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Abstract--The unbalanced conditions are taken into account
in the Volt/VAr control of distribution system. The aim of the
control is to simultaneously minimize energy loss and improve
voltage profile. The optimization may be achieved by optimal
dispatch of Load Tap Changer (LTC) and shunt capacitors
considering system unbalanced. A Genetic Algorithm (GA) is
developed to determine the load curve division useful for
effective LTC scheduling and switching constraint satisfaction.
GA is also appointed for the dispatch due to the ability of
simultaneously scheduling the devices and checking the
fulfillment of switching constraints prior to performing
calculations. The algorithm is further enhanced by including
fuzzy approach into the existing GA procedure. For power flow
analyses under unbalanced conditions, Forward/Backward
Propagation Algorithm is developed. The optimization is
implemented on the IEEE 34-bus unbalanced distribution
system. The advantages of fuzzy inclusion are highlighted. The
main contribution is inclusion of unbalanced system conditions
into the optimal dispatch problem.

Index Terms-- Forward/Backward Algorithm, Fuzzy
procedure, Genetic Agorithm, LTC, optimal dispatch, shunt
capacitors, unbalanced conditions, volt/VAr control

I. INTRODUCTION

ITH the constantly changing of electricity load, the

operation of distribution system has become quite
complicated. If not carefully managed, load variations may
result in electricity demand not being fully satisfied,
unacceptable quality of the electricity supplied to the
customer, voltage violation and extensive power losses. The
operation planning is therefore necessary to satisfy the
demands in both technically acceptable and economically
optimal. One of the planning strategies is optimal volt/VAr
control in distribution system for the prevention of voltage
violation and power loss escalation. This may be carried out
by scheduling Load Tap Changer (LTC) and shunt capacitor.
The planning objective is to keep the voltage within the
preset limits under changing load conditions while
minimizing power losses.

Optimal volt/VAr control is a well-researched topic. It
has been solved using a number of methods resulting in
satisfied results [1-4]. However, the optimization is so far
carried out by simply assuming that both loads and systems
are balanced. Therefore, such analyses are performed for
single phase. Distribution systems are inherently unbalanced,
due to factors such as the unbalanced customer loads, the
occurrence of unsymmetrical line spacing, and the
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combination of single, double and three-phase line sections.
Therefore, three-phase model of distribution system is
required to represent the system more accurately. However,
inclusion of system unbalance will increase dimension and
complexity of optimal dispatch problem as all three phases
need to be considered.

This paper proposes volt/VAr control taking unbalanced
conditions into account. The optimal load interval division
approach [5] is used to assist LTC dispatch schedule. A
robust three-phase power flow using forward-backward
propagation algorithm [6] is developed and used as
backbone of optimization algorithms. Two GAs are
developed in this study to respectively determine the optimal
load intervals and optimal dispatch schedule of the
controlled devices. A fuzzy approach is incorporated into the
GA for optimal dispatch schedule to further enhance the
optimization results. The optimizations are presented for
IEEE 34-bus unbalanced distribution system including LTC
with 15 taps and 13 shunt capacitors. The application of
different load curves for every phase is also studied.

II. THREE-PHASE POWER FLOW

Distribution system is commonly constructed as radial
system or sometimes weakly meshed system with high R/X
ratio. These characteristics are the well-known obstacles that
may cause the sophisticated power flow algorithms fail to
converge. When R/X ratio increases, power flow iteration
becomes unstable and may even diverge. Power flow
analysis for unbalanced systems is therefore complicated
requiring a robust power flow algorithm.

This paper uses forward-backward propagation algorithm
for unbalance power flow analyses [6]. The algorithm works
directly on the system without any modification. Conversion
of load and shunt elements into their equivalent injection
currents is necessary to form the equivalent bus injection
currents. Distribution line charging is usually too small to be
included [7]. The algorithm offers robust and good
convergence characteristics for radial distribution system
[6].

The accuracy of three-phase power flow results greatly
depends on the system components model and, therefore, the
proper model of line section, load and shunt admittance need
to be firstly established. The model of distribution line
feeder in [8] is developed and used in this paper. The three-
phase load and shunt capacitors are represented by their
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equivalent injection currents using the model developed in where V; .. is the voltages of bus i for phase a, b, ¢ that
[9]. are required to be within the minimum V;,, and
With the components model in hand, the algorithm starts maximum V., bus voltage limits.

with mapping the distribution network to determine the © Maximum switching operations of LTC

forward and backward propagation paths. The backward and
forward propagations are used to calculate branch current
and bus voltage respectively. The calculations may be
explained in Fig. 1 and egs. (1) and (2).

