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Abstract: The growing demand of electrical power needs proper attention of power distribution
engineer/distribution substation operator to maintain good quality distribution of electrical power in the
Electrical Power Distribution Systems (EPDS). The exercise of power distribution engineers/distribution system
substation operator to add/remove the capacitor banks to improve the power factor and also to minimize the
worst voltage drop i radial feeders leads to more voltage fluctuations m distribution system. The technique
employed for voltage violation mimmization and reactive power compensation in distribution systems should
take care of various constraints like minimization of capacitor switching operations, improving the power factor
to the optimal value and restoring voltage changes to the permissible value. So the power factor improvement
and voltage limit viclation mimimization problem for efficient operation of EPDS 15 treated as a non-linear, non-
differential and multi-objective optimization problem. Hence, in this paper a New Fuzzy Based Non-linear
Control Technique for Power Factor (PF) improvement and Voltage Limit Viclation Minimization (VL VM) in
efficient operation of EPDS is presented. This new technique has been tested on 26-Bus, 28-Bus, 33-Bus and
69-Bus practical EPDS. The results shows that it 1s a highly swtable techmique for PF mnprovement and
minimization of voltage limit violations in efficient operation of EPDS. Hence this new techmque can be used
in EPDS for supplying good quality electrical power to the utilities in developing/developed countries.

Key words: Distribution  systems, fuzzy logic, power factor mnprovement, voltage control and forward
substitution method load flow analysis

INTRODUCTION the operating power factor to the optimal value,

besides minimizing voltage limit violations is an urgent

The performance of distribution systems and quality  need for distribution system substation operators/power

of service provided are measured in terms of freedom distribution engineers.

from interruptions and maintenance of satisfactory
voltage levels at the customers premises which is within
limits appropriate for this type of service. Based on the
power engineers experience, too high steady voltage
causes reduces light bulb life, reduced life of the
electronic devices and premature failure of some type of
the apparatus. On the other hand, too low voltages
causes lower illumination levels, shrinking of TV pictures,
slow heating of heating devices, difficulties in motor
starting, and overheating and/or burning out of motors.
These over-voltage and under-voltage variations can be
minimized by means of disconnecting or connecting the
in the
distribution network wliuch suffers from the voltage

capacitor banks at the appropriate nodes
problem™. These capacitor switching operations, some
time leads to further voltage fluctuations. Hence, the
minimization of capacitor switching operations, improving

Several methods®* have emerged in the literature to
solve this part of the complex problem!”. In the past non
linear programming approaches were proposed, however,
these approaches may suffer from convergence problem
and difficulties in evaluating the system losses. The New
fuzzy approach for load balancing for distribution
systems!” does not consider the power factor and voltage
profile in efficient operation of the distribution systems.
The use of fuzzy logic based non-linear control technique,
make  best

connection/disconnection of the proper capacitor bank

helps  to decision  for  the
with the consideration of power factor and voltage limit
violations.

Fuzzy sets were first proposed i the early 1960s
by Zadeh™ as general model of uncertainty encountered
approach emphasized

in  engineering systems. His

modeling uncertainties that arise commonly in human
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Fig. 1: Component of fuzzy control

thought processes. Bellman and Zadeh write: * Much of
the decision making in the world takes place in an
environment in the which goals, constraints and the
consequences of possible actions
precisely™. Uncertainty in the fuzzy logic typically arises
mn the form of vagueness and/or conflicts, which are not

are not known

represented naturally within the probabilistic frame work.
To be sure, uncertainty'” in reasoning may arise i a
variety of ways. Consider the most common sort of
discourse about a system among experts, and say to be
more specific, a statement relevant to voltage quality
disruption m EPDS.

Fuzzy logic, membership fucntions and fuzzy controllers:
Fuzzy Logic 1s basically a multi valued logic that allows
mntermediate values to be defined between conventional
evaluations like yes/no, true/false, black/white, etc. Fuzzy
logic is superset of conventional Boolean logic. In fuzzy
logic it 13 possible to have partial truth values. The
components of fuzzy control is shown in the (Fig. 1).

The fuzzy set theory is considered as a generalization
of the traditional probability set theory. The idea is to
replace the concept that a variable has a degree of
membership assigned to each possible value that the
variable can talke.

