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Chapter-1
INTRODUCTION

1.1 GENERAL .

The demand for electrrc power is ever mcreasmg due to raprd mdustnalrzatron

'_ and populatron growth Perhaps on Indla, the total power generatlon requrrernent has

~ been ‘tremendously increased during the past decades. And hence power systems became '
- more comp,lex and have 'grown.very,lerge. It is now irnportalnt to design ancl operate
' systems‘ with high degree- of praetical efﬁciency, security and reliability. In recent years, -
active power optrmrzatron has gained more importance due to explortatlon of power
.ur,nemtmu sources at remote places and inclusion of long EHAVC as well as long DC
r ansmrssron networks. in "the system. The optimal. pewer flow (OPF) problem can be ‘
tormulated as a constramed non-linear optrmrzatlon problem The solutlon of an OPF ‘
problem- determines the optlmal settings for control variables in a power network -
observing various- constrarnts. In the last few year development, many different solution
npproacheS have been .proposed- to .solve the OPF problems-. AC transmiésion systems ‘
" could not, be controlled pra‘etically and fast when traditional controllers ‘are used.
'Traditional controllers that. used bet‘ore, like series and shunt compensators, vbltag_e
re'gulators, phase' shifting and tap chan'g;ing transf_orrners could not realize the required
level of »con‘trol of these transmission systems. Recent developments in power electronics. |
“have opened a new.world in power systems control. Several control de_viees are b_eing
developed under this new ‘co’ncept known as FACTS (Flexible AC Tré.nsrhiss’ion.
| System). FACTS devrces are mtegrated in power system to control power flow, increase
transmission line stabrlrty limit and i improve the security of transmission systems: 'FACTS
" controllers are used to enhance system ﬂex1b1hty and mcrease system loadability. In
- addition to controllmg the power flow in spemﬁc lines, it is also used to minimize the

‘ total 0enerator fuel cost m optrmal power flow (OPF) problem .

1.2 OPTIMAL POWER FLOWS

Conventronally, the optrmal operatrons of the power system networks have been |

~ based on econormc crrterlon However recent concerns about power quahty has forced



dr

the system engtneers to 1ncorporate other cnterra such ‘as’ 1mprov1ng system voltage
 transmission loss mmrmrzatton etc. - o

The optrmal power flow- optrmtzes a power system operatmg obJectrve functron
(such as -the operatmg cost of thermal resources) wh1le satrsfymg a set ‘of system
operatmg constramts OPF has been wrdely used in power system operatron and planning.
The OPF problem can be formulated as a static constratned nonlinear optlmlzatlon

problem The solutron of an’ OPF problem deterrnmes the optrmal settrngs for control '

" vat tables m a power network observmg vanous constrarnts

1 3 FLEXIBLE AC TRANSMISSION SYSTEMS ‘
It is attractrve for electrtcal utrhtres to have a way of permrttmg a more efﬁcrent ‘
use of the tr ansmtssmn lines by controlhng the power ﬂows Such a means could be also

mterestm g for the mdependent system operator (ISO) ina deregulated system, in order to

~ assure a maxrmum level of competltlon among producers Until a few years ago, the only

means of carrymcr out this functron were electromechanrcal devrces such as swrtched

i mductors or capacrtors banks and phase-shlﬁmg transformers However specific

pr oblems related to- these devmes make them not very- efﬁcrent on some situations. They
are not only relattvely slow but they also cannot be swrtched frequently, because they

tend to wear qurckly

_ In recent years the fast progress in the ﬁeld ‘of power electromcs and

frrticroelectronrcs has resulted into new opportunity for more ﬂex1ble operatron of power
| ,s"yst_ems suppressin‘g"thes’e:*'drawbacks; The ,._FACTS ‘program.wa'_s launched by EPRI to

‘develop: a"number'v of COntrollerswf'or this ’purpose These ‘new devices have made the

ptesent transmrssron and dtstrtbutlon of electrtcuy more rehable more controllable and