24
Y|TAP, ~TAP, ;|<Kr )
t=1

where TAP, is LTC tap position at hour ¢ and Ky is the
maximum limit of LTC daily switching.

Bus & e Maximum switching operations of shunt capacitors
Vi 24
Bus / Bus/ \bv @k EI(C’“ ®C,)<K.; n=12 .., nc (6)
. Receivi . . .

Sending — I_‘ e where C,, is the status of capacitor n at hour ¢ and K. is

v, ly v, @ P B”i// the maximum limit of capacitors daily switching. While

' | z _" | nc is the number of shunt capacitors.
j /

IV. SOLUTION PROPOSED

Fig.1. Part of a distribution system The interdependence between bus voltage and capacitor

setting makes the optimization problem very complicated.
The switching constraints makes computation very intense,
o =] as they can only be confirmed after evaluating the dispatch
Jk k for the scheduling period [10, 11]. Taking unbalanced
L =—1; (1) conditions into account will further increase the problem
]l.j = ]jk + Ijl — Ij dimension. . . o .

To effectively satisfy the LTC switching constraint, load
curve partition is employed. For the optimal dispatch
problem, GA is developed for simultaneously scheduling the
controlled devices and confirming the switching constraints
prior to performing calculations. The algorithm is further
enhanced by integrating fuzzy approach into the existing
Vi =V =Zjd j (2) GA. As the backbone of the optimization problem, a robust
V= Vj _ Zj ’ ]jl forward-backward propagation algorithm is developed for

system analyses under unbalanced situations.

From Fig. 1, the relationships between branch currents
and injection currents are:

where [ is the current flowing through the line section from
bus j to bus &, and /; is injection current at bus j. The bus
voltages may then be obtained using the following
equations:

Vi=Vi=Zjlj

where ¥} is the voltage at bus j and Z; is the impedance of
line section between bus j and k. The bus voltages are then 4. Load Interval Division

updated and bus injection currents are again calculated. The Curve of Real Load
outlined calculations are repeated and the calculation :;Z
converges if the different of bus voltages for the consecutive 90
iterations is no more than the prescribed tolerance. Power B 801
loss calculations taking the difference between power in and % ;2
power out per phase is used instead of using/ 2R that may “§50.
result in errors [8]. All calculations are carried in the three- g 401
phase frame. & 22  oada
101 —lede —
III. PROBLEM DESCRIPTION o™
The objective of volt/VAr control is minimization of T e mae e ®
energy loss for 24-hour period. @
24 o Curve of Reactive Load
min Z:lploss,Bgﬁ (Qt > Tt ) *At (3) 100 A
t= %4
where P 34 is the total three-phase real power loss at hour ¢ B 01
as a function of Q; and 7, that are the status of shunt X 70
capacitors and tap position of LTC, respectively. While, At %’6"'
is time interval that is normally taken as 1 hour. The £ 1
. . . . . . 40
aforementioned objective function is subjected to the 5 1
following constraints: & ol —foada
e Voltage constraint 10 —Load ¢ Hour
Vimin SVi’abc < Vimax @ ° 13 5 7 9 11 13 15 17 19 21 2
(b)
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Fig.2. Typical daily load patterns (a) real and (b) reactive loads [12]

Fig. 2 shows the different load patterns for both real and
reactive parts[12]. Load interval division is determined
based on the minimum loads variation in the interval. A
number of intervals need to be given and determined. The
intervals can then be used for effective LTC dispatch
scheduling where the tap position remains constant during an
interval and may alter at the different interval. With highly
accurate load forecasts provided by the modern techniques
[13-15], the LTC dispatch may be precisely determined.

