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Optimal Control of Distributed Generators and
Capacitors by Hybrid DPSO

I. Ziari, G. Ledwich, and A. Ghosh

Queensland University of Technology, Brisbane
Australia
i.ziari@qut.edu.au

Abstract- In this paper, a comprehensive planning methodology
is proposed that can minimize the line loss, maximize the
reliability and improve the voltage profile in a distribution
network. The injected active and reactive power of Distributed
Generators (DG) and the installed capacitor sizes at different
buses and for different load levels are optimally controlled. The
tap setting of HV/MV transformer along with the line and
transformer upgrading isalso included in the objective function.
A hybrid optimization method, called Hybrid Discrete Particle
Swarm Optimization (HDPSO), is introduced to solve this
nonlinear and discrete optimization problem. The proposed
HDPSO approach is a developed version of DPSO in which the
diversity of the optimizing variablesisincreased using the genetic
algorithm operators to avoid trapping in local minima. The
objective function is composed of the investment cost of DGs,
capacitors, distribution lines and HV/MV transfor mer, the line
loss, and the reliability. All of these elements are converted into
genuine dollars. Given this, a single-objective optimization
method is sufficient. The bus voltage and the line current as
constraints are satisfied during the optimization procedure. The
IEEE 18-bus test system is modified and employed to evaluate
the proposed algorithm. The results illustrate the unavoidable
need for optimal control on the DG active and reactive power
and capacitorsin distribution networks.

Keywords.  distribution  network, optimization methods,
reliability

. INTRODUCTION

Minimizing the line loss, maximizing the reliabifitand
improving the voltage profile are the main factorplanning
of distribution networks. These aims can be aclieby
installing Distributed Generators (DGs) and camasitalong
with upgrading the distribution lines. The investmeost of
installing and upgrading these elements is an isshih

prevents engineers to widely use these technologies

Therefore, a compromise among the investment austtlae
benefits should be performed. For this purpose,

optimization technique to allocate and size of D&pacitors
and distribution lines should be employed.

The optimization techniques are principally catézpat
into two different methods, analytical methods dwdiristic
methods. Analytical methods, such as linear, nealinand
mixed integer programming, are based on derivabi/¢he
objective function. Although these methods are kjuic
finding the global minimum, the need for an inits&dlution
and difficulty in differentiation from various type of
nonlinear objective functions are among their disedages.
An incorrect selection of initial values leads twad¢curate
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results when these methods are applied. Heurigttbods are
based on random values and operators. However these
techniques are simple in concept, easy to impleraadt do

not need an initial solution and differentiationorfr the
nonlinear objective functions, the local minimunolpiem is

their main imperfection.

Optimal planning of distribution systems is a déterand
nonlinear problem so its objective function hasuanber of
local minima. In this paper, a heuristic methodlecbParticle
Swarm Optimization (PSO), is modified using the &en
Algorithm (GA) operators, mutation and crossovehisTis
performed to increase the diversity of the optimigvariables
to decrease the probability of trapping in locahimia.

DGs are broadly studied in the literature. Theseicds
are used for improving reliability in particulardathe line loss
and voltage profile in general. Wang et al [1] p®sp an
analytical method to allocate and size a DG indrithution
network designed to minimize the line loss. Anotaealytical
method is employed in [2] for solving the DG alltoa
problem. This analytical method is based on thdyaisof
continuation power flow and the most sensitive taugoltage
collapse. In [3], the optimal location of DGs foiimmizing
the line loss is determined using a kalman filfdris problem
is solved by the ordinal optimization approach 4. [As a
heuristic method, a GA is employed in [5,6] to miike the
line loss, maximize the reliability, and improveetkoltage
profile by optimal allocation and sizing of DGs. Asother
heuristic technique, an Ant Colony System (ACS) is
employed in [7] to solve the same problem but wriitiusion
of reclosers.