.more. efﬁcrent Powet system, around the world has been forced to operate in almost

s thetr full capacrttes due to the envrronmental and/or economtcal constramts to build new
. generation centers and transmtsswn ltnes Due to these problems it is necessary to change

- n the tradltronal concepts and practtces of power system and which also: provrdes the

needed correctron on transmtsSton lme parameters SO that the exrstmg transmrssnon

system ‘be, fully uttltzed ‘within_the thermal ltmrt of the- line. Hence for the better'

' utlhzanon of transmission. lrne the concept of FACTS were 1ntroduced It opens new -



'oppomlmtles for controllmg power and enhancmg the usable oapacrty of exrstmg
transmission line. , _ 7 , _ .

‘ FACTS Ais a technology states that how the parameter of line shou_ld change to
improve the performance of line by uSing the series and shunt corhpensation principle A

FACTS technology development has ‘been an area of interest for many research

- org \s.,,amzatlons These ‘organizations recogmzed the potential benefits of mverter-based'

FACTS devices to allow utilities to operate their transmission system at hlgher capacities,

more efficiently, and with improved reliabilit_y.‘

1.4 OPTIMAL LOCATION OF FACTS DEVICES |

High speed switching capability of FACTS devices provides av mechanism for
controlling line power flows, which 'permits increased loading of existing trensmission :
lines, and allows for rapid: readjustm'ent»of line _power flow in. response to various
p eont111genc1es ‘The FACTS also can regulate steady-state power flow w1th1n its rating
limits. The fast acting FACTS can prov1de a means of rapldly 1ncreasmg power transfer
upon detectlon of the critical cont1ngenc1es a resulting in increased transient stablhty

FACTS devices havmg the ability to 51multaneously control all three parameters
of power flow: ‘voltage, line impedance and phase angle, there by controlh_ng two .
quantities 'spvch' as active and reactive power flows of lines. Power system planers design
therr syetem so that theyA can operate securely in the case of unexpected. line or
transformer outage. A secure system.is defined as one where none of the system S
operating constraints is violated under any of the considered line. FACTS devices can be
‘used effectively in mamtammg system’s secunty by eliminating or alleviating overloads
along the - selected transmlssmn lme .Again after getting power ﬂow solution of
4 trarismission network mcorporatmg FACTS, questlon arises that in whlch line the
FACTS should be placed lLe. optimal solution of FACTS devrces in a glven‘
_ transmi_ssion network. Placement of FACTS devices is decided based on different factors
such as generation cost. reduction, loss reduction, ‘improvement invSt'ability margin etc.. |
due to high cost of these FACTS devices, it 1s important to- decide their optimal

placement to meet the desired objective.




15 LITERATURE REVIEW |

In 1999 J ason Yuryev1ch et al [1] presented evoluttonary programmmg algonthm

N to solve OFPF. The ob_]ectlve of this algonthm is to mrmmrze the. total generatlon cost.

| ,‘_.Authors have developed EP-based load ﬂow mcorporates a Jacoblan acceleratlon stage

‘Steepest descent method was’ also used to 1mprove the speed of convergence of the EP-
OPF aloonthm Tlns method was tested on IEEE 30 bus system Three sets generator cost

| cover were used to 1llustrate the robustness of thlS techmque these are quadratlc cost

- curves plecerse quadratxc curves quadratlc curve with’ sme curve.’

