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10.4.1.2 Constraints

'Volt;a;gimnsuaipts will be taken into account by
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where
F... = energy loss COst,
F. 0 — cost 0l fixed t;itp;lf.;i{t'}ﬁ-.
F..oncity = COSI corresponding to losses (&.g., used
capacity of the system).
P,.. = total system losses.
v = bus voltage vector at harmonic A,
considered,

L = highest order ol harmonics

size of connected capacitors,

=
Il

T = duration of load (hours/year),

apacitor buses,
Table 103

MC = set of possible shunt €

K., = cost per unit of fixed capacitance {

(37, 45]).
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10.4.2.2 The MSS Algorithm

The sl ApAc
- p:um capacitor placement and sizing problem in
esence of linear and ’

S nonlinear loads is ¢ '
i e 1S 4n opti-
crete c.:n problem with discrete variables (e.g.. dis-
u%inr.. v;lues of capacitors). This problem is solved
n; v the hann.a‘mc power flow algorithm and the

aximum sensitivities selection (MSS) method as

follows (Fig. 10.5):

Step 1:. Eﬂ-m}t system parameters (e.g., line and load
specifications, system topology. and number of
load leve::lsL Select the first load level (e.g.. k=1)
and set initial capacitance values at all possible
compensation nodes to zero. For other load levels
(k = 2), use the capacitor values, computed for the
preceding load levels, as the initial capacitor values

of the compensation buses.

Step 2: Calculate harmonic power flow at load level
k and compute the objective function (Eq. 10-8).
Step 3: Calculate sensitivities of the objective func-

tion with respect to capacitances at compensation

buses (Egs. 10-10 to 10-11).
Step 4: Select SC candidate buses with maximum

sensivities.
Step 5 (temporary change of system topology): Add
one unit of capacitor to one of the candidate buses.

Calculate harmonic pow
ohjective function. Remove &

capacitor unit from the corresponding candidate
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cation of shunt capacitor banks for reactive power
compensation of distribution systems under sinusoi-
dal as well as nonsinusoidal operating conditions.
The capacitor placement problem of a distribution
system consists of determining the optimal locations,
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maximum annual benefits within the permissible
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10.2 DRAWBACKS OF REACTIVE
POWER COMPENSATION

et L B L e
Although capacitor banks can undoubtediy provide
many benefits to a power system. there are several
situations where they can cause deterioration of
the power system. They may result in power quality
problems, and in damage of connected equipment.
In some situations, capacitor banks themselves
may also become victims of unfortunate circum-
stances. Optimal placement and sizing of shunt
capacitor banks as discussed in Sections 103 and 104
will prevent most of these problems. This section
highlights some drawbacks of reactive POWET

compensation.

Resonance. Resonance < the condition where the
capacitive and inductive Teaclances of a system
cancel each other, thus leaving the resistive elements
in the system as the only form of impedance. The

a1 which this offsetting effect takes place
is called the resonant frequency of the systen. Reso-

e conditions W ill cause unacceptable high cur-
with the potential 1o

frequency

nanc
rents and overvoltages to occur
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YABLE 10.1 Advant

ages and Disadvantages of Distributed (Pole-Mounted) Capacitors over Zone Substat:
. ' 0 Ingy,
Distributed capacitors I

l”.llh"l!r.

Component

Tnitial capital outlay

Reduction in l0sses
Network-utilization improvement
Voltage-profile improvement
Capitsl deferment

Remote monitonng and control
Maintenance and setling review

Accommadation/space

Less expensive
More effective
Maore effective
Effective

More effective
More expensive
More expensive

damage not only the installed capacitor but also
other eqﬁip’;ﬁcm operating on the system. In case of

resonance large power losses could be experienced

by the system.

Harmonic Resonance. If the resonant frequency
happens to coincide with one generated by a har-
monic source (e.g., nearby nonlinear load) then volt-
ag&s and currents will increase disproportionately,
causing damage fo capacitors and other electrical
equipment. Harmonic resonance may cause cap-
acitor failure due to harmonic overvoltages and

overcurrents,

Magnification of Capacitor-Switching Transients.
Capacitor-switching transients typically occur when
a large capacitor on the high-voltage side of the
power system (usually at the utility side) is ener-
gized. This results in magnification of transients at
low-voltage capacitors. The magnified transient at a
Jow-voltage remote end can reach up to 400% of its
rated values.

Overvoltages. The voltages of a power system are
often maintained within a specified upper and lower
limit of the rated value, Capacitors, especially
MW types, can cause overvoltage problems by
ingreasing the voltage beyond its maximum desired
value. This causes complications in the power system
and can damage and deteriorate the system.

T
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i B e T e e |

fy reasons and benefits for utilizing
R ' MS: J.liﬂ.! > powe mpﬁmﬂ
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Wi :.*_'_i' \'.', +. 5 10mg ,; "Imm r

' :. i -':-.' il * (1 -“_.. substa-
SRR 2o -
s been a growing trend to

N ;:l.r e i U

]
[
L

Overhead network required
Small impact on apparent power load

Failure of & capacitor unit

by utilities, 1t 1s available with

2one :mi-sxtutmn
h‘lﬂl'ﬂ Ll“m?‘*xtii‘ﬁulvh
Less elfective
Less effective
Ineffective
Less eflective
Less expensive
Less expensive
SPACe required al zone

Sub

LL’ITi.!L‘ lIl‘l‘lpi...Ll 0on ﬂ'"lh_.n

4Pparent POWer |
W1 o

distribute reactive compensation (e.g. 4l
voltage overhead feeders). Movine Lﬁ;ll;-llf-:lw Nigh,
closer to the load i1s an uff::cli\.:;- w--,;,- Or banjy
network losses, defer costly capital pr‘u.mt:l n:-du:;:
improve network utilization as e L ”.{':m'j
profiles of the distribution network. - Vollag

Pole-mounted capacitor banks can be of eithe
switched or fixed type. They have the abiliy :::h”
distributed along overhead feeders with L'Ilht;'. me
such are a very popular choice for reactjye fnmp.,?
sation. Fixed capacitors are usually sized for mmimlm
base-load conditions, whereas switched units g
designed for loads above the minimum. Syjichy
capacitor banks provide the capability and the ey
bility to control the reactive power along the feeder
as the load ChﬂﬁgES. Table 10.1 shows some of ‘the
different advantages of distributed versus zom
substation capacitors.

There are several control strategies available for
switched capacitors, the number of which is mainly
constrained by the needs and the complexity of the
capacitor bank. Some of the more well used and
documented techniques are

 Voltage control: Capacitor switching relies o1
known upper and lower voltage limit set by he
utility. The bank is switched in and switched outal
those voltage limits.

¢ Time control: It does not require any measured
values, as capacitor switching is solely based 08
time, This approach is often used with well-Knowik
time-dependent load conditions.

 Reactive-power control: Capacitor switcl
performed when the easured reactive PN
flow of the line exceeds a presc level.

jing

10.2.1 Open-Rack Shunt Capacitor Bank

e one Ol

Tha : acitor bank 4
The open-rack shunt capacito s

the most common types of el I‘hlh' fused
internally

gptime! ©

.“m.ni and Sizing of Shunt Capacitor Banks |, the

10.2 1‘5"’“3' Ratings and Locations of Distribution Shunt ¢
E. = d .

