. The second movement is done
using a randomly generated value B. If 8 is bigger than r; a
new solution around X; is generated as follows:

new old old .;
Xi :Xi +& ean":l'“-’NBat

(20)
where ¢ is a random value in the range of [-1,1] and A%'g‘an is
the mean value of the loudness of all bats. If the random value

B is less than r; then a new position X™" is generated

randomly. The new position X{"" will be acceptable if it satisfy

the below conditions:
[ < AT&[T(X;) < f(Gbest)] (21)
Also, loudness and rate values will be updated as follows:

Ainew —a A‘()Id

(22)
lter+1 _ rio[l—eXp(—W Iter)]

f

where a and y are constant values and lter is the number of
the iteration during the optimization process.

5. Simulation Results

In this section, IEEE 69-bus test system is used as the case
study [35]. This test system has 69 sectionalizing switches and
5 tie switches (dotted lines) with the voltage of 12.66 kV. The
compelte data of the network can be found in [35]. The
amounts of active and reactive loads are 3,802.19 kW and
2,694.59 kVar, respectively. The value of Ky is assumed as
168 ($/kW-yr) as determined by the literature.
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Fig. 2. Single line diagram of the 69-bus test system

At first, the results of applying just DFR on the network are
shown. Table 2 shows the effect of DFR for reducing the active
power losses function. The last column shows the open
switches. According to this table, the optimal DFR has reduced
the initial active losses from 225 kW to 99.62 kW after
reconfiguration.
Table 2
Optimization of the Active Power Losses in the 69-Bus Test
System using DFR strategy (Deterministic Framework)

ISSN 2277-8616

Table 3
Optimization of the Cost objective in the 69-Bus Test System
using SCP strategy (Deterministic Framework)

PSO
and Propos
ltems  Initial GA Sensitiv. gy NAGAL o4 BA
ity | [40]
Analysi
s [39]
Total 154209 152.480 147.66 147.66 145.56
Losses(k 225.0 24 1 79 79 89
w)
Loss
reduction - 31.46 3223 3436 3436 3530
(%)
g;‘:t“a' 38,80 26,483. 26,352. 25,820. 25820. 24,764.
0 30 20 1 1 57
($1yn)
Net
. 11,316. 11,979. 11,979. 13,035.
saving($/ — 7 11,448 88 88 13
yn
Saving 29.93 3038 3169 31.69  34.48
(%)

loss loss cost voltage
Method [KW] [$] (pu) Open switches
(x10°)
s11-66,s13-

Initial Condition 225.0 37,800.0 909.21 20,s15-69, s27-
54,539-48

. s11-66,s13-

'['?',‘é] and Chen 1,6 172368 93211  20,s14-15,  s50-
51,s44-45
s11-66,s13-

Bi, Liu [37] 102.1 17,152.8 932.11 20,s14-15, s50-
51,s47-48

Shirmohammadi s11-66,s17-

[1] 106.63 17,914.2 932.11 18,s67-68, s21-
22,547-48
s11-66,s13-

Li et al. [38] 99.62 16,736.2 942.82 20,s14-15, s50-
51,547-48
s11-66,s13-

NAGAII 99.62 16,736.2 942.82 20,s14-15, s50-
51,547-48
s11-66,s13-

Proposed BA 99.62 16,736.2 942.82 20,s14-15, s50-
51,s47-48

Table 3 shows the results of optimizing the cost function using
the SCP problem. Table 3 shows the optimal location and size
of shunt capacities to be 300 kVar and 1200 kVar on buses 22
and 60, respectively. By comparison of the results, the
superiority of the proposed method over the other well-known
methods in the table can be deduced. The initial cost of the
system is 37,800 $ which is reduced to 24,764.57 $ after the
SCP. BA could reach the cost with minimum value in this table.

Until now, DFR and SCP were solved separately. Now, both
DFR and SCP are employed to improve the system. Table 4
shows the results of applying both strategies of DFR and SCP
on the case study. The significance of this analysis roots in the
nonlinear relationship between the location and size of shunt
capacitors and the structure of the network. In order to
understand this issue, the optimal capacitor sizes and
locations are given in Table 5. As it can be seen, in this case
(solving DFR and SCP simultaneously) both the optimal
switching scheme and the optimal capacitor sizes and
locations are completely changed in comparison with the case
of solving DFR or SCP problems individually. Table 4 and 5
show the results of the simulation. According to these tables,
the necessity of solving the DFR and SCP in the same
framework is evident. Tale 5 shows the optimal switching
status as well as the optimal place and size of shunt
capacitors.
Table.4
Comparison of the results of the different algorithms with the
proposed method on 69-bus test system (Deterministic

Framework)

Items Initial oté)?ilr?wgal o%?ilr?wgal Using DFR

Status DER SCP and SCP
Total 225.0 99.62 145.5689 88.4131
Losses(kW) ’ ' ' '
Loss reduction 55.72 35.30 60.70
(%)
Annual - COSt 57800 167362 2476457  15,780.11
($lyn)
Net saving($/yr) 21,063.8  13,035.43  22,019.89
Saving (%) 55.72 34.48 58.25
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Table.5
Optimal status of switches and capacitors in the system for
solving DFR and SCP simultaneously (Deterministic
Framework)

Open Switches s11-43,513-21,5s11-12,558-59,s27-65

Optimal capacitor places 27 37 62

Optimal capacitor sizes 1350 2250 1200

Finally, the simulation results of the stochastic analysis are
provided considering the uncertainty of active and reactive
loads. The simulation results are shown in Table 6. For better
comparison, the results of the deterministic framework are also
shown comparatively. According to Table 6, considering
uncertainty has resulted in incremental value in all objective
functions. This is the cost that we pay to have real outputs with
more dependability. Fig. 6 shows the voltage profile of the
system for the three cases of optimizing the network using
only DFR, only SCP and both DFR and SCP.

Table.6
The expected value of the objectives in the proposed
stochastic framework on 69-bus test system

Items Active Maximum Total system
power Voltage costs
losses Deviation

Deterministic 88.4131 0.04386635 15,780.11

Framework

Stochastic 90.4762 0.05133782 15,995.32

Framework

104 ——Wilh DIR & SCP
== Initial Condition

1.02F i : ——With SCP
i —=-With DFR

Voltage Magnitude [pu]

0.9

i ; i i
10 20 30 40 50 60 70
Bus Number

Fig. 6. Comparative plot of the voltage profile after solving just
DFR, just SCP and both DFR-SCP by the proposed method

6. Conclusion

The focus of this paper was on the optimal operation and
management of the DFR and SCP in the radial distribution
system to solve them in the same framework. The simulation
results on the IEEE 69-bus test system showed that the
proposed BA can solve the DFR and SCP optimally. In
addition, it was seen that these strategies should be solved in
the same framework to reach the maximum efficiency in the
targets. From the stochastic framework, it was deduced that
considering uncertainty will result in incremental values in the
objectives.
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