In 2002 A. G Bakrrtzrs et al. [2] presented a srmple genetlc algonthm -and
. enhanced genet1c algornthm to solve OPF The ob_tectrve of this algorrthm is to optlmrze.
| the operatmg cost, of thermal resources -GA is based on the mechamcs of natural
selection and- genet1cs Advanced and problem—spe01ﬁc Operators are introduced in order
to enhance the genetic algonthm’s efﬁc1ency and accuracy. Numencal results on IEEE
: '.30 bus system and IEEE 3 AREA RTS 96 systems are presented and compared with

_ results of other approach Y

In 1999 James AMomoh et al. [3] offered a survey of hterature on optrmal ,

| power flow" upto 1993 That part treats Newton-Based Lmear Programmmg and Interior. -

‘ : Pomt Methods of solutlon In that review, Papers were selected to emphasxze the '

' dwersxty of formulatlon and the breadth of the scope of pr@b}ems:'consrdered Authors 1

. have concluded that Lmear Programmmg has fast speed and reasonable accuracy,

o smtable for large systems "An interior pomt method features good startmg pomt and fast’

' ,COHVBI'UGHCB

K ln 2000, H.C. Leung et al$[4] presented Genetic Aléorithm method:to solve OPF -
mcorporatmo Flexrble AC Transmlssron System (FACTS) A powerful and versatile
FACTS device, UPFC (umﬁed power flow controller) is consrdered in this paper. The
p\0posed method was tested on IEEE—14 bus system Author concluded that the FACTS
' devxce cannot reduce the generatxon cost compared with normal system OPF However, it

. can provide w;der operatmg margm and hxgher voltage stabrhty wrth hrgher reserve

capac1ty



‘In 2001, T.S.Chung et al [5] presented a hybrid genetrc algonthm (GA) method to.
solve optlmal power flow (OPF) in a power system 1ncorporat1ng Flexrble AC |
Transmission - System (FACTS) In the . solutlon process . GA is mtegrated w1th‘ s
“conventional OPF to select the best control parameters to .minimize the total generatton '

' fuel cost and keep the power ﬂows w1thm the security limits. The optlmal control
| palameter selectlon of two types of FACTS devrces namely TCPS' (Thyrlstor control -
phase shltter) and TCSC (Thynstor control series_capacitor), usmg the mtegrated GA |

“approach are demonstrated on IEEE 14 bus system

In 2002, P. Bhasaputra and W Ongsakul [6] prOposed hybrid tabu search and
- simulated annealing (TS/SA) approach to minimize the generator fuel cost in OPF control' |
with multi-type of Flexxble AC Transmlssmn System (FACTS) dev1ces Four types of -
FACTS devices are used in thrs work they are TCSC, TCPS, "UPFC and SVC. Algonthm |
s fested on the modified IEEE 30-bus system. Author concluded that proposed hybrld

-TS/SA approaeh. can obtain better 'solntions and require less CPU‘ti-mes than genetic

algorithm, SA or TS alone and also mniti type of FACTS devices results in less total

generator fuel cost than. usmg mdrvrdual FACTS device.

- In 2000, H. Ambnz-Perez et .al [7] ‘presented advanced load ﬂow models -
incorporating existing load flow (LF) and optimal power ﬂow (QP.F) Newton algorithm |
for the static VAR compensator (SVCQC). Comprehensive SVC' models suitabie for't_
conventional and optimal power flow analysis have been presented in this paper, namely
SVC total susceptance model and SVC firing angle model. A Newto_n-Ra_ph_son Joad ﬂow ‘
a'nd_ a Newton’s OPF algorithm have been upgraded to incorporate the new S.VC models.

Author obtained conventional and optimal solutions in less than 6 iterations.

In 2001, Stephane Gerbex et al [8] presented genetic .alg,orithm to seek the optimal

| location of multi-type FACTS devices in a. power system:. The optimizaticins are based on :
‘_ branch loadmg and voltage levels. The FACTS devrces are used in order to maxnmze the - |
_ power transmitted by the. network by controlhng the power ﬂows o 4.
- In 1997, C R. Fuerte-Esqulavel and E. Acha [9] have dxscussed the steady state '
response of FACTS devrces on the network w1de basis. They have proposed the Newton—

Raphson load flow program 1ncorporat1ng the vanable series capacltor



' In 1998,. Y H. Song et. al [10] Presented an optrmal multlpher based Newton-

- , -’Raphson power ﬂow algorlthm for reahze efﬁcrently handling power systems with |