If X = {x} is given as a set of objects or alternatives,
a fuzzy set C m X 13 defined as a set of ordered pairs:

C=1{ p. ()| x e X} (M
where 1, (x) 18 the membership function of x m C.

A higher value of 1. (x) implies that it is more likely
that x belongs to C.

The value of 1, (x) 18 m [0,1], however if p, (x) 18
limited to either O or 1 then C becomes a crisp (non-fuzzy)
set. For two fuzzy sets A and B with membership

functions pa(x) and pe(x), respectively, the membership
function of C = AB 1s defined as ,

He () = max [, (%), pg (1)) (2)

In addition, the membership function of C = AB 1s
defined as,

M (x) = min [, (x), pg ()] (3

basically, given the concept of fuzzy set and the
defimition of umon and intersection, it i1s possible to
fuzzify any domain of mathematical reasoning based on
set theory.

Lemma: Let p; (x),1=1, 2, 3...., m, be the membership
functions of constraints in X, defining the decision space
and U4 (x), 1= 1, 2, 3., n, the membership functions of
the objective functions or goals in X. A decision is then
defined by its membership function

Up=F (o Mo oo Moo Mg Moo CMen) (D

where F denotes an operator for considering the
membership functions of constraints and objective
functions. Let M be the set of points x € X for wluch p
(x) attains maximum, then M is called the maximizing
decision. If p  (x) has a unique maximum at x,;, then the
maximizing decision is a uniquely defined crisp decision
which can be interpreted as the action that belongs to all
fuzzy sets representing either constraints or goals with
the highest possible degree of membership.

According the definitions of the intersection and
union, the min operator will be used to find the
intersection the memberships describing the constraints
and the objectives, and the max operator will be used to
find the optimal solution or the highest possible degree of
satisfaction.

Degree of satisfaction in selection of the number of
capacitors: One of the objectives of minimizing the
voltage fluctuations is to minimize the number of capacitor
switching operations in the power distribution networl.
Hence the membership function for selection of number of
capacitors | g 18 defined as in Fig. 2. which decreases
with an merease m the number of capacitor switching
operations. Hach capacitor switching operation requires
minimum one operation, 1.¢, to connect or disconnect the
capacitor to that node in the distribution systems which
suffers from low voltage problem.

Maye = 1.0 forms < 1 (5)
=(1-C8)/CS, . .forl <ns< CS__ (6)

It 1s noted that, in fuzzy set rotation, a high membership
value indicates a desirable situation. For example, the
degree of satisfaction for single capacitor switching
operation is a highly desirable situation and is assigned
a value equal to umty. A larger number of switching
operations is given a lower membership value®.
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Fig. 2: Membership function for the capacitor switching
operation
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Fig. 3: Membershup function for the choice of best
operating power factor

Degree of satisfaction in choice of best operating power
factor: One of the objectives of mimmizing the low
voltage problem 1s to reduce the low power factor
problem. Normally the power factor of 0.98 1s considered
to be the best operating power factor in the distribution
system. The low power factor problem can be mimmized
by means elimination of low voltage problem in respective
node or the nearby node which also, suffers from the low
voltage problem. Hence the membership function for
selection of best operating power factor [t popr 18 defined
as 1n Fig. 3, which decreases with an decrease in power
factor at the various nodes mn distribution system.
for 0.98<PF<1 (7)

(&)

Moes = 1.0

= (1 =PF)/PF for PF<0.98
Degree of satisfaction for the minimization of voltage
limit violations: The maxinum change in voltage is given
by AV™ =V™ -V®and the minimum change in the
voltage s AV™ =V™ -V™ where V™ is the current
operating value of the voltage. Each voltage 1s
represented by the two linear constraints for the mimimum
and maximum limits as shown n Fig.4.
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Fig. 4: Fuzzy membership functions for the bus voltage
increament

Operating constraints: The distribution system 1s
subjected to inequality and equality constraints which are
described as:

O <Q <O 1=1,2,3,....m
VSV SV Vj=1,2,3 ... .n
Qk:QDk k:1,2,3, ...... ,l

There are m + n + [ constramts. The first m

constraints are for reactive power sources and tap
changing transformer terminals. The next n constraints are
the bus voltage constraints. The last 7 equality
constramts are for loads and junction buses that are not
connected to the transformer terminals.