Presence

of Harmoncs

Type Internally fused

Externally fused | 2-600

1. 2-600)
1 50-360))

Fuseless

UP 1o 100

15

APACIOr Banlke
T_lﬂlr dtor bank : anks i"”!
/wwﬂult Maximum POwer (MV Ar)
== AL
K

L !P 1o GO0

Maximum voltage (V)
: Location

Up to 700

Out
2.4-76% door

Duatdoor

35-765 _
Outdoor

24 L1

138

OO0 kv Ar/ 24

Ht;_'p
24

ternally fused, or fuseless capacitor units (Table
TE:) The major advantage with this type of capaci-

¢ bank is its compact design, small footprint, and
1o

case Of maintenance.
i

aternally Fused Open:Rack Capacitor Bank. These
hanks have internal fuses for Tht‘ culrrcnt-limiting
wclion; one fuse 1$ conr}ccted in series with each
element within the capacitor. T.he}' are designed and
mm'dinated to isolate internal faults at the capacitor-
¢lement level and allow continued operation of the
;ﬁmainiﬂg' elements of that capacitor unit. A very
«mall part of ‘the capacitor 1S being disconnected
lsdf.hea]ing), and therefore the capacitor bank
cemains in service. The designs are customized per
custﬂmer's;)eciﬁcations and generally include racks,
capacitors, insulators, switches, imbalance protection
cheme, and current-limiting reactors. An internally
fused open-rack capacitor bank provides the follow-
ing main advantages:

« cost-effective,

« utilizes large KV Ar size units,

+ few live parts are exposed,

« well-known technology (over 50 years of experi-
ence), and

» decreased installation and maintenance time and
cost with proven reliability in the field.

Edernally Fused Open-Rack Capacitor Bank. These
open-rack capacitor banks [49] are typically used
at substations and utilize an external fuse (curren
limiﬁng) as a means of unit protection. The designs
are customized per customer specifications and gen-
“fﬂ.ﬂ}' include racks, capacitors, insulators, fuses,
*iﬁ"ﬂﬁfm Structures. switches, imbalance pnnuulinn
scheme, and current-limiting reactors. An externally
fﬂﬁ&d; open-rack capacitor bank provides the follow-
g main advantages:

' "'-isﬂﬂl"'inﬂlﬁatiun of blown fuses.

* ulihizes small kV Ar size units, and

" Wellknown  technology (over 70 years of
“xperience),

Fuseless Open-Rack Capacitor Bank.

» i‘hL‘ A P
Open-rack substation b e types of

anks {49 utilize an imbalance
Ay the _primary means of protec-
L nternal or
design. The “string”
reliable ,

protection scheme as
tion,
external fuses in this
configuration provides a very

and cost-effective ) '
AN ¢ design for banks rated
5KV and above. 3

i | A fuseless open-rack capacitor
dank provides the f

ollowing main advantages:

(] " . & 11 Tl : ¥ - :
cost-ellective and compact size,

* utilizes large kVAr size units

* few live parts are exposed.
reduced installation and maintenance time as well
as reduced cost, and

* proven rehability in the field.

10.2.2 Pole-Mounted Capacitor Bank

Pole-mounted capacitor banks [49] provide an eco-
nomical way to apply capacitors to a distribution
feeder. The aim s to provide voltage support, lower
system losses, release system capacity, and ehiminate
power-factor penalties. They are normally factory
prewired and assembled, ready for mstallation. Table
102 outlines some of the typical ratings of pole-
mounted capacitor banks.

Pole-mounted capacitor banks are typically sup-

]"hcd with the l"UHL‘r\HH*_: Sl of L‘rplinlhi

o aluminum or galvanized steel rack,
« 0il or vacuum switches,
e junction bOX,
« switching controller,
o wildhie guards,
® II‘iHlILih‘Li condugtor
control power transformer,
distribution class arresiers,
fused cutout, and

current-lmiting reactors.

10.2.3 Modular Capacitor Bank
or bank [49] 18 pruungllwcrcd
breaker, protection, and

| tested on a

The modulal capacil

a powel circull

sontrol panel, all factory mounted anc
L

with
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TABLE 10.1 Advantages and Disadvantage . 2 Typical Raungs and Locations of Dist ribution Shunt . .
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iti F’_. ital outlay LS EXpnive TYpe of shunZ =2 Internally fused =T (M ax)
Initial cap:fal Mare effective m B it
1on in losses ] ¥ dally luse .
REdUCILn nliza"un irnprﬂvemen[ Mﬂff efﬁ:{:[]\r’ﬂ' FUSElﬂq‘; 19 2.4 765 UUldﬂﬂr
erwork-u . : 2~ Gsliing
Netw R Effective i 600 i Outdise
Vﬂ!laﬁcép SxtiiEnt More elfective Less ef fective | pﬂhymﬂ“"wd :;fk}m 0 2.4.3¢ Outdoor
Capirtal defern : ey . | Tp 1o 1(x 2
'Re:::ute monitoring and control More expensive Less EXpensiye Modular o HP 0100 12
Maintenance and setling review More expensive s =XPensive | Enclosed X hed ]i.; 0 k “
1 -, 1 g . a E ! r! ‘. -
3 al S edi Overhead network required Space f€quired ;1 20ne g ' E”cmsed SWILGAES VAr Step 5
ccomi A . _ : S0 SUbgtays —_ -
Failure of a capacifor unit Small impact on apparent power load Large impagt oy aDparen LT
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\L“H - «ternally fused, or fuseless capacitor units (Table Fuseless Oiieniha -
;52) The major advantage with this type of capyg;. ck Ca

— : (or bank is its compact design, small footprint, and

damage not only the installed capacitor but also distribute reactive Compensatiop (e.g. along | e of maintenance. o T s
other equipment operating on the system. In case of voltage overhead feeders). Moving Capacito, hrjé'f{‘-'- g & e :I gn:”n,_i:m f’l .
resonance large power losses could be experienced  closer to the load is an elfective y,, to mjn%i - [nternally Fused Open-Rack Capacitor Bank. These T L r_ln_f:.l__mm;gurat_mn Provides a very
by the system. network losses, defer Costly capity] Cxp“'ﬂdilu;e e i current-limiting 35 1, g
Improve network utilization s well a5 .,.ﬂfllzz:f[ action; one fuse Is connected in series with €ach  papk Drovides [he.n.

Istributi : : . llowing main ac Tt o
Harmonic Resonance. If the resonant frequency profiles of the distribution network element within the capacitor. They are designed and = Main advantages:

happens to coincide with one generated by a har- Pole-mounted capacitor banks can be Ofeithery, §  coordinated toisolate internal faults at the capacitor- s .;_-U.Et‘ﬂ-m“-w and compact size.
monic source (e.g., nearby nonlinear load) then volt- switched or fixed type. They haye the ability 0 h; ' glement level and allow continued operation of the . Fl_llllzf::s large kVAT size Hiite:

ages and currents will increase disproportionately,  distributed dalong overhead teeders with caac.anda; remaining elements of that capacitor unit. A very : li@- Im parts are exposed, |

causing damage fto capacitors and other electrical such are a very Popular choice for reactive mmpfn_' small part of the capacitor is being disconnected reduced installation ang Maintenance time as well

as reduced cost. and

€quipment. Harmonic resonance may cause cap- sation.Fixedcapacitorsare usually sized LT minimyp (self-healing), and therefore the capacitor bank ] R e :
acitor failure due to harmonic overvoltages and base-load conditions, whereas SWitched upits gpe remains in service. The designs are customized per proven reliability in the field.
overcurrents, designed for loads above the minimum, Switcheg customer specifications and generally include racks.

capacitor banks provide the Capability and the floyi. §&  capacitors, insulators, switches, imbalance protection 10.2.2 Pole-Mounted Capacitor Bank
Magnification ~ of Cﬂpﬂcltor-'Swltchlng Transients. bility to control the reactive power along the feedr scheme, and current-limiting reactors. An internally  Pole-mounted capacitor banks [49] provide an eco-
Capacitnr-switchjng transients typically occur when as the load changes. Table 10 1 shows .‘;UIIIC of the fused open-rack capacitor bank provides the follow-  pomical Way o apply capacitors to a distribution
a large capacitor on the high-voltage side of the different advantages of distributed versus 7o ing main advantages: teeder. The aim is to provide voltage support, lower
power system (usually al the utility side) is ener- substation capacitors. + cost-effective. system losses, release System capacity, and eliminate

gized. This results in magnification of ransients at There are several control strategies available for power-factor penalties. They are normally factory

_ = . * utilizes large kVAr size units,
low-\foltage Capacitors. The Magnified transient at 4 switched capacitors, the number of which i manly

prewired and assembled. ready for installation, Table

| can reac ' : * lew live parts are exposed,
l‘-”_:":‘?“:lge T€mote end can reach up to 400% of its constrained by the needs and the complexity of the '
rated values.