As much less expensive devices compared with DGs,
capacitors are commonly used in distribution neksofor
minimizing the line loss and improving the voltagmofile.
he maximum sensitivities selection method is use@] for
allocation of fixed and switched capacitors in thgtribution

'%ystem as the substation voltage is distorted.9|@0], GA

and a combination of GA and fuzzy logic are emptbyo
find the optimal placement, replacement and sizioiy
capacitors in a distorted distribution network. Miom line
loss along with an optimal reconfiguration is age@ using
the optimal installation of capacitors by anotheufistic
method, ACS, in [11].

Distribution lines are generally upgraded in ardisttion
system to support the growing loads. Line upgradiay also
be used to decrease the line loss by replacingeaMiith a
lower impedance and higher rated current line.



The above points illustrate the need for a planningost of DGs depends on the fuel cost and their ivgriime

technique to include consideration of DGs, capéasitand
upgrading distribution lines simultaneously for imoping the
line loss, reliability and voltage profile in a tibution
system. Ultimately, the lowest cost planning isrfdwhen all
of these technologies are considered.

1. PROBLEM FORMULATION

Identifying the optimizing variables is the firdep in an
optimizing procedure. Figure 1 shows the structufe
optimizing variables in the planning problem.
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Figure 1. The structure of a particle

As shown in this figure, the optimizing variablese a
composed of the injected active and reactive pa#@&Gs at
different buses for different load levels, the stfeinstalled
capacitors at different buses for different loaekls, the type
of distribution lines, and the tap setting of HV/MV
transformer for different load levels. The HV/M\atrsformer
tap is also set.

The objective function is composed of the investnuerst
of DGs, capacitors and distribution lines, the liogs cost and
the reliability cost. The bus voltage and the lmerent as
constraints are included in the objective functiesing a
constraint penalty factor. The objective functisrfarmulated
as follows:

OF =Cepp+Cp +Cr +

A 1
Zﬁ(cow +C_+C, )+DP @)
y=0

where OF is the objective function which is the ped¢sent
value of the total cosiC,pis the total capital cost for DGs

and capacitorsCy ), is the total operation and maintenance

(O&M) cost for DGs and capacitor€p, is the peak loss cost,
C; is the HV/MV transformer upgrading cost, is the loss

cost, C, is the interruption cost, is the discount rateDP is

the constraint penalty factor, aidis the number of years in
the study timeframe.

The installation cost of DGs and capacitors arerassl to
be proportional to their rating. The O&M cost ofpeaitors
depends on their rating and the study timeframea D&M

durations. The interruption cost is calculated g4i2).
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whereT is the number of load leveldlL is the number of
distribution lines, kg is the cost per kWhP,f’I is the total
power of under outage loads at load level t wh&u# occurs
at linel, Sy, is the total rating of DGs available to supply the
loads under outage due to a fault at lin®T is the average

time for repairing a line after a fault, am5T is the average
time for running a DG.

The loss cost and the peak loss cost are calculsied as
detailed in equations (3) and (4).

T

C = Z kg x D, x PLosg (3)
t=1
CpL = kpx PLoSS (4)

whereD; is the duration of load level PLoss is the total loss
at load levelt, andks is the cost per MW for supporting the
distribution system at the peak load level.

The constraints are formulated as shown in (5) @)d
The bus voltage M9 should be maintained within the
standard level.

0.95 pus< V< 1.05 (5)
The line current I) should be less than the line rated
current (9.

|f < |frated (6)
The DG output power as the final constraint shoodd
more than 30% of the rated power.

lll.  IMPLEMENTATION OFHPSO

A. Overview of PSO

As a population-based and self-adaptive techni@&0
was introduced originally by Kennedy and Eberhartl995
[12]. In this optimization method, a populationinélividuals
searches for the optimal solution in parallel. Thaividuals
are calledparticlesand the population is calledsawvarm Each
particle in the swarm moves towards the optimahpwiith an
adaptive velocityXi= (X1, X2, .--» Xn) @ndVi= (Vi1, Vi, ...,
Vi) are used to represent the position and velocipyaoficlei



in an n-dimensional vector. The best solution eglatb each
particle during its movement is called personalt sl is
represented bybest=(pbest;, pbesb, ..., pbest) and the
best solution obtained by any particle in the neairhood of
that particle is called global best and is denotasl
Gbest=(gbest, gbest,, ..., gbest). The velocity and position
of particles are updated during an iterative procedl13,14].