Fuzzy controllers: The traditional control design
paradigm 18 to form a system model and develop control
laws from analysis of this model. The controller may be
modified based on results of testing and experience. Due
to difficulties of analysis, many such controllers are linear.
The fuzzy controller approach 1s to somewhat reversed.
General control rules that are relevant to a particular
system based on experience are introduced and analysis
or modeling considerations come later. For example,
consider the following general control law for a
positioning system

If error 18 small and positive
and error change 18 large and negative
then control output is small and negative
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Fig. 5: The proposed distribution system information logical structure for power factor improvement and voltage
violation minimization for efficient operation of electrical power distribution system

This rule implements a control concept for
anticipating the desired position and reducing the control
level before the set point is reached in order to avoid
overshoot. The quantities small and large are fuzzy
quantities. A full control design requires developing a set
of control rules based on available inputs and designing
a method of combining all rule conclusions. The precise
fuzzy membership functions depend on the valid range of
inputs and the general response characteristics of the
system. Within power systems, fuzzy logic controllers

have been proposed primarily for stabilization control.

Fuzzy decision-making and optimization: The broadest
class of problems within power system planming and
operation 18 decision-making and optimization, which
includes transmission planning, security analysis, optimal
power flow, state estimation, and unit commitment, among
others. These general areas have received great attention
in the research community with some notable successes;
however, most utilities still rely more heavily on experts
than on sophisticated optimization algorithms. The
problem arises from attempting to fit practical problems
mnto ngid models of the system that can be optimized. This
results n reduction in information either in the form of
sunplified constraints or objectives. The sumplifications of
the system model and subjectivity of the objectives may
often be represented as uncertainties in the fuzzy model.
Comnsider optimal power flow. Objectives could be cost
minimization, minimal control adjustments, minimal
emission of pollutants or maximization of adequate
security margins. Physical constraints must include

generator and load bus voltage levels, line flow
limits and reserve margins.

In practice, none of these constraints or objectives
are well defined. Still, a compromise 13 needed among
these various considerations in order to achieve an
acceptable solution. Fuzzy mathematics provides a

11

mathematical framework for these considerations. The
applications 1n this category are an attempt to model such
COIIPrOMLISes.

The fuzzy based information logical structure for
efficient operation of EPDS is shown in Fig. 3. The
researched scheme of the distribution system is presented
by structured objects. The dispatcher has access to
supplemental information like substation number, state of
the bus switches, outgoing feeders, rated currents of
transformer primary winding, capacitor ratings and their
availability and type of loads when appealing to the menu
sub-pomnt. The practical mteraction of the distribution
system user with the program 1s realized by dialog.

Fast computation of real power losses and loss reduction:
The necessary details about the pre / post fault
configuration of PDN have been obtained from the
developed New Network Commnectivity Method!™. If
EPDS has ‘n’ number of the feeders connected to the
‘n’ root nodes, then the voltages at the root nodes is
taken as 1.0 p.u

The unscheduled bus voltages in the input data of
the load flow analysis are called state variables or
dependent variables since their values, which describe the
state of the system, depend on the quantities specified at
all the buses. Hence the Distribution System Load Flow
Problem 1s to:

Determme the Voltages at all the Buses m all the
phases of the PDN that is,

[Vae ol 1=2 13, ... nbus.

Subject to the following constraints

. IV abegeinl = [Viabol = [V taboman)
. PLL(ahE)mm - PLL(ahc) = PLL(ahc)rnax
. QLL(ahE)mm - QLL(ahc) = QLL(ahE)rnax
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where
nbus = Total Number of buses in the EPDS
nbch = Total number of branches in the EPDS

V.= Vector of Phase Voltages of size (3(nbus —1) x 1)

Vee=[V. Vo V. I°

Vo=[Vay Vi Voo Vot

Vh = [ Vh(z) Vh(g Vh(4) .................................. Vh(nhus)]

Vo= Vo Ven Vo oo oo eiree e Vetats]

PLL = Vector of Real Power Transmission Loss

of size (3nbch x 1)