. . . 10.2 outlines some of the typical ratings of pole-
* well-known technology (over 50 years of experi-

: o 2d capacitor banks.
cdpacitor bank, Some of the more well used ad ence). and mounted capacitor ba

' ’ole-mounted capacitor banks are typically sup-
documented techniques are ' decreased ; s ol 0 el Pole ‘ nks |
; | - ke ation and maintenance KNG, AN plied with the following set of options:

* Voltage control: Capacitor switching relics oné ‘st with proven reliability in the field.
Known upper and lower voltage limit set by (€
utility. The bank is switched in and switched outd
those yoltage limits.

* Time control: It does not require any ”“»'f‘-‘“f_':d
values, as capacitor switching is solely based f}”
tme. This approach is often used with well-kioi
.ME-dependent load conditions.

e aluminum or galvanized steel rack.

Eﬂﬁmllly Fused Open-Rack Capacitor Bank. These ¢ 0il or vacuum switches,
“Pen-rack tapacitor banks [49] are typically used e junction box,

5!' Substations ang utilize an external fuse (current e switching controller,
imiling) 45 4 HIEans of unit protection. The designs  « wildlife guards,

'?”’ “Uslomize PEr customer specifications and gen- ¢ insulated mmim:tur,.

ally include racks, capacitors, insulators, fuses, * control power transtormer,

. tlevar . _ . 1
. Reactive Ower control: Capacitor switching & “Vation Sll'llCturf:s_. SWitches, imbalance protection
; ' ) c O . « ' 4 : < 5 ‘
perfunneg hen the measured reactive POV fu:me' and Gurfent-hmlllng reactors. An externally
- en - - ‘ .i I . . 3 .
| % et lavel I ““dopenragy sdpacitor bank provides the follow-
flow of the Jine exceeds a preset level. ing mait o

¢ distribution class arresters.
e fused cutout, and
current-limiting reactors.

2 oy odular Capacitor Bank
Wit _ 10 citor Bank ' "’lxu&lmdieat' . it 10.2.3 M < e s
solutiong fmipﬂl'-: A1 Open-Rack Shunt iapa ol . "tﬂizg B fuscs, h jular capacitor bank [49] is preengineere
: gﬂrmmﬂ - . _ , 41;] {§ OnE ' HHES Small kVArs' | its. and ['he modular c: AC e & e
B Deen popular Tha e itor bank | L PO WLl SIZ€ units, an : ol er circuit breaker, protec ;
B Tt The __up.en.rack shunt capacito o panks usid We]j,knﬂ“,n_ tekinc fover. 10 vears of with a power Ll‘fl. ) R e
T GLZone subsia- the most common types of capacilo i fused ,expﬁﬁ;ﬁm) - gy : control panel, all tactory mounted i

-..'.--.# = I.I via. I L~ . a . 4 . q
BTOWing trend 1, by utilities. It is available with inter
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cteel structure. A modular capacito

minimal field insta
Table 10.2 outlines some
voltage ratings of a modu

A modular capacitor
main advanlages:

« many standardized configuration

(o fit customer needs, . :
» factory tested and assembled, reducing environ-

mental project delays and enhancing quality; -

« available as a stand-alone unit or integrated mnto
preexisting substation.

s casily relocatable, and

e future expandability with lower costs than

traditional banks.

lar capacitor bank.

10.2.4 Enclosed Fixed Capacitor Bank

The enclosed fixed bank [49] 15 a fully insulated and
fixed reactive compensation Sysiem. Its compact
design and its full insulation makes the enclosed
fixed bank easy to place and it requires no fencing
or extra protection, Table 10.2 outlines some of the
typical power and voltage ratings of an enclosed
fixed capacitor bank.

10.2.5 Enclosed Switched Capacitor Bank

The enclosed switched bank [49] is a reactive com-
pensation system with modular, multistage switched
capacitor steps that will automatically compensate
the network to maintain a preset power-factor level.
Table 10.2 outlines some of the typical power and
;Z:lt_]a‘ge ratings of an enclosed switched capacitor

The enclosed switched bank is available with the
following options:

* inrush or detuning reactor,
* cooling or heating,

* imbalance protection,

* stainless steel,

* user defined step sizes,

*® switched or fixed,

* indoor or outdoor, and

* automatic or manual,

10.3 CLASSIFICATION OF CAPAC

-3 CLASSIFICATION OF CAPACITOR
ALLOCATION TECHNIQUES FOR SINUSOIDAL
OPERATING CONDITIONS
The problem of capacitor ;ﬁ_‘llmﬁm for loss reduc-

Systems has been exten-

y IW and many documents have been

d [1]. Solution techniques for the capacitor

r bank requires

lation and commissioning work.
of the typical power and

hank provides the following

s with flexibility

some utilities today still implemen

ch{prEE i
allocation problem can be ¢

" assifieq INtg
categories: [0llgy

]

e analytical methods,

e pnumerical programming (including g,
gramming (DP), local \.’Hl'i;ilim]ﬁ‘ {i'{‘rﬂnu i
integer pl“ugmmming, and intepe, )\ Miygg
programming), - Hladrag

e heuristic approaches,

« artificial intelligence-based
expert systems, simulated dlinealing ., ...
neural networks, fuzzy set theory ;‘;’l;d"”.”‘tml
algorithms), | cenel

» graph search algorithm,

e particle swarm algorithm,

e tabu search algorithm. and

+ sequential quadratic programming.

algorithms (inclyg
lﬂE

This section introduces each method

: , ) and Presents
their merits and shortcomings.

10.3.1 Analytical Methods

All early works on optimal capacitor allocgtjg
under sinusoidal operating conditions with lie
loads used analytical methods. These algorithms
were devised when computing rcmurc;:s were
unavailable or expensive. These methods mainlyrels
on analytical approaches and calculus to dt‘:icrrmin;:
the maximum of a capacitor savings function. The
savings function has often been given by

S=K,AE + KpAP - K.C, (10:1)

where K;AE and K,AP are the economic €ncr)
and peak-power loss reductions due to capadidt
placement, respectively, and K.C 1 the capacitor
installation cost.

Initial techniques (by Neagle and Samson 2}
Cook [3], Schmill [4], Chang 5], and Bae [6]) achieyed
simple closed-form solutions 10 maximize Some
form of the cost function (Eq. 10-1) hased on unre
alistic assumptions such as constant feeder condue
tor sizes and uniform current loading. This eariy
work established the famous wo-thirds rule il
advocates for maximum loss reduction, d
rated at two-thirds of the peak-reactive |l'-'i"_‘j~ ﬂ’;
installed at a position two-thirds of the distans

along the total feeder length. Despite i
hirds rule 1€ .h“'

! Lt;lp:icltuf

these anredt

placement program based on this rule ; opls
p | - . S - . :-l
capacitor manufacturers list this rule in thell

tion guides.

npllﬂ"l Pl

techniues (Grainger [7] and Salama [8))
ore aceurate results by formulating equiva-
ormalized feeders with sections of different
ductor sizes and nonuniformly distributed loads,
¢

|| as the inelusion of switching capacitors and
gy WelL o

lond yariations.

of Analytical Methods. One drawback of
| methods is the assumption of continu-
The calculated capacitor sizes may not
ilable standard sizes and the optimized
plat:ﬂfﬂﬂ“m may nnt. cu?nci(?ie with the pl'u_rs.ical node
jocations in the distribution system. Ihe results
would need to be rounded up or down to the nearest
pracliﬁal value and may result in an overvoltage situ-
ation or @ loss saving less than the calculated one.
Therefore, the earlier works provide a rough
e of thumb for capacitor placement on feeders
with evenly distributed loads. More sophisticated
analylical methods are suitable for distribution
systems Of considerable sizes, but they require more
distribution system information and more time to

meb acks

all aﬂal}'lICH
qatch the avé

implemem.