A GA is developed to identify the start and the end of
each interval. The chromosome representing a possible
intervals combination may be constructed as:

010 | 001 001 | <« The chromosome
1 1 0
5 3 2 < The substring value
I ond n™ < The n intervals

A chromosome includes a number of binary substrings
depending on the interval number. Every substring
corresponds to the value indicating the length of an interval.
The sum of all substring values denotes the total length of
the entire interval, which is 24 hours. If the length of
substring is 4, as the abovementioned case, the length of
chromosome is n x 4 where n is the number of interval
assumed. The population consists of some chromosomes and
every chromosome is evaluated using the following fitness
function:

F = Fox mmiz { { — P4} +(0; - 04, ) }} (7
I=1=13

subject to

Si=24 ®)

=1

Where F,, 1s constant that converts fitness function to
standard form, P, and Q, are active and reactive load at M
hour of the /™ load interval, PA4; and QA, are average active
and reactive load at /™ load interval. /i is number of hour at
™ load interval and n is number of interval for the whole
load period.

B. Optimal Volt/VAr control using GA and GA-Fuzzy

With the optimal load intervals in hand, the possible
hourly LTC tap position can be determined. The
construction of chromosome for LTC tap scheduling is:

010 | OI1 101 | <~ The chromosome
1 0 0
5 6 10 <« The substring value
1 ond n™ < The n intervals

The number of binary substring depends on the load
interval number. The substring value denotes a tap position
number with the duration determined by the obtained
interval. It is assumed that the difference between the
consecutive LTC tap positions is no greater than 15 [5] and,
hence, the substring of 4 bits is used. The eligible
chromosome to have sum of substring values no more than
the maximum allowable LTC switching operation.

The switching operation of shunt capacitors at substation
is limited by a preset number. The chromosome representing
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the switching schedule for the capacitors contains some
substrings where, every substring denotes a 24-hour
switching status for a capacitor. If the /" bit is 0, the status of
the related capacitor at hour ¢ is “off”. Therefore, the length
of every substring is 24 bits and the length of chromosome
for sc capacitors is sc x 24 bits. The chromosome is eligible
if the switching number in every substring is no more than
the maximum switching limit.

Shunt capacitors at distribution feeders are normally
allowed to be switched “on” and “off” once a day [5]. The
substring that represents a capacitor schedule can be formed
by two segments denoting the switch on time and the “on”
duration, respectively. As the latest time to switch it on or
the maximum “on” duration is 24, a segment of 5 bits is used
and, therefore, the length of substring is 10 bits. For the
following substring example:

0010 | 0110 | « The substring
0 1
4 13 < The segment value
1 2"« The segment

The associated actual schedule is
000111111111111100000000.

The eligible substring is that, which has total segment
value of no more than 24. An eligible chromosome is formed
by a number of eligible substrings. The length of
chromosome for fc feeder shunt capacitors is fc x 10.

The final eligible chromosome representing the 24-hour
scheduling of LTC and shunt capacitors is consecutively
constructed by the eligible chromosomes for LTC,
substation shunt capacitors, and feeder shunt capacitors. For
the optimization problem where the number of load interval
assumed is 7, and the number of substation and feeder shunt
capacitors are respectively sc and fc, the length of
chromosome is n x 4 + sc x 24 + fc x 10. The population
consists of some chromosomes according to the predefined
population size. Assessment of every single chromosome
requires running power flow for 24 times. For volt/VAr
control using GA, the chromosome is evaluated by the
following fitness function.

I

Where Py 5 ¢tls three-phase real power loss at hour ¢,

24 1

F:max|:F {WeZPZOSS 34t +WVZZ( Viar +AVip,
t=li=l1

; HAV;

ic,t

AV, is voltage violation of phase a at hour t, while we and

wy are weighting function for real power loss and voltage
deviation, respectively.

For inclusion of fuzzy into the developed GA,
membership functions are established for chromosomes
assessment in term of objective achievement and constraints
fulfillment. This configuration forms a multi objective
optimization problem and its application on GA enables the
algorithm maintaining the promising chromosomes while
improving the solutions [16, 17]. Various membership
functions have been examined and the most suitable
membership functions are selected and used in this paper.

For the purpose of system real loss minimization, a linear
membership function with negative slope of —(100//oss,) is

employed to gradually reduce the membership as the loss of
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the compensated system increases. Furthermore, if the loss
of compensated system is even higher than that of
uncompensated system, then the zero membership is given.
The membership function is shown in Fig. 3 and expressed
in (10).