L embedded FACTS devrces A steady state UPFC models has been proposed and its power

: lmjectron transformatlon has been descrlbed in rectangular form The, optrmal multlpher '
. power ; flow method has been apphed to 1mplement the UPFC model The proposed UPFC
+ model of power ﬂow algorlthm has been tested which 1llustrate the effectrveness of the
o proposed algorrthm ' S | : N :
; | In 1995 L.Gyugi et al [11] proposed UPFC for real’ trme control and dynamlc
‘ compensatlon of as transmlssmn systems It has been shown that UPFC is able to control
- both the transmrtted real _power and 1ndependently, the reactrve power flows at the |
j sendmg and recervmg of transmlssmn line. Author also compared UPFC to other power
" flow controllers stich s TCSC and TCPAR _ N
| In 2002 Ymg Xiao et al [12] developed an approach to steady state power flow
control of FACTS device equlpped power systems A novel. versatlle power flow control -
,approach has been formulated based on a power mJectron model of. FACTS devices and

an optrmal ‘power ﬂow model. Numencal results on a pract1cal system w1th various

o FACTS device have been presented to 1llustrate the v1gourness of the proposed approach.

In 2003 M:H. Haque et al [13] proposed a'simple method to solve the load flow

'problem of a power system in the presence of UPFC Author has proposed a new statrc'
| 'model of the UPFC to control the power ﬂow This statlc model of UPFC can be easily

1 ‘ mcorporated 1nto any standard flow: program ‘without modlfymg Jacobian matrix. Thls'
| proposed method converged successfully for all cases, but requlred a few more iterations
to converge | : _ , .

" n 1995 L. L Lar et al [14] presented the use. of an EP to solve OPF problems in

' '_FACTS UPFC has been used to regulate both angle and magmtude of branch voltages.

- Author concluded that when EP toupled with power ﬂow selects the best regulation to

: mrmmrze the real power loss and keep the power flows in.their secure hmrts

In 1968, Dommel H.W et al [16] proposed a practlcal method to solve power ﬂow

' ,problem w1th control- vanables such as real and reactrve power to minimize cost or losses, - - . -

N Thns proposed method rs based on power ﬂow solutlon by Newton s method a gradrent



adjustment algorithm for obtammg the minimum and penalty functron to account for

.dependent constraints. . o _
The book wntten by D.E. Goldberg [22] explains genetlc algonthm Tt also

explains about the operators used i in the genetrc algorlthm along W1th some examples "

| 1.6 OBJECTIVE OF THE THESIS

- As reviewed from the background mformatlon, FACTS is a concept covering a

| widespread of application of power electromcs- technology by whlch loadmg limit of

- existing power system can be mcreased It.can also give ﬂex1b1e and effective power flow

“control in power system Thexr modehng and mcorporatlon in load flow and’ optnnal :
power flow is very much required. In this dissertation work followmg pomts has been‘
analyzed usmg FACTS devxces on optlmal power. flow. .

‘From the literature it is found that N-R method is used for AC power flow
calculation in system w1th FACTS dev1ces Therefore in the existing FACTS Newton-:
Raphson load flow algorithm UPFC model has been mcorporated Based on the mjectlon
model of UPFC to ‘control actlve and reactlve powers and voltage magnitude in any
combmatlon, the modrﬁed J acob1an matrix and power mismatch equations are derived

" A steady state model of FACTS devices has been used and introduced in the ,
optimal power flow algori'rhrn. Optimization has been performed with the system
operating’ constraints such as power balance constraints, real ‘and‘ reactive power -
generation limits and FACTS devices par'ameters' limit. 7 | o |
' Evolutionary programming has been proposed 'to solve the OPF with FACTS
devices. Optir‘nal generation séhedule and optimal setting of their parameters has been