10.3.2 Numerical Programming Methods

Various numerical programming methods were
devised to solve the capacitor allocation problem as
cwomputing power became more readily available and
computer memory less expensive. These are iterative
oplimization techniques used to maximize (or mini-
mize) an objective function of decision variables. The
values of the decision variables must also satisty a set
of constraints. For optimal capacitor allocation, the
saving represents the objective function, and opera-
tional restrictions (e.g., locations, sizes, and numbers
ofeapacitors, bus voltages, and currents) are the deci-
sion variables that must all satisfy operational con-
straints, Numerical programming methods allow the
use of more elaborate cost functions for the optimal
'{“Pﬂdtnr placement problem and the objective func-
lons ean consider all voltage and line loading
“nstraints, discrete sizes of capacitors, and physical
locations of nodes. Using numerical programming
ethods, the capacitor allocation problem can be
formulated as follows:

maximize S=K,AL - K:C
subject to AV < AV .

L]

(10-2)

whe " * |
e“&mxmb I8 the cost saving, which may include
mp&? :a'nd peak-power loss reductions and released

Y, K€ is the installation costs of the capaci-
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Turs. and AV is the ch
installation.

of AV

Mmax-

ange in volt:
e ANEEIn voltage due to capacitor
1CA must not exceed a3

maximum
| he first applications
(DP) to the ¢g
19] and F
sidering

o of dynamic programming
- pacitor placement problem (by Duran
awzl e | | -

tal [10]) were simple algorithms con-

only the ene

¥ L'r%-:"l‘"l{]qu\i rch{:l
. i - = ¢ ][}n' ] =1 )
dppdmm F’“‘-‘-"c[, rL]LdS{,d

and the discrete natiirs :
sizes. L rete nature of capacitor

aler w s inclhude ieaty

o “_: 2 orks Imu.,iudu applications of local varia-

» \DY Fonnavaikko and Rao [11]), mixed integer

Programming and intepe . &

o MB ming and infeger quadratic programming
/ baran ; f y :
\ an and Wu [12]) to account for the effects of

load grow = .
ad growth, switched capacitors for varying load

and regulators in a distribution svstem.

D‘fawhat_:ks of Numerical Programming Methods. The
level "‘" sophistication and the complexity of the
””[T"“”C“I programming models increase in chrono-
'I(llgl{.'ul order of their publication time. This Progres-
sion c_uncurs with the advancement in computing
capability. At the present time, computing is relatively
mexpensive and many general numerical optimiza-
tion packages are available to implement any of the
above algorithms. Some of the numercal program-
ming methods have the advantage of considenng
feeder node locations and capacitor sizes as discrete
variables, which is an advantage over analytical
methods. However, the data preparation and interface
development for numerical techniques may require
more time than for analytical methods. The main
drawback of all numerical programming approaches
is the possibility of arriving at a local optimal solution.
herefore. one must determine the convexity of the
capacitor placement problem to determine whether
the ['L‘“«Uh '}'IL'MKTLI ]“ a ﬂU['IW'F'WJI pmgmmming tech-

nique is either a local or global extreme.

10.3.3 Heuristic Methods

Heuristics are rules of thumb that are developed
through intuition, experience, and judgment. They
h al strategies that reduce the
and can lead to a solution
a good level of confidence.

produce fasl and practic
exhaustive search space

that is near optimal with
strategies to the optimum

In upplx-'m}_zhcurmiu search tim
. acitors in a distribution

ent and sizing of cap
a small number
nstalling capacitors that

placem _ i)
stem, often of nodes, named sensi-
SVSICILL,

five I"IUIJL‘\'-_ are "\L’lk'L'[L‘d for 1
the net savings while
is to decrease the

imi achieving a large
oplimize | b

loss requction. ['his
search space, while keeping the end
at an optimal or near
due (O the

overall
exhaustive
result (objechive function)

| Alue. Heurstic approaches,
optimal value. Heu D

_____-d



istributi »m that
the distribution system ve ‘
on loss reduction and then maximized the power loss

l reduction from capacitor compensation. Cl:ns f?t_al.
I' [14] improved on the work of [13] by deﬁtf.nmnmg
'j the sensitive nodes that have the ‘grezlltem impact on
1055 reduction for the entire distribution system and

the effect of load varialions.

prawbacks of Heuristic Methods. Heuristic methods
are intuitive, easier to understand. and simpler to
implement than other optimization ljechmques such
asanalylical-andnumgﬁcalprngrammmgapproaches.
However, the results produced by heuristic algo-
rithms are not guaranteed to be optimal. Other
disadvantages associated with the use of a heuristic

search algorithm are as follows:

« The criterion of selecting the nodes with the
highest impact on the losses in a feeder section is
not totally representative for the state of the power
losses of the whole system and may result in
inaccurate results;

» Compensation is based on loss reduction in the
system rather than net dollar savings;

» If requires a large number of power flow runs;

« It only considers fixed capacitors: and

* It does not have the flexibility to control the
balance between the global and local exploration
of the search space, and its results may not be
globally optimal.

10.3.4 Artificial Intelligence-Based
(Al-Based) Methods

J. Tha pnpu]anty of artificial intelligence (AT) has led
I many reseﬂrchprs-lzt_o investigate its applications in
POWer system engineering and electrical machines.

i o g P Oaer, geneti algorithms (GAs), simulated
S ﬂﬂw'mmlmm}imdfnnym_theury (FST)

ek Whm proposed and implemented for optimal
R e 7 0t the above Al methods can be implemented
P"_ ,::Iill_ :'-I W W ‘ : m Mdﬁ?ﬂlﬂpmt !hellﬁ
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' | ' ther tech-
reduced compu'tal-ional time {_:GII'IPFHI'G‘CI to‘ othe i
niques, can be suitable for large distribution sy
i ' -line 1m Jementation, o
| e BJS"G C P sronosed a heuristic tech-
P Abdel-Salam e/ al. (13] propos | o
| ique 1o determine the sensitive nodes 1n sections
| o have the greatest effect

BH&MEHH
ANNs methods. For on-lipe applicat
only be used for a particylar ]uil:_l 'Ons,
would need to be retrained for e i - |
load curves that are characteristic of li Werg, Sy aﬁ
system. However, the use of ESs is b
on-line and dynamic applic |

Altery i

veryd

| {:1,!|;:I- "
alions,

10.3.4.1 Genetic Algorithms

The progressive introduction of pe
(GAS) as powerful tools allows Complie
nodal, discrete optimization problems q o
Genetic  algorithms use biological m‘lt Solveg
develop a series of search space Hoints h:l-mn lg
optimal solution. Similar to the natyry m_il:l‘{”_d i
life, GAs tend to evolve 3 gTOUp of init 10 of
generated solutions to a set of acceptable sojy

through successive generations. This appr :ﬁm
involves coding of the parameter sef rdlhﬁ :}Th
working with the parameters themselyes G:]
operate by selecting a population of the coded i“dmlm?
eters with the highest fitness levels (e.g. p
yielding the best results) and performing a combips.
tion of mating, crossover, and mutation Operationsop
them to generate a better set of coded parameters

Most traditional optimization methods move from
one point in the decision hyperspace to anothy
using some deterministic rule. The problem with thi
15 that the solution is likely to get trapped at a logl
optimum, Genetic algorithms start with a divens
sel (population) of potential solutions (hyperspae
vectors). This allows for the exploration of man)
optima in parallel, lowering the probability of getting
trapped at a local optimum. Genetic algonthms are
simple to implement and are capable of locating
global optimal solution.