;uloss
100
-100
7 loss,
50
0 loss » Joss

Fig.3. Fuzzy membership function for real loss reduction

(lossg —loss) x100;loss < loss

ﬁloss = loss

0; loss > loss
where i,,, is membership of loss reduction, while loss,

and /loss are loss for uncompensated and compensated
system, respectively.

For voltage regulation purpose, a membership function
that maintains voltage levels as close to the preset value as
possible is employed. This paper uses an exponential
decreasing membership function as shown in Fig. 4 and
expressed in (11).

ll’l AV
1

~100 AV
e

0 AV
Fig.4. Fuzzy membership function for bus voltage regulation

-100 AV

Hpay =e

where fi,y is the membership for voltage regulation and AV
is the absolute phase voltage deviation to the preset voltage.
For minimization of LTC tap displacements, the
maximum and the average daily tap movements are
considered in constructing LTC membership function [18].
The average value may be taken from the past experience
while the maximum value is determined considering LTC
maintenance cost and LTC expected lifetime. The LTC
movement up to the average number is therefore completely
accepted. This is intended to not strictly limit the LTC
movement causing voltage control difficulties. However,
frequent LTC movement more than the average number may
return lower membership value. Furthermore, LTC
movement more than the maximum permitted number results
in zero membership indicating that it is unacceptable. In this
paper, the average daily LTC movement of 8 is used and
may be changed depending on the practical situation. While,
the maximum allowed LTC movement is set to 30 taps. The
membership function implementing the aforementioned
control purposes is given in Fig. 5 and expressed in (12).
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-1
o7 (TAP = 8)

0 3 TiP »TAP

max

Fig.5. Fuzzy membership function for LTC switching minimization

I; 0<TAP<8
:LNITAP= (TAPmax_TAP)/(TAPmax_S); 8<TAPSTAPmax (12)
0; TAP > TAP, ..

where fipyp is the membership for LTC tap movement,
while TAP and TAP,,, are daily LTC tap movement and

(10) maximum permitted LTC movement, respectively. The

switching limits of substation and feeder shunt capacitors are
typically small and there is no advantage to fuzzify them;
therefore, these switching constrains are calculated as crisp
constraints.

The abovementioned membership functions are clearly
intended to reward the high membership values for the most
preferred operating conditions. Therefore, the fitness
function of the proposed GA-Fuzzy is simply constructed by
maximizing the membership values rewarded by the
membership functions. In comparison with the fitness
function of GA (9), the fitness function of hybrid GA-Fuzzy

(13) does not need normalization and is therefore simpler.

2 241
F =max |:Wlnxs 2 Higsst + Wy 220 3 (ﬂAVan + HAvpic + Haveir )+ Ws Hrap
=1 1=li=1

(13)

where wy,, Wy, and wg are the weighting functions for loss,
voltage, and LTC switching, respectively. Index i refers to
the bus ID and index ¢ refers to the hour. Hence, index it

(11) denotes the condition of bus i at hour 7. The evaluation of

every chromosome using the abovementioned fitness
functions requires running the harmonic power flow for 24
times. Flowchart of load curve partition using GA and
optimal dispatch of LTC and shunt capacitors using GA and
GA-fuzzy is shown in Fig. 6.

V. RESULTS AND DISCUSSION

A. The Evolutionary Strategy of GA

The initial chromosomes are randomly generated and
selected for constructing the initial population. The selected
chromosomes are those, which satisfy the switching
constraints. The selection of parents for crossover uses
tournament method and the children are generated by one-
point crossover from their parents [19]. The probability of
crossover and mutation are fixed throughout the generation
as well as the weighting functions. Detail of optimization
parameters is given in Appendix (Table A).

The size of population is fixed during the calculation and
the algorithm converges if the iteration reaches the
maximum generation number. However, the developed
algorithms are devised using a procedure that detects
premature convergence. It checks the improvement of fitness
when the iteration reaches the middle of generation. The
algorithm will terminate if there is no improvement after few
iterations. The optimizations using GA-based methods may
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generate a slight different results and, for a fair result
comparison, a maximum of two runs are applied for the
different optimization cases and the better result is taken to
be presented and analyzed.