DPSO, as a discrete version of PSO, is employetiifn
paper. This is based on rounding off the optimizamagables,
the particle position, to the nearest integer valog14], it is
concluded that the performance of DPSO is not @rfaed in
this rounding compared with the other methodshis paper,

the DPSO is modified by GA operators to increase th

diversity of the optimizing variables in order tealease the
risk of trapping in local minima.

B. Applying Hybrid PSO

Before beginning the optimization procedure,
optimizing variables need to be identified (Figure Each
block in this figure shows an optimizing variablehe value
of the corresponding member is the size of capacito DGs
in a load level or the line types. A threshold ssigned for
each block. If the value of this member is morenttie
specific threshold, it indicates that an elementhwihe
corresponding size is installed at the correspandius.
Otherwise, no element is placed at that bus. Thicific
threshold is the minimum size of the available ®ft
capacitors/DGs or the primary line type. For exanpssume
the value of the block in row 3 and column 4 in tagacitor
part is 300. This means a capacitor with the sfZ206 kVAR
is installed at bus 4 for third load level.

Figure 2 shows the flowchart of the proposed HDPSO.

The description and comments of the steps are mieteas
follows.

Step 1. (Input System Data and I nitialization)

In this step, the optimization method parameters ar

determined including the number of population merskad
iterations as well as the PSO weight factors. Tdmufation of

particle positionsX; and velocitiesV; in the search space are

randomly initialized. The distribution network capiration
and data and the available capacitors, DGs, andumbors are
input. The maximum allowed voltage drop and
characteristics of conductors, impedance and reue@nt, are
also specified.

Step 2. (Calculate the Objective Function)

Determined from the previous step, the size andtioc
of DGs and capacitors in different load levels ahd line
types are used to reconstruct the admittance mdathis new
admittance matrix is used in a load flow to caltaldne bus
voltages, line currents, and the distribution lioss for each
load level. The reliability cost is computed basea the
location and rating of DGs. These are substituteql) to
constitute the objective function. The constraiare also
evaluated using (5) to (6) in this step. The “depémalty”
method is used in this paper to include the comggraln this
method, the constraints are included in the ohjectiinction
with a penalty factor, calle®P, in (1). If all constraints are
satisfied, DP will be zero. OtherwiseDP is set as a large

the

number and is added to the objective function tclele the
relevant solution from the search space [15].

Input Data
Initialize
Iteration Number = 1

-
Calculate OF
Equation (1)
Calculate Pbest
Equation (7)
Calculate Gbest
Equation (8)

| Update Velocity |

Equation (9)

Increase
Iteration Number

Update Position
Equation (10)

Crossover

Do Not Change
Half of Population

Mutation

No

Last
Iteration Number?

Print Results

Figure 2. Algorithm of proposed PSO-based approach

the

Step 3. (Calculate pbest)

The objective function value associated with aiplartis
compared with the corresponding value in previdastion
and the position with lower objective function ecorded as
pbestfor the current iteration.

if OF/** = OFf
if OF/** < OF

pbesf

x|

pbes{*! = (7)

wherek is the number of iterations, ar@F; is the objective
function component evaluated for particle j.