Boone and Chiang [15] devised a method basd
on GAs to determine optimal capacitor sizes and
locations. The sizes and locations of capaciton it
encoded into binary strings, and crossover B ¥
formed to generate a new population. However, l?\ﬂiI
problem formulation only considered the costs ! ke
capacitors and the reduction of peak-powet
S.undhararajan and Pahwa ||h] pc.i'['l‘.-l’ll‘ll.'n.l i s
work with the exception of including cner
and implementing an elitist stralegy “? P
coded strings chosen for the nexl generatior {M;_
undergo mutation or crossover procedures Miuf
[17] revisited the GA formulation (o |
tional features of capacitor replacement 41"
for unbalanced distribution systems-

There are five components that ar Sile
implement a genetic algorithm:

nete Jl_ﬂunlhn
- I8

dled ”HJIu.

I.I.l [:IL_ M !-i ,.

aramelers

pfl-

[ sSEs

y Josses

ereby ¥

adde
include d

uplllllll

ceptatian

70 ': 111....101 Ull....nnn:J

B gene gene
(design variable 2) | oo (design variable 1)

T

o Jization, evaluation function, genetic operators,
it '

and gerlﬂ[ic parameters.

8 Representation. Genetic algorithms are

study of biological systems. In bio-

fogical systems gvolution takes placg on _tfrg_:t.nic

ﬂ,mponents used to ‘encode the structure of living

beings. These Organic components are Known as

Chm_mﬂsomes_ A living being is only a decoded struc-

wre of the chromosomes. Natural selection is the

ik between chromosomes and the performance of
(heir decoded Structures. In genetic algorithms the
dggign variables or features that characterize an indi-
vidual are represented in an ordered list called a
sring. Each design variable corresponds to a gene
und the string of genes corresponds to a chromo-
wme. A group of chromosomes 1s called a popula-
don. The number of chromosomes in a population is
usually selected to be between 30 and 300. Each
chromosome 1S a string of binary codes (genes) and
may contain substrings. The merit of a string is judged
by the fitness function, which is derived from the
abjective function and is used in successive genetic
operations. During eachiterative procedure (referred
loas generation), a new set of strings with improved
performance is generated using three GA operators
(namely, reproduction, crossover, and mutation).

genetl
Jerived from 4

Stucture of Chromosomes. Figure 10.2 shows an
example ilustrating the basic structure of a chromo-
some. Bit strings consisting of 0's and 1's have
been found to be most effective in representing
4 wide variety of information in the problem
domain involving function optimization. Many other
fepresentation schemes such as ordered lists, embed-
ded lists, and variable-element lists have been devel-
oped for specifie industrial applications of genetic
lgorithms,

'mu.!huu“i Genetic algorithms operate with a scl
f'f-‘lflrlgs instead of a single string. This set of strings
* known g5 o population and is put through the
'p"w: of evolution to produce new individual
.EW'TQ begin with, the initial population could be
:‘:ﬁu‘: With 'hﬂ?lll‘-isticully chosen strings or al runduulu.

HIErease, the initial population should contain

t and Sizing of Shunt Capacitor Banks |
armonics
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SUuctures to ensure the complete

Evaluation (Fitness) Fune

tion is tion. The evaluation func-

~l 4 Procedure to determine the
Chromosome in the popul

application orientated
proceed in
Mosomes.

fitness of each
ation and is very much
| Since genetic algorithms
the direction of evoly " |
| and the fitness v
ton available to the algor
highly sensitive :
Oplimiz

ng the fittest chro-
alue is the only informa-
ithm, the performance is
| to the fitness values. In the case of
b alion routines, the fitness is the value of the
objective function to be optumized. Genetic algo-
.mh ms are basically unconstrained search pmcch;ca
in the given problem domain .

ntheg . Any constraints associ-
ated with the pr

" oblem can be incorporated into the
Ul‘.ijt't‘ll\’u function as l‘n;n;]“}* functions.

Genetic Operators. Genetic operators are the sto-
chastic transition rules applied to each chromosome
during each generation procedure to generate a new
improved population from an old one. A genetic
algorithm usually consists of reproduction, crossover.
and mutation operators,

. Ht';"”'.‘ duction 18 a probabilistic Process for select-
Ing two parent strings from the population of
strings on the basis of roulette-wheel mechanism,
using their fitness values. This process 1s accom-
plished by calculating the fitness function for each
chromosome in the population and normahzing
their values. A roulette wheel is constructed where
each section of the wheel represents a certain
chromosome and its relative fitness value. This
ensures that the expected number of times a string
is selected is proportional to its fitness relative to
the rest of the population. Therefore, Strings with
hicher fitness values have a higher probabihty of
i:l;l'lll'“"lulll‘i_"_"_ offspring and are simply copied on
into the next generation.

° ('mxn‘u\'{'!' 1S the pu‘lcuw ol HE‘|L‘L‘IIII§ o random

]"‘Fl"l?iilik"l'l in the strng and swapping the characters

sither left or nght

larly |‘r;n'l|{mm*d string.

of this point with another simi-
Chis random position 1S
For example, if two
{ sirings are X, = 1010 11 and x, = 1001 > 0

l"rL‘L‘H "ii'll..‘h.'li.?i.’l as .\ht‘l‘ﬁ'll

L‘l”L'Ll the Crossovel PUIII[.

paren
and the crossover point has
by the colon, then if swapping 18 implemented 1o
ll;t s rioht of this point, the resulting offspring struc
L 2 I
| he V1 = 1010 : (0 and va= 1001 : 11

tures would -
11" to the right of the colon

[L .L.r.. Ill'\. | | . | : g
l‘ ¥ ] . ' g 0 o k "1 . 1| '|I . ' I.I
'Ll g—-
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parent chromosomes

+ occurring for two _
GRS - ¢ in range of 0.7 to

is usually set to a large valu

1.0
o Mutapion sl
4 string position by ¢

he process of random modiﬂcat_ion' of
hanging “0" 10 17 or viee
yersa, with a small probability. 1 t.prevents com-
pleté loss of genetic material through rc-pro(‘hfc-
tion and crossover by ensuring that the prﬂbﬂbﬂll’}f
of searching any region in the pmbilem‘ space is
nmvér sero. The probability of mutation 18 usually
assumed to be small (e.£.. between (.01 and (.1).

Genetic Parameters. Genetic parameters are the
entities that help to regulate and improve the perfor-
mance of a genetic algorithm, Some of the parame-
ters that can characterize the genetic space are as

follows:

e Population size affects the efficiency and perfor-
mance of the genetic algorithm. A smaller popula-
tion would not cover the entire problem space,
resulting in poor performance. A larger population
would cover more space and prevent premature
convergence to local solutions; however, it requires
more evaluations per generation and may slow
down the convergence rate.

e Crossover rate affects the rate at which the
process of crossover is applied. In each new popu-

lation, the number of strings that undergo the
process of crossover can be depicted by a chosen
probability (crossover rate). A higher crossover
rate introduces new strings more quickly into the
population; however, if the rate is too high, high-
performance strings are eliminated faster than
selection can produce improvements, A low cross-
over rale may cause stagnations due to the lower
exploration rate, and convergence problems may

» Muauan rate s the probability with which each bit
Emﬁﬂﬂ' of each string in the new population
mrm a random change after the selection
i g
=y s e R . ng-,le ’t'ﬂlllﬂ,
whereas a high mutation rate can result in essen-

GJ?. ethod, solution
en with the same initial
itis suggested (o perform

iy i

——

s

create inftial POpulng

L by 1

e
. —
S =
B S

—
e

replace old population With a pey { —~
me
_-_\_______‘_‘_'_‘_"—--\_
&

converged?

FIGURE 10.3 Simplified flowchart of 4 ;

: Ypical penstt
algorithm structure. Renéty

multiple runs and select the “most acceptable” sl
tion (e.g., with most benefits, within the permissible
region of constraints).