- obtained. Performance of the proposed algorithm has been validated on test systems. -

1.7 ORGANIZATION OF THE THESIS
The present Chapter 1 introduces some problems of power systems, presents the
xmportance of FACTS devxces and sets motlvanons behind the work carned out in this - '
thesis _ | | _ -
In Chapter 2, a detail review of various FACTS controllers, which exist around |

the world, discusses along with their model structure and‘operating mec_hanisrn. It also



presents the development of suitable static model of FACTS devices such as TCSC, SVC
- and UPFC. Based on the location of UPFC, the power ﬂow‘ equations are selved using
modified N-R method. ' |

- Chapter 3 presents the algorithm of Load flow ané]ysis using NeWtqn-Raphson
method. | -
Chapter 4 presents the elgorithm of steepest descent method to Optimal Power
flow. | ‘ S

Chapter 5 presents the algorithm of proposed Evolutionary Programmmg to

' Opumal Power flow and its results has been compared with classical technique.
Chapter 6 presents proposed Evolutionary Programming-to OPF mcorporatmg
- Multi type FACTS ‘devices.
Chapter 7 hlghphghts«the main ﬁnding‘ and significant contributions of the thesis:

and identifies the scope for future research in the area of FACTS devices.



_ Chapter 2. :
FLEXIBLE AC TRANSMISSION SYST EMS (FACTS)

2.1 INTRODUCTION
| " The FACTS is a concept based on power electronic controllers whlch enhance the
value of transmlssxon networks by mcreasmg the use of thelr capac1ty As these
controllers operate very fast they enlarge the safe operatmg limits of a transmlsswn
system without risking stablllty Today, it is expected that within the operating
constraints of the current-carrymg thermal hmlts of conductors, the voltage limits of
electrical msulatmg dev1ces and the structural limits of the supporting-infrastructure, an -
operator should be able to control power flows on lines to secure the highest safety

margin as well as transmit electrical power at a minimum of operating cost.

In this work, three types of FACTS controllers have been considered:
e Series controller ‘
e Shunt controller

- o Combined series-shunt controller

2. 2 THYRISTOR CONTROLLED SERIES CAPACITOR (TCSC) AS SERIES
" CONTROLLER ' -

. Series. capac1tors are used to part1ally offset the effects of the series inductances of
- lines. Series - compensatxon results. in the 1mprovement of the max1mum power-
* transmission capacity of the line. The net effect is a lower load angle for given power
) ‘transmlssmn level and therefore, a h1gher stablhty margin.” The reactive power

' absorptzon of a line depends on the transmlsswn current so when series capacitors are ‘

,employed automatlcally the resultmg reactlve power compensatlon is adjusted .

: proportionately. Also, because the series compcnsatlon effect_lvely reduces the overall
line reactance, it is expected that the net line voltage drop would become less susceptible

to the loading conditions.



2.1 Oper‘ltm prmclple of TCSC | _ ,

TCSC consist of the senes compensatmg capacnor shunted by - Tahynstor
contxolled reactor The bas1c 1dea behmd the TCSC scheme is to prov1de a contmuously ‘
S var mb]e capamtor by means of partlally canceling the effectlve compensatlng capamtance :
by the TCR TCR at the fundamental system frequency is contmuously vanable reactive
1mpedance controllable by delay angle o, the steady state 1mpedance of the TCSC is that

of a pamllel LC circuit, consxstmg of a ﬁxed capac1t1ve 1mpedance X , and a vanable

mductxve 1mpedance X (a) Let constder TCSC as shown in Flgure 2.1.

o
i
1

0 : PR
. : = , Resonsnce
Inductive region :

5 0 S /

P R

Equivalent readance (Ohms)

Capacitive region

4 [ E 1 SR B I
a0 . 100 170 120 130 - 140 183 160 170 © 180

Firing engle (d2gres)

Figure 2.1 TCSC eql_xivaleht reactance as a function of firing angle
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Figure 2.2 Schematic of TCSC.