B. The System Data

The optimizations are carried out for the IEEE 34-bus
unbalanced distribution system [6] using GA and GA-fuzzy.
Some modifications are made to demonstrate the
effectiveness of the optimal dispatch scheduling. These
include system loads doubled and more shunt capacitors
involved. The loads of each phase are set to be different and
change following the different load curves of Fig. 2.
However, for comparison purpose, the same load curve (load
a) is firstly used for all phases. The system is shown in Fig. 7
and the data is available in [6]. The shunt capacitor data is
given in Table 1 and the load data is given in Appendix
(Table B).

‘ Input system data and optimization data ‘

Retrieve load curve data

‘ Determine interval number ‘

‘Construct initial chromosomesH Encoding ‘

—b{ Evaluate chromosomes (egs. 7 and 8) ‘

‘ Select chromosomes using “tournament” method ‘

[ Check crossover rate and perform crossover |

[ Check mutation rate and perform mutation |

Convergence or
Last Generation
No

Load interval division (GA)

Retrieve system, LTC, and
shunt capacitors data

—

Search forward-backward
propagation paths

«
Encodiny H Construct initial chromosomes
‘ 9 ‘ Calculate bus injection and
branch currents (eq. 1)
Get 24-hour switching schedules
for LTC and shunt capacitors Calculate bus voltages and
% update the voltages (eq. 2)
Run unbalance power flow
for every schedule (24 times)
‘ Output hourly Ploss 3®, Vi 3® ‘
Using GA No
Yes Calculate fuzzy memberships
(egs. 10 - 12) Ly

Evaluate chromosomes using
GA fitness function (eq. 9)

v

‘ Select chromosomes using “tournament” method

Evaluate chromosomes using
GA-Fuzzy fitness function (eq. 13)

‘ Check crossover rate and perform crossover‘

Optimal dispatch schedule (GA and Hybrid GA-Fuzzy)

‘ Check mutation rate and perform mutation ‘

Convergence or
Last Generation
No

4{ Establish new chromosomes ‘

Get the best chromosome

H Decoding
<«

Convert to optimal
dispatch schedule

Fig.6. Flowchart of load curve partition using GA and optimal dispatch of
LTC and shunt capacitor for unbalanced system using GA and GA-Fuzzy
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TABLE 1
THE SHUNT CAPACITOR DATA FOR THE IEEE 34-BUS SYSTEM

Capacitor Bus Location Connection kVAR
Cl 802 Y-grounded 100
C2 802 Y-grounded 100
C3 808 Y-ungrounded 150
Cc4 814 Y-grounded 100
CS5 816 Y-grounded 150
C6 820 Y-grounded 75
C7 828 Y-ungrounded 100
C8 832 Y-ungrounded 100
C9 834 Y-ungrounded 100

C10 836 Y-ungrounded 100
Cl1 846 Y-grounded 75
C12 854 Y-grounded 75
Cl13 888 Y-grounded 100

Substation

Fig.7. The IEEE-34 bus unbalanced distribution system for simulations

C. Simulation Results

The optimizations are firstly carried out for the system
loads changed to follow the same load pattern (load a, Fig.
2) and then extended to follow load a, b, and ¢ patterns of
Fig. 2 for the loads of phase a, b, and ¢, respectively. Due to
the space limit, only one schedule is displayed for
illustration purpose (Appendix, Table C). However, all
generated schedules have been carefully checked in terms of
constraints fulfillments. Voltage improvement for all buses
may also not be entirely displayed and only the improvement
of the buses with lowest voltages is shown to confirm that
the system voltages have been improved to the acceptable
level.

Case 1: Similar load pattern

In this case, the system loads for all phases fluctuate
following the similar load pattern (load a, Fig. 2).
Inspections of voltage improvements given by GA and GA-
fuzzy indicate that bus number 838, 848, and 838 are
identified as the buses with lowest voltages for phase a, b,
and ¢, respectively. The voltage improvements for these
buses provided by GA and GA-fuzzy are respectively given
in Figs. 8 (a) and (b).
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Voltage improvement of the worst bus

101 4
99 A
=971 4;=§54F:*\\\§
=
= o5 | /_5:/
g =
L3
91
89 \/
N Hour
87
1 3 5 7 9 1113 15 17 19 21 23
—— Phase a uncompensated ——Phase a optimized
—— Phase b uncompensated —— Phase b optimized
—— Phase ¢ uncompensated -—— Phase c optimized
(a)