Flowchart of Genetic Algorithm for Capacitor Place
ment and Sizing. Figure 10.3 shows a simplified flow
chart of an iterative genetic algorithm for optimil
placement and sizing of capacitor banks in distribu:
tion system under sinusoidal operating conditions
An initial population is randomly selected, genel
operators are applied, and the old population ¥
replaced with the new generation. This process
repeated until the algorithm has converged.

Drawbacks of Genetic Algorithms. There are disid
vantages associated with the use ol 4 genel
algorithm:

rol the balane

* It does not have flexibility to conl h
qears

between global and local exploration ol
space; |

* It requires relatively large E.'-UITII'IUI;"IHHII.I| (ime
effort; and

* Convergence problems may
overcome by solyving the problem
times with different initial population’
ing the best solution.

and

e
occur, which may
i qumber ¢

and select

TABLE “3_‘3 Yearly Costs of Fixed Capacitors (37 45)
@, (kVAD) | 50 300 450 f
K ($/kVATr) 0. 500) (,35() _H\E” 9N
Q, (kVATr) 1050 1200 {380 - |~;.UJ£H 0.276 0.18%
K. (SIKVAT) 0.228 0.170 N N ~, 1650 LB0)
0, (KVATI) 1950 2100 oo ]_m":--u“I 0193 0.187
K. (8/kVAr) 0.211 0.176 0197 - 255() 2700
Q, (kKVAr) 2850 3000 M50 'Hm; ( {n.uw 0187
Ky ($/kVAIr) 0,183 0,180} 0,195 H.m Lh: " 360K)

- 170

10.3.4.2 Expert Systems
Expert systems (E";‘i) or klll*ﬂl.l.‘]t:dgthha_m_-d systems
consist of a collection of rules, facts (krlu.lwh:dgu ), and
4 inference engine to perform lngu:'fnl reasoning,
The ES concept has been proposed and implemented
for many poOwer system problems that require deci-
don-making, empirical judgments, or heuristics such
s fault diagnosis, planning, scheduling, and reactive
power control. |

glama and colleagues [18] developed an ES
containing technical literature expertise (TLE)
and human expertise (HE) for reactive power control
of a distribution system. The TLE includes the
capacitor allocation method based on (8] for
maximum savings from the reduction of peak-power
and energy losses. The HE component of the knowl-
edge base contains information to guide the user to
pﬂf[ﬂl’!’l‘l reactive power control for the planning,
operation, and expansion stages of distribution
systems: Application of ESs for the capacitor place-
ment problem 1s yet to be explored and requires
more attention.

10.3.4.3 Simulated Annealing

simulated annealing (SA) is an iterative optimiza-
tion algorithm that is based on the annealing of
siids. When a material is annealed, it is heated to a
tigh temperature and slowly cooled according to a
woling schedule to reach a desired state. At the
highest lemperature, particles of the material are
iffanged in a random formation. As the material 1s
E'%lecl. the particles become organized into a lattice
like strueture, which is a minimum energy state, Foi
I!Iu dapacitor allogation problem, a total cost func-
N385 formulated instead of a savings function
Analogous 1o reaching a minimum energy state ol
the annealing of solids, Ananthapadmanabha el al,

[l')] used SA to minimize a total cosl function
El'f.t.lsn--hy,_

BRSO e + K + K€, (10-3)

\' eru (I .li ll L. "l] . LI
. 1 . !-‘ v -.I. " r
| L’ ‘ l L.I-‘ lILII-lIIl ‘h!. .|-\.r

peak-power losses. Kk,

« 18 the cost of

w18 the cost of ene rgy losses
| tlor mstallation costs. Also,
or (€€ Table 10.3) is the cost of kVAr.

and K.C is the capaci
Ke=K

10.3.4.4 Artificial Neural Networks

Application of artificial neural networks (ANNs) in

POWET Engincering is gaining interest, An ANN is the
Lonnection of artificial neurons that simulates the
AIETYous system of a human brain, The potential
advantage of the ANN is its ability to handle the
nonlinear mapping of an input-output space. The
difficulty in designing an ANN is to generate
the training patterns. To overcome this problem, a
reinforcement learning process is usually proposed.
An ANN typically consists of three types of layers:
an input layer, one or more hidden layers, and an
output layer. The ANN accepts given input data and
minimizes the difference between known output
data and generated output information. The relation-
ships between inputs and outputs are embedded as
parameters in the hidden layer. Correct output pat-
terns can be generated by the ANN provided that
there are enough hidden layers and nodes to encode
the input-output pattern, and enough known data to
train the ANN. Once an ANN 18 tramed, 1t can
provide very fast results for any given set of inputs.
Santoso and Tan 13[!] used ANNSs for the U[‘Illmi’ll
control of switched capacitors, In their work, two
neural networks are designed and trained. One
network predicts the load profile from a sel of previ-
abtained from direct measurement

ous load values

at various buses. A second network determines the

| apicl ' \Hons hdﬁk‘d Wl the luild
optimal capacitor tap position

profile as iunlla‘tnl by the first network, The hrst

s : _- \ ok T I " " g l
network is trained with a set of prerecorded lo X
profiles and the second network s rained 10 maxi-

ergy loss reduction lor
the complexity Of (rainineg, the

ioned into many smaller

| | I a given load con-
mize the © .
dition, 10 reduce

distribution systemis parfiil

subsystems
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Drawbacks of Artificial
not be suitable for a large

many smaller su ’
ing time becomes excessive.

are trained,
required and a fast s
can be provided. G

ality of regulator control.

10.3.4.5 Fuzzy Set Theory

The concept of fuzzy set theory (FST) was _intro-
duced by Zadeh [22] in 1965 as a forma’bl toal
for dealing with uncertainty and soft modelmg. A
fuzzy variable is modeled by a membership function,
which assigns a degree of membership to a set.
Usually, this degree of membership varies from zero
(0 One.

Chin [23] used FST for the capacitor allocation
problem. Three membership functions (for power
loss, bus voltage deviation, and harmonic distortion)
are defined. A fuzzy decision variable (e.g., the inter-
section of the three membership functions for each
node in the distribution system) is calculated to
determine the most appropriate buses for capacitor
placement. However, no mathematical optimization
procedure is provided for capacitor sizing. Ng er al.
[24-25] applied FST to the capacitor placement
problem by using fuzzy approximate reasoning.

Neural Networks. ANNs may
distribution system simce

hsystems are required and the train-
However. once networks

iterative calculations arc no longer
olution for a given set of nputs
g and Rizy [21] followed the
method of [20] and included an additional function-

Voltage and power loss indices of the distribution
system buses are modeled by membership functions,
and a fuzzy expert system (FES) containing a set of
heuristic rules performs the inferencing to determine
a capacitor placement suitability index of each node.

Capacitors are placed at the nodes with the highest
suitability.

fmy Logic and Fuzzy Inference System. Fuzzy logic
In terms of fuzzy sets is about mapping an input
'spafae 1o an output space. The main operation to
achieve this end is through the use of if-then state-
me?ts called rules, These rules are used to refer to
variables and the adjectives that describe those vari-

:?l:a» 'I'lns is lhe main theory behind the operation
ot tfllzzg' mf&renee System. For the system to inter.
gﬂmmﬁadmﬂ?.thlﬁy must first be defined in terms
oo wney will eontrol and the adieetive

| 1 : A4, syN
functions such as triangular, trapezoidal, S

Fuzzy Sets. A fuzzy set js
defined boundary. It ¢
partial, full, or no membershj
dramatically from the notiop of
is defined by the inclusion o
elements.

a set witlmul

dIl Contas: s Clas
Ontan e N,

Fuzzy logic 1s based on the §

dCl1 ”“H the
any statement hth[]n]eﬁ d m v

att. . I ]
e atter of degree Ml
power of using fuzzy logic is not that yt p, % The

complex tool which can give 4 direct ape,

that it can model human perception ll{‘”‘:ur. Fathg,
thinking, thus being able to use fingy.. - 2
to answer a problem that would ;‘I.UIJH;”LII:‘\LII
expect a ves-no answer with ;

“AlTemg)

".li.\,[iﬁ
. ﬂL’ud Or
=L, | []”I_{‘““[i-\,";'
answer. This is done by EXpanding yes-ng

' : € lamjl;.
Boolean logic of 1 for yes and ( for no, Ty Miligr
- Lhjs

that if absolute truth is defined by 1 and e hmt:iiﬂw
- = Al dDsolite
falsehood is defined h}r 0. fuzzy lomic - Ole
oy i PErmy

alternative logical answers between the ran
1] such as 0.35 or 0.6521 and by doing g
recreate such linguistic descriptors i rela
element’s relationship to a set as medium, high fu
very low, very high, and so on. Now with the ;;L;;;;[hj]:
ity of a range of logical answers » more descri '
set can be created. A plot mapping an Inpuf Spa
an output space 1s considered to be
function.