Let the'capaciti_ve reactance of capécitor bank

|
X———
Ca)C

And reactance of Thyﬁstor_cqntrolled shunt arm is given by

XL=a)uL A

(- X,
' m— 2a—= sm(a)

KXoy = '-M
X (a)— X

" Where: |
X, =reactance of the inductor

' a= ﬁrmg angle of Thynstor

X, ()= reactance of the Thynstor controlled 1nductor arm
o, = supply frequency of power

From eqn 2.4, we see that

11
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@2

(23)

24) -



It X, (a)> X - then TCSC'shoWS capacitive ‘characteristics' -
If X Lfa)< X then TCSC shows 1nduct1ve characterlstlcs ‘ _ ’
If X (a) —X then the 1mpedance of the TCSC w111 be mﬁnlte and thls is the condltlon

of lesonance in parallel inductive and capacmve cxrcurt Therefore in. this- reglon,

operatlon of. TCSC is not allowed The TCSC must operate elther in capacmve reglon or -

- in mductwe reglon Normally 1t operates m capacxtlve regron

2.2 Modelmg of TCSC for Power flow studles

The effect of FACTS dewces like TCSC on the network can. be seen. as a.
_ controllable reactance mserted m the related transmxsswn line. The model of the network
~with TCSC is shown i in figure 2. 2 Durmg steady state the TCSC can be con51dered asa

static capacxtor/reactor offenng 1mpedance jX . The controllable reactance X,

| dlrectly used as a control varlable to be nnplemented in the power ﬂow equatrons The.
- real power and reactive power flow equatiofs of the branch K flowmg from busbl toj ‘can

~ be expressed as,

P,.j_% (G cosé‘ +3B; sm5) | _ - (2.5)

'Q&.'z—_V,. 1(3,.1. S,,)+VV(B cos s, G sm5) 28
T R T T U
- Where - G; =—— ————, B; =— = QN

' T Ry +(X;—Xtese)” 7 Ry +(Xy—Xicso)t .o
_ 'Similarly, the real pow_er and reactitte power flow _from bus j to ,bus' icanbe -

expres'sed as,
| '~PJ‘.;'=‘V{-2GIU;"-VVT(‘G cosS, — By smﬁu)_ L )
| Qﬁ =-I/.!2(By sh

Here the only drfference between normal line power ﬂow equatron and the TCSC hne‘ :

~-power ﬂow equatlon is: the controllable reactance X CSe -

12
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The TCSC may have one of the ‘t.wo possible characte'ristic 'capacitive or -
lnductwe respectwely to decrease or increase the reactance of the line: It is modeled with
~ two ideal switched elements in parallel a capac1tance and an inductance. The capac1tance'
and the iriductance are vartable and their values are functlon of the reactance of the line
in which the device is located. In orderto -avoid resonanee, the cc. value must be

properly adjusted. '

2.3 STATIC VAR COMPENSATOR (SVC) AS A SHUNT CONTROLLER

Steady state transmittable ‘nower can be increased and the yoltage profile along -
~ the line controlled'by 'app'ropriate -reactive shunt'compensation The purpose of this |
 reactive ‘compensation 1s to change the natural electncal characteristics of the

tr ansmrssnon line to make 1t more compatrble w1th the prevailing load demand. Thus

N shunt. connected reactors are applied to. minimize line overvoltages ander hght load

‘ condmons and shunt connected capacitors are apphed to mamtam voltage levels under
heavy load condltlons The ultimate objectrve of applying reactlve shunt compensatton in

a transmission system is to mcrease the transmrttable power

| : ‘2 3.1 Operatmg prmclple of SVC

. The SVC consists of a group of shunt connected capac1tors and reactors banks S

- with fast control actlon by means of Thynstor switching. From the operatlonal pomt of
view, the SVC can be seen as a variable shunt reactance that adjusts automatically in

response to changmg system operative COﬂdlthﬂS Dependmg on thé nature of the

~ equivalent SVC’s reactance.i.e, capacitive or mductlve, the SVC draws either capacitive

cor inductive current from the network. Suitable control of this ‘equivalent reactance
allows voltage magnitude regulatlon at the SVC point of connection.