Voltage improvement of the worst bus

101 4
99 -

o

Hour

s s 7 e 11 13 15 17 10 21 23
(b)

Fig.8. Voltages improvement of the worst buses of the 34-bus unbalanced

system for the similar load curves provided by (a) GA (b) GA-fuzzy

It may be observed that the voltages are improved to the
acceptable level. Calculations of bus voltage regulation
confirm that the average voltage regulation provided by GA-
fuzzy is better (1.287 %) than that given by GA (1.928 %).
The hourly power loss reduction provided the both methods
is shown in Fig. 9. Total daily energy saving presented by
GA and GA-fuzzy are 369.539 kWh and 397.602 kWh,
respectively. The benefits of optimization are comparatively
indicated in Table 2.

160 Hourly real power losses

140

-
N
o

o
o
S

Real power losses (kW)
g3 8

IN
o

N
o

, nmmmmml ..WMWWWMW
1 3 5 7 9 11 13 15 17 19 21 23
OUncompensated B GA OGA-Fuzzy Hour

Fig.9. Hourly real power loss reduction of the 34-bus unbalanced system
using the similar load curves given by GA and GA-fuzzy
Case 2: Different load patterns

In addition to the unequal phase loads, the loads also vary
according to the different load curves. The loads of phase a,
b, ¢ now alter following load a, b, ¢ of Fig. 2, respectively.
This is aimed to make the system completely unbalanced.
Inspection of optimization results indicates that bus 838,
848, and 838 are again detected suffering lowest voltages for
phase a, b, ¢, respectively. The voltage improvements for the
buses presented by GA and GA-fuzzy approaches are
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respectively given in Figs. 10 (a) and (b), respectively.

It may be observed from voltage improvement of Fig 10
(a) that application of GA is no longer able to completely
maintain the voltage of the worst bus to the minimum level.
The voltage of bus 838, phase ¢, at 8 a.m. is 94.38 % failing
to meet the minimum voltage level of 95 %. On the other
hand, GA-fuzzy is able to maintain the voltage of the worst
bus to the acceptable level. Detail calculations of bus voltage
regulation again confirm that GA-fuzzy provides better
voltage regulation (1.233 %) than that given by GA (1.620
%).

103 - Voltage improvement of the worst bus
101
99
R
Sos
S J—
o
> 93 1 //
91 /
89
Hour
87
1 3 5 7 9 11 13 15 17 19 21 23
(a)
103 Voltage improvement of the worst bus
101
99 1
397 1 N\
3
P — L \/
D 95 4
8 —
o
> 93
91
89 A
/\ Hour
87
1 3 5 7 9 11 13 15 17 19 21 23
(b)

Fig.10. Voltages improvement of the worst buses for the 34-bus
unbalanced system using the different load curves provided by (a) GA (b)
GA-fuzzy

The hourly real power loss for uncompensated system
and optimized conditions provided by the both methods are
shown in Fig. 11. The daily saving of energy presented by
GA and GA-fuzzy are 477.591 kWh and 519.735 kWh,
respectively. The optimization benefits are summarized in
Table 2.

Hourly real power losses
160

140

-
N
(=]

-
o
o

60 H H

A

1 3 5 7 9 11 13 15 17 19 21 23
Hour

Real power losses (kW)
8

Fig.10. Hourly real power loss reduction of the 34-bus unbalanced system
using the different load curves given by GA and GA-fuzzy

Table 2, indicates the optimization benefits for the 34-bus
unbalanced system with the phase loads fluctuate following
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the similar and different load patterns using GA and GA-
fuzzy. In addition to the significant improvements provided
by GA, inclusion of fuzzy procedure into the existing GA
leads to the better optimization benefits including higher
energy saving and more robust voltage control. The energy
savings of the system under different load pattern is higher
due to the losses of the uncompensated system is high.
Hence, more losses reduction may be earned by the optimal
dispatch planning. It is also observed that fuzzy inclusion
does not significantly complicate the algorithm as confirmed
by the required computation times.