£€ of |;]
be able 1

tion to an

Plive
CE [0
am clnhmhip

Membership Function. A membership function is s
curve that defines how each point in the INput space
15 mapped to a membership value (or degree of
membership) between 0 and 1. The main require-
ment for a membership function is that it varies
between 1 and 0. The shape of membership function
are created from such requirements as simplicy,
convenience, speed, and efficiency.

A Tuzzy set is an extension of a classical set, I[ X
iS the universe of discourse and its elements are
denoted by x, then a fuzzy set A in X is defined ass
set of ordered pairs

A = {x, [(x)x X},

where /1,(x) (called the membership function ol "_]
A) maps each element of X to a membership yvalue
between () and 1.

Many types of membership functions hate TH"-:L‘
proposed and implemented. They can b¢ credte
from serateh or even tailored or trained [0 confort
toaset of data. There are many types o |]1L‘I1‘||]‘:;'E::E
il
Gaussian (defines a f(x;0.c) = exp(-(1 ~¢) ::::]
and sigmoidal. The possibility of creating mef

gtimal PI2¢

0
5/ Comparison of Boolean and Fuzzy [ gic Opera-

uBI-F ?'fcltms of Two Sets A and B

ns 10 A e
mu" F‘ll!.!.}_. logic operation
W,-—-i'ﬁ"r min(AB)
A ""N[; max(A B)
AOR 1 -A
NOT 2 -
_—

. functions based on already existing mathe-
Shlp. [ formulas and functions is endless. such as
mpee rship functions created from the difference
|T:1i!'.;:]t;eb}oduct of two sigmoidal functions.

a

Fuzzy Logic Operators. The logical operations associ-
sted with fuzzy logic can be du:-acrihe.d as a superset
of standard Boolean logic. The operations in Boolean
known as AND, OR, and NOT can all be repeated
o fuzzy logic. Shown in Table 10.4 are these three
integral Boolean operations with their related logical

gperations in fuzzy.

fuzzy If-Then Rules. If-then rules are used to define
(he relationships between variables based on defined
logic and membership functions. An if-then rule is
created in the form

If x1s A then v is B,

Aand B are linguistic values defined by fuzzy
sets on the ranges (universes of discourse) X and Y.
iespectively. The if-part of the rule is called the
antecedent (Or premise), whereas the then-part
of the rule (v is B) is called the consequent
(or conclusion),

Interpreting if-then rules is a three-part process:

* Fuzzify inputs: Resolve all fuzzy statements in the
dntecedent to a degree of membership between 0
and L If there is only one part to the antecedent,
this is the degree of support for the rule.

* Apply fuzzy operator to multiple part antecedents:
Ifthere are multiple parts to the antecedent, apply
fuzzy logic operators and resolve the antecedent
0 single number between 0 and 1. This is the
degree of support for the rule.

* Apply implication method: Use the degree of
Mpport for the entire rule to shape the output
fPRy sel. The consequent of a fuzzy rule assigns
an 'El‘l_tirﬁ fuzzy set to the output, This fuzzy set 1s
“presented by & membership function that is

'i?“ﬁﬁn-:tu indicate the qualities of the consequent.

the Mitecedent is only partially true (ie., is

"Ssigned 4 value less than 1), then the outpu

: Sizing of Shunt Capacitor g
B'l'llﬂnl and anks in the PFESEnc
e of Harmon|cs
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luzzy set is fruncated

;JC‘:“I'L. \ oy : F
method. ling 16 1he implication

'mpllcatlun.

‘ Implication js the me
4 inal conse,

luent function or set
ufficient eng

thod used 1o creale
I'he if-then rule is
ugh and more ryjes may be
Create z Saustying result. C

| onsider an
M Lo this ryle shown below

extensi

Ifxis A OR Yis B then z is C.

Chis expanded if-then stat
Involved that are controlle
OR. Imp}

- } % - = "o [
~onsequent is created from this

15 C part.

cment now has two rules
" d by the logical operation
ICallon becomes the means by which the

rule, which is the “z

I'wo main methods of implic

3 ation are often used.
I hese are ent

_ ttled minimum (similar to the AND
Operalion previously discussed)

and the product
methods

'he minimum method will truncate the
output fuzzy set. and the product method will scale
the output fuzzy set deriving an aggregated output
from a set of triggered rules.

Fuzzy Inference. The Mamdani implication methods
130] are usually used for inferencing. Two implica-
tion methods are relied on to determine the aggre-

gated output from a set of triggered rules:

* The Mamdani max—min implication method of
truncating the consequent membership function of
each discarded rule (at the minimum membership
value of all the antecedents) and determining the
hnal aggregated membership function.

¢ [he Mamdani max—prod implication method of
scaling the consequent membership function of
each discarded rule (to the mmmimum membership
value of all the antecedents) and determining the

final aggregated membership function.

Defuzzification. Defuzzification i1s the process of
obtaining a single number from the output of the
.n-.zur-::u,ull.ml fuzzy set. It is used to transter fuzzy
ilii‘urc\m:v results into a crisp output. In other words,

defuzzification is realized by a decision-making

aleorithm that selects the best crisp value based

lhere are several lorms ol defuzzihca-
(COG), mean of

on a tuzzy set.
tion including center of gravity

maximum (MOM), and center average methods. The

COG method returns the value of the center Ol area
under the curve and the MOM approach can be

reparded as the poinl where balance 1s obtained on
L L {

a curve.
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| - ate reasoning is defned and relied on to determine ! B
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|
g L T bl candidate buses in @ distribution system |
| i ln MWWVW“&WHM |
".I reduction indices of distnbution S} { I.' "—‘-—h«—l'
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|
T

s by fumy membendip funcions. A | | Lt eoen,
e eent syem (FES) conaining 3 st of : 3
| 2] . ules is then employed to determine the M

; : : 1or placement suitability of cach bus in the ; | ' _ N node
L. I'l sbution system. Capacitors are then placed on - 1 mmpew/

.‘ - the podes with the highest suitability using the install capscitor |
following steps: | p—

| b o A load flow program caleulates the power-loss T | CApacitor sizing

s reduction (PLR) of the system with respect (o ! ¥
i each bus when the reactive load current at that bus %
; is compensated. The PLRs are then linearly nor- e 'a:;i;::‘-?w
malized into [0, 1] range with the highest loss £
voitages (before PLR compensation) are the two | ‘-'j’/
m that are used l? the furzy CI!?‘H sysicm. FIGURE 10.4 Flowchart of an iferative 1o
The FES then determines the most suitable node  ogimal placement and sizing of copaery .
for capacitor installation by fuzzy inferencing. tion system under sinusoidal operating co:
s A savings function relating to the annual cost of
the capacitor {determined by size) and the savings
achieved from the power-loss reduction is maxi- ‘
aiedts d o the e’ lmgo{ - !hﬁ* pode in the graph tha produces marimes
bk 1o be placed at that node. savings. The mathematical smplicity of this metid
. mmmmhw’mgmw makes it possible to include many features fes
sode for capacitor placement, until no more finan- capacitor location constraints) in the aleonith ta
cial savings can be realized (Fig. 10.4), would be rather difficult with other solution methok B
| | Carlsle [26] developed graph scarch algonihas
mahuh", The fuzzy optimiza- the capacitor placement and sizing probler
tion approach i very simple and naturally fast as
ompared 10 other optimization methods, Howeves. Drawbacks of Graph Search Algorithm. s