PLL, =[PLL.;; PLL.y PLLuy3.oooooveenvee e PLLypen]”
PLL, =[ PLLyy; PLLyy PLLig3ye e ceveeeeeeeeen e PLLyerens "
PLL, =[ PLL.;; PLL.g PLL .. « PLLytaan]

QLL = Vector of Reactive Power Transmlssmn Loss
of size (3nbch x 1)

QLL,=[ QLL.y; QLL.q L] 5 D T QLLa(nhgh)]T
QLL, =[ QLLyy; QLLyg QLLy, QLLy ]
QLL, =[ QLL,;;, QLLy QLLyayeeveevvvveeen « QLLggaens]”

PLL4n=[PLL, PLL, PLL, T
QLLygg =[ QLL, QLL, QLL, T"

The Real and Reactive Power flows, Voltages at the
buses in pre/post fault PDN are calculated using the
following recursive equations. The lines are represented
by impedances 7, = R, +j X, and the Real and Reactive
Power Demands are represented as complex power sinks
S, =PD. +j QD,. The substation voltage / root branch
voltage has, assumed as 1.0 p.u. The remaimng node
voltages are calculated using the Eq 13.

nhus nhus-1
o= )P+ YPOS;

Fitl At
nhs nbus-1
Ga = ZQ it EQ]—OSi (10)
Fitl At :
for 1=1,2.. (NB-2)
P* +Q’
PLOS: 1 =Ri x | F T ()
Vi
P +Qi
QLOS is1i=Xix —Q (12)
Vi
V2
PRy + Qi XX —‘ ‘ @2”‘52}
\Vi+l| - 1+1 +Q1+1
W 2
= P ¥Ry Qg X — 21

(13)
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The detailed formulation of the mathematical model
is presented in""'?. The real and reactive power losses are
calculated using the Eq 11 and 12.

Problem formulation: The main objective of the power
factor improvement and voltage violation minimization
problem is:

¢+ To minimize the number of capacitor switching
operations

¢+ To improve the power factor to the optimal value of
0.98

+  Tomimmize the voltage limit viclations

Let X be the set of alternative set, i.e. various set of
the capacitors conmnection/disconnection in the EPDS.
The main objective in X is fuzzy subset <T o minimize the
number of capacitor switching operations>, < To improve
the power factor to the optimal value of 0.98>, < To
minimize the voltage limit violations™ as described by goal
H. If X is the alternative set then the simple representation
& X =1, x X is the distribution system reaction on the
effect of the capacitor switching. Then the main objective
is subset H of reaction set T and H is described by
membership function uy (x), which denotes the degree
that x belongs to fuzzy subset H and is normally limited to
values Oand 1. A high value of py (x) implies that it is very
likely for x to be in H. The fuzzy alternative set L
providing the achievement of the goal H is a prototype of
fuzzy set 1, through representation &, i.e.

My (36) = 1, (6 (1)), %X (14)

The more membership value of the alternative x to H,
the more achievement degree of this goal through the
alternative selection of x as the solution exists. Then this
problem is considered as achievement problem of fuzzy
goal Ly under necessary fuzzy constraints.

Therefore, the fuzzy problem solution of fuzzy goal
achievement is a fuzzy set intersection of main objective

and constraints, i.e. the membership function is defined
by

Up (x) = min {1y (), Wy Kacsm (5), W2 Ugpepase (8, W3l guivm

(x)} (18)
where w; is the weight for i® constraint importance
which is given by power distributionengineers/

distribution system substation operators.
The system function is described by the state
equation

P
Qm

f, (x,
£, (%

Vo
ik

o N-1
. N-1

(19)
(20)

TXe T
X =
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The load distribution between sections is changed
under switching operations. Therefore the load changes
as the single figure representation : U > 1. At the random
time t the controlled voltage value V, must be submitted to
given fuzzy main objective H under fuzzy constraints
SCSMIN, SPFMAX and SVLVM described by fuzzy
subsets of set V with membership function p, (V).