TABLE 2

COMPARISON OF OPTIMIZATION RESULTS FOR THE 34-BUS UNBALANCED
SYSTEM USING SIMILAR AND DIFFERENT LOAD CURVES

Optimization benefits GA GA-Fuzzy
Similar load curves
Energy Saving (kWh) 369.539 397.602
Average Voltage Regulation (%) 1.928 1.287
Average computing time (sec)* 523.41 520.72
Different load curves
Energy Saving (kWh) 477.591 519.735
Average Voltage Regulation (%) 1.620 1.233
Average computing time (sec)* 491.84 527.89

*) Intel Pentium (R) 4 with Intel 3.0 GHz processor and 2.5 GB RAM

D. Iteration analyses

The calculation progress was also recorded in this study.
The progress of fitness growths for the different optimization
cases is shown in Fig. 11. Since the methods employ
different fitness functions causing different fitness values,
the values are normalized with respect to their maximum
achieved value for comparison purpose.

Iteration progress
105

100 4
-] /\_/
80 4

- GA (similar load)

= GA-Fuzzy (similar load)
- GA (different load)

= GA-Fuzzy (different load)

©
o
s

Progress (%)
3 o &

[}
a
s

Generation

60
1 6 11 16 21 26 31 36 41 46 51

Fig.11. Iteration progress of GA and GA-fuzzy for different optimization
cases

In general, both GA and GA-fuzzy require more iteration
to achieve the highest fitness for the system under different
load patterns. This is due mainly to the difficulty of fulfilling
the constraints. For GA-fuzzy in particular, inclusion of
fuzzy approach into the existing GA enable the method
providing soft restriction of objective achievement and
constraints fulfillment. As a result, GA-fuzzy will explore
more extensive solutions. From the optimization standpoint,
it is method’s ability to explore the wider solution region.
Consequently, the method may start with lower fitness, as
shown in Fig 11. In term of solution improvement,
employment of fuzzy membership functions also enables
maintaining the promising solutions while improving them.
Hence, the method may subject to fluctuations before
achieving the highest fitness. The advantage of GA-fuzzy is

ICETIA 2014

-- Page 205 of 436 --

due to the combination of extensive exploration of solution
area and maintenance of promising solutions while
improving them. Even though the method even may start
with lower fitness, the iteration will be progressing well and
achieve better final solution, as indicated in Table 2.
Nevertheless, if the preset generation number is too small
than GA-fuzzy may come with worse optimization results
since there is no enough opportunity to improve the
solutions.

VI. CONCLUSION

Optimal volt/VAr control for unbalanced distribution
system is carried out using GA and GA-fuzzy taking into
account the similar and different load patterns for system
loads fluctuations. Main conclusions are:

o The optimization enables improving the system operations
by reducing the energy loss and maintaining the voltage
to the acceptable levels,

e In addition to the significant improvements presented by
GA, GA-fuzzy provides better improvements including
higher energy saving and more robust voltage control,

e For the system under different load patterns, more
iterations are required by both methods to converge,

e Inclusion of fuzzy approach into the existing GA may lead
the method start with lower fitness and encounter
fluctuations but achieve a better final solution.

VII. APPENDIX
TABLE A
OPTIMIZATION PARAMETERS USED IN THE OPTIMAL VOLT/VAR CONTROL
PROBLEM
Parameter Value
Population size 50
Maximum generation 50
Probability of crossover 60 %
Probability of mutation 1%
Convergence tolerance” 1x10°
Maximum switching of LTC 30 tap displacements per day
Maximum switching of substation capacitor 6 times per day
Maximum switching of feeder capacitor 2 times per day
Deviation of bus voltage 0.95-1.05 p.u.
THD limit of bus voltage 5%
Weighting coefficient™ of GA (Eq. 9)

Voltage (wy) 0.6667
Power loss (Wy,s,) 0.3333

Weighting coefficient of Hybrid GA-fuzzy (Eq. 13)
Voltage (wy) 0.4286
Power loss (W) 0.2857
LTC tap switching (ws) 0.2857

*) The deviation of the successive fitness values used to terminate the
iterations

*#*) Indicates the importance level of one objective with respect to the other
objectives or constraints

TABLEB (1)