ﬁm%*mmm trapped assumptions and constraints are required 1o bt

Hem (Fyo
'y

——

aIE'JFH‘hp-r.

e

an oplimal solution. This is not 2l ways pomi i
for the f:;wrating conditions of zctual disinDaes U

w vl

sysiems. Therefore, solutions based on graph w84
algorithms may not be very accurale

10.3.6 Particle Swarm Algorithm

Similar to an evolutionary a!gr';r,-i;?.:"-.’. =
$warm opltimization (PSO) technigis :
searches using a population of particic 3

mg to individuals, PSO systems

- of &, | e A mﬂnly model suggesting that L:ﬁ
D Dember of eamaian . L E W SOme agnore their own experience 209 07
el behavior according 1o the succe jul el
. C individual in their neighborhood

- ment and SiZing of Shunt Capaciter Banks in the " —_—
-~ “hLe 4f Hafﬂﬂnlg
opti® 3

_ion-only model treating individyale -
s A COF

oiated beings.
Paﬂick {mpmsenling a candidate solution 1
P‘Wumﬂl fﬂﬂﬂive power prr.:hl::m; Chang_fﬁ its
(he ¢ i 3 multidimensional search space using
modclﬁ- PSO uses payofl (performarnice mrir_-;._:
these = ¢ function) information 1o guide the
:;;;h in the problem space and can easily deal with
entiable pbjective functions. Additionally
@Wwy relieves PSO of many assumptions an—d
. —ations that are often required by traditiona!
P stion models. Mantawy [27] proposed  par.
i swarm oplimization algorithm for reactive

ot Wﬁmization problem.

W of Particle Swarm Mgﬂﬂthm The perfor-
wance of particle swarm optimization is not com-

ive with respect 1o some problems. In addition.
m}-n-mntatiﬂn of the weights is difficult and the
genetic gperators have to be carefully selected o

developed.

#

10.3.7 Tahu Search Algorithm

The tabu search strategy is 2 metaheuristic search
sethod superimposed on another heuristic approach
and s employed for solving combinatorial optimiza-
ton problems. It has been applied for various prob-
iems and its capability to obtain high-quality solutions
#ith reasonable computing times has been demon-
srated, The approach is to avoid entrainment in
gicles by penalizing moves that take the solution to
posnts in the solution space previously visited (hence
“12bu™). This ensures new regions of solution space
will be investigated with the goal of avoiding local
maima and ultimately capturing the optimal solu-
Gon. The tabu search method is built on 2 descent
ewchanism of a search process that biases the scarch
Waard points with a lower objective function, while
wecial features are added to avoid being trapped al
‘hﬁlmwum 10 avoid retracing previous steps,
AL moves (ilerations) are recorded in one or
Mo tabu hsts (memories). The basic differences
Mﬂﬂom implementations of the tabu method
e the size, variability, and adaptability of the tabu
= ¥ 10 a particular problem domain. Yang e ai
muﬂi m]-. aﬂd Ch'ang [3‘]] afrphtﬂ_f the tabu
Wﬂlﬂlwmt gapacitor placement problem
'wmuﬁtm Sysicms.
A S

Wbacks of Tabu Search Algorithm. The main

Md tabu approach is its low solulion
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10.3.9 Application Example 10.1; Fuzzy
Capacitor Placement in an 11 kV, 34-Bus
Distribution System with Lateral Branches
under Sinusoidal Operating Conditions
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10.3.10 Application Example 10.2:
Genetically Optimized Placement of Capacitor

Banks in an 11 KV, 314-Bus Distribution
System with Lateral Branches under
Sinusoidal Operating Conditions
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FIGURE E10.1.1 Single-line diagram of the I

£ E10.1.1 BusData (32] of th

31

11 12

32

v 34-bus, three-phase, radial distribution system [32].

e 11 kV. 34-Bus, Three-Phase, Radial Distribution

[.oad Generator Injected
ber MW MVAr MW MVAr Omin OQmax MVAI—
Bluﬁ = a.0000  0.0000 0 Q U 0 0
7 02300  0.1425 0 0 0 0 0
: 0.0000  0.0000 0 0 0 0 0
.-1 (0.2300 0.1425 0 () ) {? 0
5 02300 01425 0 0 0 0 0
;‘p 00000  0.0000 0 0 0 0 0
7 00000 00000 O 0 0 0 0
8 02300 01425 0 0 0 0 0
u 02300  0.1425 0 0 0 0 0
10 00000  0.0000 0 0 0 0 0
11 0.2300  0.1425 0 0 0 0 0
12 0.1370 0.0840 0 0 0 0 0
13 0.0720  0.0450 0 0 0 () 0
14 0.0720 0.0450 0 0 () 0 0
15 00720  0.0450 0 0 0 0 0
16 0 0 0 0 0
| 0 0 0 0 0
0 0 () () 0
() 0 0 () 0
0 0 0 0 §)
0 0 () 0 0
0 0 0 0 0
0 0 () 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
00 0 0 0
| 0 0 g sl
B~ 0 ﬂw " ._. 'i’.'

_‘.
~ _—

1
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2 Line Data [32] of the 11 kV, 34-Bus, 3-Phase,

A8 e (Fig. E10.1.1
BLE B ution System (FIE b

’“"“W
lional ang p, ower

Rige (PU) _ Xine (Pu)  Tap setting

from bu 3 ().0967 0.0397 ¢ T
, 3 0.0886 0.0364 |

3 4 0.1359 0.0377 1

; 5 0.1236 0.0343 |
J . 0.1236 0.0343 1

5 g 0.2598 00446 1

0 q 0.1732 0.0298 |

] 9 02598 0.0446 |

g 0 0.1732 0.0298 !

9 ] 0.1083 0.0186 1
10 2 0.0866 0.1488 1
1 3 0.1299 0.0223 l
} 14 0.1732 0.0298 1
13 15 0.0866 0.1488 1
1 16 0.0433 0.0074 |
5 7 0.1483 0.0412 1
; (8 0.1359 0.0377 |
1 9 0.1718 0.0391 1
. 20 0.1562 0.0355 |
2 21 0.1562 0.0355 1
. 2 0.2165 0.0372 1
.], 23 0.2165 0.0372 1
. 24 0.2598 0.0446 1
4 25 0.1732 0.0298 1
5 26 0.1083 0.0186 1
7 27 0.0866 0.1488 1
? 28 0.1299 0.0223 1
% 29 0.1299 0.0223 1
% 30 0.1299 0.0223 1
10 31 0.1299 0.0223 1
3 32 0.1732 0.0298 1
) 3 0.1299 0.0223 I
X 34 0.0866 .1488 1

10.4 OPTIMAL PLACEMENT AND SIZING OF
SHUNT CAPACITOR BANKS IN THE PRESENCE

OF HARMONICS

e e e e e—————

The problem of shunt capacitor allocation in distri-
bution networks for reactive power compensation,
voltage regulation, power factor correction, and

power or energy loss reduction is discussed in the
Previous section. Optimal capacitor bank placement
i well-researched subject. However, Iumtﬁd attenﬁ
lon is given to this problem in the prese
Voltage and current harmonics. . !
With the i mﬁreasmg apphcaum of 1 m_;m ar loads
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sizing of Shunt Capacitor Banks in the pye,
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levels
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frequencies, i
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Iransformers, _
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The problem of optimal capamter placement amli
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