. SVC’s norrnally mclude a combination. of mechamcally controlled and Thynstor
control_led shunt eapacrtors and reactors. The most popular conﬁguratlon for continuously
| ~controlled SVC’s is the eombination of either fix capacitor"énd Thyristor controlled
“reactor. The SVC structure shown in F1gure 2.3 is used to denve a SVC model that

cons1ders the TCR ﬁnng angle o as state vanable

13



Figdi‘g 2.3 Structure of SVC o
. The variable TCR equivaleni reactance at fundamental frequgncy is given by, |

‘A‘XLc =X, = el
T 2 -a) +sinRe)

(210)
Where o is the thyristor’s firing angle.

_ The SVC -gffective reactance X o _isi detei‘mined‘by‘the_patalléi"(;ombination of |
X, and X - o o

Le(/’"

X = i XCXL‘l ,
- ﬁ(Z(zt—a),-*-sin(Za)—.XL ,

N f(211)‘

" Depending on the ratio XC'/X,_ ,.'thér"e is a value of firing angle that causes aétéafdy state’

resonance to ocf:ur. "Figure 24 dépicts the-SV_C _eq_uivalént -»im'peda.ncé at the fundamental - 4
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hequency as functxon of ﬁrmg angle, corresponding to a capacmve reactance of 15 ohm.

and a var 1able mduct:ve reactance of 2 56 ohm.

B0 —
40 [ ‘R
. . Resonence -
Inductwe_ region ’
w20 [T
B
P
)
2,
DA
2 0
-f'JE
&
o v
:_g 20 |-
4
=
-40 - Capactive region
50 L . .
L I . [ i ! 1 J

30 100 110 120 130 140 130 160 170 180
Firing angle (degre=) '

- Figure 2.4: SVC equivalent reactance as a function of firihg angle

~ The SVC equivalent susceptance is givéﬁ by its profile, as function of firing

angle, is given in Figure 2.5
B, =X, - X *(2m-a)+sinQa))/ 1l/(X*X,) ) (2.12)

It is shown in Figure 2.5 that the SVC equivalent susceptance profile, as functibn
of firing angles, does not present discontinuities, i.e., B, varie§_ ina cdntinuous, smooth
~ fashion in»'béth operative regions. 'Henée linearization of the SVC power-ﬂow.equatiohs
based on B, with respect to firmg angle, will exhibit a better numerical behavmr than

‘the lmeanzed model based on X
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Fignré 2.5: SVC eduit'z;ient snsceptance»asha fu‘nction, of ﬁri_n'g'angle ‘

i 2. 3 2 Modelmg of SVC for Power flow studles ’ , » »
" The SVC models in these studies should represent the fundamental frequency,
steady state, and balanced performance of the- SVC. It may be necessary.lto model the
' SVC in terms of its three individual phases when an. unbalanced _operation of the SVC is
considered, such as durlng load cornpensation or 'voltage'balanci_ng; The features of
conventional load flow programs. are described as follows.- ' |

If the slope of the' SVC is neglected then the SVC is modeled as a PV bus, with

T 'P-O and V=Vref. However, if the slope is considered ( as in the analysrs OS weak ac

systems), the same 1s modeled by: connectmg the hrgh voltage side of the SVC bus to a :
| ﬁctltlous auxrhary bus by means of a reactance equal to the slope expressed m per umts

- ©on the SVC base Such a model is shown in Flgure 2. 6
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" remote control)

Yo

SVC

Figui'e 2.6 SVC models using conventional power flow PV buses

It may become necessary to model the rco.upling transformer should the SVC be |
connected to the tertiary winding. When the frahsfonner_ ié represented explicitly, the-
susceptance range of the SVC must be appropriately- adjusted to represent the correct
reactivé power rating as éee_n at the High voltage bus. The corresponding load flow model
. 1s illustrated 1ht Figure2.6. | | |

The voltage control action of the SVC can be explamed through a 51mp11ﬁed block

4representatlon of the SVC and the power system.