Step 4. (Calculate gbest)

In this step, the lowest objective function amoriigo&
pbess in the current iteration is compared with thasehe
previous iteration and the lower one is labeledlzest



if OF ¥*1 > OFX
if OFk*1 < OFk

gbest

8
pbest™! (®)

gbest*! = {

Step 5. (Update position)
The velocity of particles for the next iterationcialculated
using the currenpbestandgbestas follows:

ij+1 = wvjk +c, rand( pbesf} - Xf ) ©)
+c, rand( gbestf - X¥)

Where‘\/jk is the velocity of particlé at iterationk, & is the
inertia weight factor,c; and c, are the acceleration
coefficients, X;‘ is the position of particlg at iterationk,

pbesf is the best position of particlg at iterationk and

gbesf is the best position among all particles at iteraki

As observed in (9)wis to adjust the effect of the velocity

in the previous iteration on the new velocity fack particle.
Regarding the velocity of each particle obtained 9y the
position of particles can be updated for the nexation using
(10):

k+1 _ vk k+1
X = X7+, (10)
Step 6. (Apply GA Operators)

In this step, half of the population members cargin
DPSO procedure and the other half goes throughGhe
operators. The crossover and mutation operatorsised in
this paper to be applied to the second half ofgbeulation
members. These two operators apply random chawogdset
optimizing variables which results in increasing tiversity
of the optimizing variables so decreasing the dSkrapping
in local minima.

Step 7. (Check convergence criterion)

If Iter = Iteryax Or if the output does not change for a

specific number of iterations, the program is teraéd and
the results are printed, else the programs gostem?2.

IV. RESULTS

To validate the proposed technique, the IEEE 18-bus

distribution system [9,10] is used. The ideal disttion line

in this system is replaced with practical linesdrder to

access their rated current. The load duration cuive
approximated by three load levels (160%, 100%, 508 of

the average load) to decrease the computation tioeever,

a sensitivity analysis will be performed in theuig work to

find the optimal load level number. It is assumédttthe

duration of these three load levels is 15%, 55% Z0fb of a

year.

To highlight the necessity of planning in preseonteall
technologies, five different scenarios are studigdgrading
of distribution lines is studied in the first scepa The
capacitors are planned in the second scenario.nfwove
these two scenarios, an integrated planning in lwbiath of
the capacitors and lines are upgraded is investigat the

third scenario. As a new technology, DGs are oglima
allocated and sized in the fourth scenario. Theseambined
with the use of capacitors and line upgrades in fifig
scenario. During these procedures, the transfortaerfor
different load levels is optimized.

A. First Scenario

As a conventional planning, the line loss and thikage
profile are improved by upgrading the distributiames. The
line number is in this order, the line between bude2, 2-3,
3-4, 4-5, 5-6, 6-7, 7-8, 2-9, 1-20, 20-21, 21-2P,23, 23-24,
23-25, and 25-26.

It should be noted that the distribution lines prinarily
in types (6-5-5-4-1-1-1-1-3-2-1-2-1-1-1). The cleesistics
of the available conductors are given in the appe(itable
A). After applying the proposed HDPSO, the optisalution
shows an upgrade in the lines to (9-9-9-7-3-1-18-62-1-1-
1). This means the first five distribution linesoskd be
upgraded from types 6, 5, 5, 4, and 1 to types 9, 9, and 3,
respectively. Furthermore, the ninth and tenthsliskould be
upgraded from types 3 and 2 to 6 and 5. This upggad
applies more than 1 million dollars investment coEhe
HV/MV transformer tap is set on 0.981, 0.993, an@31for
the lowest to peak load level. Additionally, an WA/
transformer upgrade (from 25 kVA to 35 kVA) needsbhie
performed to support the loads.

B. Second Scenario

The optimal placement and size of capacitors ftfedint
load levels are determined in this scenario. thiserved that
7 capacitors with the rating of 2400, 1950, 9000,9900,
1350, and 1650 are to be installed at buses 3, 4, 50, 15,
16, respectively. The optimal capacitors and tledformer
tap setting for different load levels are giverTable I.