Consider this system control at the time mterval from
0 to N-1. The problem solution is to select the equations
of succession V, V|, V,, ......... ., Vi, which meets the
fuzzy constramts SCSMIN, SPFMAX, SVLVM and
provides for fuzzy main objective aclhievement H,. The
fuzzy solution of the problem is defined by

up (Ve Vi, Vs,
W e (X )}

o Voo = g (Vod, o g (Vi)

2D

The maximizing problem sclution as control
successive Vi, V,, V., ... . V., which maximal

membership degree of fuzzy solution D is

Up (Vo VLV,
Woen (X0} ]

Vi) = max [min {pg (Vo) o pgg (Vi)

(22)

Finally the membership function for achieving the

minimal number of capacitor switching operations,

improving the power factor and minimization of voltage
limit violations is given by

Wy (2 ) =max [ min {p (Vie), Hew (£, Vigad]

(23)

The function [ 5y, (X 4, ) 18 the membership function
of the main objective for control problem at the time
interval from 0 to N-2 corresponding to the given control
goal Gy at the time mterval from O to N-1. The system
transition from the state x , to the state x ., by the
selection control Vi, V|, V,, ..., V|, is defined by Eq 19 and
20. Then by selecting the control V;; we can get maximal
achievement of the degree of main objective g, (x ).
Thus the maximal achievement of the degree of main
objective Gy, n the case when on V), ; step system 1s in the
X . State.

Solution algorithm:

Stepl: Read line resistances and reactance’s, real and
reactive power demands, substation voltage,
convergence tolerance, transformer ratings and its
tap ratio’s.

Step2: Perform the load flow analysis using forward
substitution method and then compute the power
factor at the various nodes i the distribution
network

Step3: Check whether voltage at all the nodes is within
0.95 and 1.05 p.u. If voltage at the particular node
15 less than 0.95 and p.f at that node 1s less than 0.
98 compute the optimal leading MVAr [9] to
improve the pf to 0.98 using the following
equation.

AQ . =PD;(tan@-tanB);, 1=23,. NUV, (24
where

AQ | = required capacitor size in MV Ar,
PD , = System demand at the i" node

Table 1: Load flow results without power factor improvement and also without voltage limit violation minimization for the 28 Bus electrical power

distribution svstem

Shunt Shunt
Bus [v]in Power capaciter Bus [v]in Power capaciter
No p.u factor in MVAr No p.u factor in MVAr
1 1.0000 0.8753 0.0000 15 0.8406 0.8829 0.0000
2 0.9700 0.8737 0.0000 16 0.8341 0.8877 0.0000
3 0916 0.8769 0.0000 17 0.8284 0.8975 0.0000
4 0.9376 0.8782 0.0000 18 0.8264 0.9001 0.0000
5 0.9358 0.9092 0.0000 19 0.9627 0.8697 0.0000
6 0.9851 0.8992 0.0000 20 0.9608 0.8702 0.0000
7 0.9759 0.9121 0.0000 21 0.9582 0.8767 0.0000
8 0.9722 0.9114 0.0000 22 0.9562 0.8984 0.0000
9 0.9679 0.9099 0.0000 23 0.9358 0.8950 0.0000
10 0.9106 0.8823 0.0000 24 0.9324 0.9107 0.0000
11 0.8926 0.8814 0.0000 25 0.9290 0.8950 0.0000
12 0.8847 0.8854 0.0000 26 0.9819 0.8944 0.0000
13 0.8618 0.8815 0.0000 27 0.9809 0.8944 0.0000
14 0.8496 0.8809 0.0000 28 0.9803 0.8944 0.0000

Total real power demand (PPLOAD) = 1900.00 Kw total real power (PL) = 179.4095 Kw
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Fig. 6: 29 Bus practical electrical power distribution system

Table 2: Fuzzy control rules for the minimization of capacitor switching

operations and voltage limit violations

Power

factor
Voltage LN miN SN ZE SP MP LP
N LP LP LP MP MP 3P 7ZE
MM LP MP MP MP 3P ZE SN
SN LP MP SP SP ZE SN MN
ZE MP MP SP ZE SN MN MN
Sp MP SP ZE SN SN MN LN
MP SP ZE SN MNGOMN O MN LN
LP ZE 8N MN O OMN LN N N

Total Real Power Demand (PPLOAD) = 1900.00 Kw
Number of Capacitor switching operations = 12
Total Real Power Loss PL = 135.7742 KwO

tan ¢ = tangent of original power factor angle

tan 6 = tangent of economic power factor angle

NUV = mumber of nedes which suffers from low power
factor problem

Step4:

Step5:

Step6:

Using Fuzzy logic information structures obtain
the optimal number of capacitors to comnect /
disconnect to unprove the power factor and
minimize the voltage limit violations.