BALANCED LOAD COMPONENTS OF THE IEEE 34-BUS SYSTEM

Bus Y/ Phase A Phase B Phase C
no A kW kVAr | kW | kVAr kW kVAr
31.8 39.8 31.8 31.8
860 Y 39.82 8 2 8 39.82 8
14.1 17.7 14.1 14.1
840 Y 17.72 8 2 8 17.72 8
266.8 213. 266. 213. 266.8 213.
844 A 8 7 9 7 8 7
31.1 31.1 31.1
848 Y 38.9 4 38.9 4 38.9 4
432 432 43.2
890 A 54 4 54 4 54 4
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TABLE B (2)
UNBALANCED LOAD COMPONENTS OF THE IEEE 34-BUS SYSTEM
Phase A Phase B Phase C
Busno | YA M T Var | kW | kVAr | kW | kVar
806 Y 0 0 | 6244 | 32.28 | 52.14 | 27.68
810 A 0 0 | 31.76 | 16.42 0 0
820 A 67.8 | 35.04 0 0 0 0
822 Y | 271.06 | 140.1 0 0 0 0
824 Y 0 0] 078 0.4 0 0
826 Y 0 0 | 83.86 | 43.36 0 0
828 A 0 0 0 0 5.56 2.88
830 A 12.36 6.4 0 0 0 0
834 Y 7.98 4.12 25.1 | 12.98 | 25.64 | 13.26
836 A 54.74 28.3 21.1 10.9 84.1 | 43.48
838 A 55.22 | 28.54 0 0 0 0
840 Y 34.98 | 18.08 | 43.62 | 22.54 0 0
842 Y 0 0 0 0 0 0
844 A 18.24 9.42 0 0 0 0
846 Y 0 0 | 49.18 | 2542 | 44.46 | 22.98
848 Y 0 0 | 45.24 23.4 0 0
856 Y 0 0 7.42 3.84 0 0
858 A 13.36 69 | 2.16 1.12 10.7 5.54
860 Y 31.32 | 16.18 | 41.72 | 21.56 | 222.3 | 114.9
862 Y 0 0 0 0 0 0
864 A 1.26 0.66 0 0 0 0
TABLE C

OPTIMAL DISPATCH SCHEDULE USING FOR THE 34-BUS UNBALANCED
SYSTEM UNDER DIFFERENT LOAD PATTERNS USING GA-FUZZY

2 |Elc|elo|e|s|s|o|s|8|2|E|E|8
jan) = O RGN RON O]
1 4101 ]JOoOjO]JT]JO[JOJO|JO]JO]JOJO]O
2 410/0JOjJO]JT]JOJO]JO|JO]JO]JO]JO]O
3 410/0JOJO]JT]JO[JO]JO|JO]J]O]JOJO]O
4 411 ]o0ofj1jOo]J1T]JOJO]JOJO]J]O]JOJO]O
5 411 ]oj1jo]J1joOoJOjJOJO]JO]T1T]O]O
6 411 |Jofj1j1]Jtjofojojojo]1]oOo]1
7 411 |Joj1j1]Jtrjofojojtrjojt1rjoj1
8 71111 |jtrj1rjojojojrjojrjofjiu
9 71]0jJ]O0J1 (1 j1]J]OoJOjJO]1L|]T[1T]O]O
0 (7(o0ojoj1 |1 |1jof1T 1]l ]JLT[1]1]O
11 710711 1 1 1 1 1 1 1 1 1 110
12 711 1 1 1 1 1 1 1 1 1 1 110
13 711 1 1101 1 1 1 1 1 1 110
4 (7(0joJ1joj1 )11 |11 ]JT][1]1]O
15 710711 1101 1 1 1 1 110 1]0
6 (7011 joj1]J1TjJoj1]1l|]T]O]1]O
7701 |J1jofj1]j1rjoj1]1]1T]O]JO]O
8 (7011 joj1]JoOojoOoj1]1l|]T]O]JO]O
9 (7011 joj1]J]oOojJoOojl1]OJT]O]JO]O
20 (7011 ]JoOoJ1l]J]OJO]1lT]J]O|JLT]O]JO]O
21 7111 ]J1jojojojojojoJT[O]JO]O
2 |61 |1 ]1T]J]OJO]JOJO]JO]JOJO]O]JO]O
23 601 |]1T]OJO]JOJO]JO]JOJO]O]JO]O
24 {601 ]J]O]JO]JO]JOJO]JO]JOJO]O]O]O
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