TABLE I. THE CAPACITORS FORDIFFERENTLOAD LEVELS (KVAR)
L oad Bus Number
Tap

Level 3 4 57|20 | 25 26

1 0 | 150| 750600| O 900 0 | 0.994

2 0 | 750| 900600{900( 1050 0 1.00

3 2400| 1950|900/ 900{900| 1350 | 1650 1.026
Fixed 0 | 150| 750600| O 900 0

Switched | 2400{ 1800|150|300|{900| 450 | 1650

As observed in this table, 4 fixed capacitors and 7
switched capacitors are found as the optimal swiutiNo
transformer upgrading is required in this scenario.

C. Third Scenario

In this scenario, the techniques mentioned in btst &nd
second scenarios are integrated. The optimal plesemnd
size of capacitors along with upgrading of the ribstion
lines are included in this scenario. It is resultiedt the lines
should be upgraded to (9-9-5-4-3-1-1-1-6-6-1-2-1}1This
means that the line upgrading cost is reduced ftdhi34 to
0.8283 M$ compared with the first scenario. Table
demonstrates the optimal capacitor at differenebuend the
transformer tap setting for different load levels.



TABLE II. THE CAPACITORS FORDIFFERENTLOAD LEVELS (KVAR)
L oad Bus Number
Tap
Level 4 |5 6 7 120| 25 | 26
1 300 O | 1350| 150 O 0 | 600 0.984
2 300|150 1350| 600 O 0 | 600 0.984
3 300|150 1350| 900 750| 1050| 750| 1.013
Fixed 300 O | 1350| 150 O 0 | 600
Switched | O | 150 O | 750|750/ 1050 | 150

The optimal solution is to install 4 fixed capacit@nd 5
switched capacitors. The fixed capacitors are &xtait buses
4, 6, 7, and 26 with sizes 300, 1350, 150, and K\6AR,
respectively. The switched capacitors are locatédises 5, 7,
20, 25, and 26 with sizes 150, 750, 750, 1050,1&@dkVAR,
respectively. As observed, the total capacitorssae reduced
from 10050 to 5250 kVAR compared with scenario inifar
to the second scenario, no transformer upgradinggigired.

D. Fourth Scenario

DG planning is implemented in this scenario to gtthds
technology in distribution system planning. The i@t
location and output power of DGs along with the MW/
transformer tap setting for different load levels dlustrated
in Table IIl.

TABLE Il1. THE DG OUTPUTS FORDIFFERENTLOAD LEVELS (KVA)
Load | BusNumber
Tap
Level 8 25
0 0 1.030
0 0 1.030
3000 | 3000| 1.03q

It can be seen that 2 DGs should be located asiisad
25. The injected power of these DGs for the loaclk less
than the peak load is zero because the output pofver
generator has been assumed not to be less thanoB0&
rated power in order to maximize the efficiency tbiat
generator. In this case, the 25 kVA transformersdogat need
to be upgraded like scenarios 2 and 3.

E. Fifth Scenario

All technologies are included in this scenario fitanning
a distribution system in order to increase thealslity and
voltage profile and decrease the line loss. Thengtsolution
shows that the lines should be upgraded to (9-9t9t41-1-5-
2-1-2-1-1-1) which applies 0.5913 M$ investmenttdosline

TABLE IV. THE CAPACITORS FORDIFFERENTLOAD LEVELS (KVAR)
Load Bus Number
Level 2| 4 5 6 | 7] 9 |20|22|25]|26
1 o 0 0| 750, Of O O 6400 |900
2 900 1050| 1050{ 1500{450| 750 |900{600| 450|900

3 900] 1050{ 1050| 1650{450| 1050|900{600| 450|900

Fixed 0| O 0 | 750 0| O Of 6400 |900Q
Switched |900| 1050 1050| 900 | 450 1050{900| 0 {450 O
TABLE V. THE DG OUTPUTS FORDIFFERENTLOAD LEVELS (KVA)

Load | BusNumber
Tap
Level 26
0 0.989
0 0.997
3 1712 1.015

Similar to scenario 4, the output power of theailst DG
is zero for all load levels rather than the pealeleThis is
because of the DG output power constraint whichnds
allowed to be less than 30% of its rated power.il&mio
scenarios 2 to 4, no upgrading is required for tR&MV
transformer.