If there 1s any change in load go Step 1,
otherwise go to next Step.

Stop.

Table 3: Load Flow results without power factor improvement and also without Voltage limit violation minimization for the 28 Bus Electrical Power

Distribution Systems
shunt shunt
Bus [v]in Power capaciter Bus [v]in Power capaciter
No p.u factor in MVAr No p.u factor in MVAr
1 1.0000 0.9792 350 15 0.8667 0.9397 0
2 0.9784 0.9760 350 16 0.8615 0.9995 0
3 0.9573 0.9913 350 17 0.8566 0.9974 100
4 0.9544 0.9992 200 18 0.8548 0.9853 0
5 0.9530 0.9842 0 19 0.9718 0.9727 25
6 0.9881 0.9999 0 20 0.9701 0.9940 0
7 0.9807 0.9993 0 21 0.9677 0.9327 50
8 0.9779 0.9967 100 22 0.9659 0.9914 0
9 0.9746 0.9933 23 0.9527 0.9708 0
10 0.9292 0.9604 100 24 0.9497 0.9989 25
11 0.9127 0.9487 0 25 0.9467 0.9863 0
12 0.9061 0.9983 0 26 0.9853 0.9991 0
13 0.8890 0.9961 200 27 0.9844 1.0000 50
14 0.8751 0.9682 0 28 0.9839 0.9701 0

14
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Table 4: Comparison of Results of Proposed Method with the Basic
Intuitive Method

Quantity Basic intuitive method  Proposed method

Number of capacitor

Switching operations 28 12

Total system losses in KW 156. 6253 135.7742

Computation time 2308 8.26 s
RESULTS AND DISCUSSION

The validity of this new fuzzy based non-linear
control technique has been tested on 26 Bus, 28 Bus, 33
Bus and 69 Bus practical distribution systems. The
detailed explanation of this new proposed fuzzy based
technique for the 28-Bus Practical distribution system of
a rural area in Andhra Pradesh State (India) 15 presented.
The Bus diagram of 28-Bus practical distribution system
is shown in the Fig. 6. Table 1 gives the load flow results
without power factor improvement and also without any
shunt reactive power compensation in 11 KV distribution
systems.

The fuzzy control rules are given in Table 2. for
example, If Voltage 1s Large Negative (1.e, too small or
very less than 0.95 per umt) AND Power Factor 1s also
Large Negative (i.e, less than 0.8), then the Capacitor to be
placed at that node in the distribution network is Large
Positive. The results with capacitor placement and also
with power factor improvement are presented in the
Table 3.

The results show that the real power loss has been
reduced from 179.4095 Kw to 135.7742 Kw, 1.e. witha
reduction of 43.63 Kw. The losses has been found be
reduced from 9.44 % to 7.14 % of the real power demand.
The losses can further be reduced with reconfiguration of
the power distribution network.

The results obtained by this proposed new fuzzy
based non linear control technique are compared with the
basic intuitive method™ . These results of comparison are
presented m the Table 4. The result shows that, the
mumber of capacitor switching operations has been
reduced from 28 to 12, with significant reduction in system
losses. This considerable reduction of capacitor switching
operations helps to mimimize the voltage fluctuations in
the distribution systems.

CONCLUSIONS

A new approach based on fuzzy reasomng for power
factor improvement and voltage limit violation
minimization for distribution systems is developed. This
new techmque has been tested on 26-Bus, 28-Bus, 33-Bus

15

In the
proposed algorithm the power factor has been found to be

and 69-Bus practical distribution systems.

improved and voltage linit violations are also mimmized
by mimimizing the capacitor switching operations. The
results obtained are same as that under practical testing
conditions of Electrical Power Distribution Systems. The
advantages of this fuzzy logic based non-linear control
techmque includes single iterative process and less time
consuming, it reduces mathematical complexity, multiple
security constraints can be taken inte consideration,
problem can be extended to multi-level objective
functions. Hence this fuzzy based non-linear control
technique can be used for efficient planning and
operation of the Electrical Power Distribution Systems.
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