F. Comparison of Scenarios

In this section, the above five scenarios are coatpa
together and with the case in which no installatiand
upgrading is performed (Table VI). This compariseiased
on the constituting parts of the objective functioine
investment cost of lines, DGs, capacitors, andsfamer, the
line loss cost and the reliability cost.

upgrading (compared with 1.1134 M$ and 0.8283 M$ in

scenarios 1 and 3). The optimal location and oupower of
DGs and capacitor sizes for different load levets given in
Tables IV and V.

Three fixed and eight switched capacitors should b

installed at the distribution system in this firsglution. The
optimal solution for DGs is to allocate one DG at126. The
output power of this DG is 1.712 MVA which meansttiits

practical rating should be 1.8 MVA. A significanéatease is
observed in the DG investment cost in this case9@s M$)

compared with the previous case (4.8735 M$).

TABLE VI. COMPARISON OFTOTAL COSTDURING 20 YEARS (M$)
Cost No Scenario Number
Elements Installation 1 2 3 4 5
Line 0 11134 0 |o0.8283 O |0.5913
Cost
Capacitor 0 0 | 04241002405 0 |0.4213
Cost
DG i
o 0 0 0 0 | 48734 1.0936
Transformer | 5 5589 | 22589 0 0 0 0
Cost
'(-:g‘;s 31749 | 1.7684 2.6390| 1.7818| 2.7659| 2.1684
Rd(':a(f’s't"ty 14.942 | 14.942 14.942| 14.942| 10.054| 13.183
Total 4
Cost 20.376 | 20.083 18.005| 17.792| 17.693| 17.457
The total cost is a good factor to compare all

configurations. The total cost associated with the
installation’ case is not feasible because the bolsage
constraint is not satisfied. As observed in Tablethe lowest

%ost planning and the highest cost planning beltnghe

proposed technique and the first scenario, resmdgtiAs a
conventional planning, first scenario applies 132019 M$)
higher cost compared with the proposed techniqghe. Aext

low cost planning technique is when DGs, as a new
using DGs

technology, are employed. As observed,
significantly reduces the reliability cost (10.094$ in



scenario 4 compared with 14.942 M$ in scenarias3)t This
highlights the main benefit of DGs which is impnogithe
reliability of a distribution system. On the otheand, DG
planning is not as appropriate as the line upgmdor

minimizing the line loss so that the loss costdergrios 1 and
3 is about 1 M$ lower than the fourth scenario. paitors
have a remarkable influence on both line loss aalthge

profile. Moreover, they are efficient to avoid upding the
HV/MV transformer. These points reveal that the éstvcost
planning is implemented when all of these technel®are
included to deal with the planning problem.

V. CONCLUSION

An integrated planning is proposed to optimal cointf
the injected power of DGs and capacitors. The idigtion
line and HV/MV transformer upgrades are includedrdythe
planning procedure. The HV/MV transformer tap istrolled
based on the load level.

HDPSO is employed in this paper to solve the plagni
problem. This technique is a modified version ofSQPin
which two GA operators, mutation and crossover,smglied
to half of the population members. This is perfailmt®
increase the diversity of the optimizing variabte drder to
reduce the risk of trapping in local minima, whistoften the
main drawback in heuristic methods. The objectiugcfion in
this method is composed of the investment cost &fsD
capacitors, and distribution lines, the line costd athe
reliability cost. The cost of HV/MV transformer upgling is
also included in this function. The bus voltage dhe line
current as constraints are added to the objeatinetion using
a penalty factor.

The IEEE 18-bus distribution system is used to uatal
the proposed configuration. A comparison is perfem
among different planning techniques. The resulteak the
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. . > VIIl.  APPENDIX
necessity of planning. Furthermore, it is demonstrahat the . )
lowest cost planning is realized when the propdsehrated Table A show the characteristics of the available
planning is employed and all available technologwe conductors.
included for solving the planning problem.
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