Y



Figure 2.7 ;,As‘impliﬂed ‘b.lock diagram of 'powér’syst,em an(_i,S'V'C, .

The ‘power system 1s modeled as an eqmvalent 'voltage - source. Vs behmd
'. eqmvalent system 1mpedance Xs as v1ewed from the SVC termmal is 1llustrated in

- Figure 2.7. The system impedance Xs indeed corresponds to the short circuit MVA at the
~SVChbus and is obtamed as ’

Xs = (Vb*Vb)*MVAb/ Scpu o '(2;13), |
b Where Sc =the 3 phase short cu'curt MVA at the SVC Bus o | B o
Vb = the base hne to hne voltage ' “
MVAb = the base MVA of the system _ A ‘
: If the SVC graws a reactlve current Isvc then in the absence of the SVC regulator the -
SVC bus voltage is gtven by, o | _ ' .
| Vs—stc+Isvc*Xs - EA o (214)_ 7
"The SVC current thus results ina -voltage drop of Isve*Xs in phase w:th the
system voltage Vs. The SVC bus voltage decreases ‘with the mducnve SVC. current and
mc1eases w1th the capacttlve current The equat1on Vs = stc + Isve *Xs represents the
power system characterlsttcs or system load lme An 1mpltcat10n of this equatlon is that
the SVC is more effectwe In controllmg the voltage n weak ac system (hlgh Xs) and less
'. »effectwe in stron0 ac system (low Xs)
| The Dynarmc charactensttcs of the SVC descnbe the reacttve power

compensatlon prov1ded by the sve 1n response to a vanatxon in the SVC termmal voltage

LR



The i|1te1'section of th_e SVCD dynamic char_acteristics and the system load line pro{/ideS*

the quiescent operating point of the SVC as shown in the Figure 2.8.

A v

System Load Lire .

. ' _ SVC Dynamic Characteristics

X% s

P
'

|swe

Figure 2.8 - Characteristic of SVC and connected Power'systeh:.
The voltage control action in the linear range is described below | 7
Vsve=Vref+Xsl *Isve - | ' ' @15

- Where Isvc is positiw)e if inductive, negative if capacitive.

2.4 UNIFIED POWER FLOW CONTROLLER (UPFC) AS A COMBINED
SERIES SHUNT CONTROLLER ; .
~ Series or shunt controllers are either reactive compensators (i.c., SVC and TCSC)
Wthh are unable to exchange real power with the AC system or regulators (i.e., TCVR

and TCPAR) which can exchange real and reactlve power, but are unable to generate' :

reactive power and thus cannot prov1de reactive compensatlon Cornblned series-shunt -

controller has the mherent capablhty, like a synchronous machine, to exchange both real ,
and reactive power with the AC system. Furthermore this “controller ‘automatically

- generates or absorbs the reactive power exchanged and thus provides compensation

19



" iwrthout AC. capac1tors or reactors However the real power exchanged must be supphed N k': .
to them or absorbed from them. by the AC system e ”
24.1 Operatmg prmcnple of UPFC _ o . . , ,

The UPFC is the most versatile FACTS controller developed so far, w1th all .
R encompassmo capabllltres of voltage regulatron senes compensatron and phase shrftmg
- It can mdependently and- very raprdly control both real and react1ve power flows in a
' transmlssron hne It is conﬁgured as shown m Flgure 2.9 and compnses two VSCs

" coupled through a common dc terrnmal One VSC-converter [-is connected in shunt w1th |
~the hne through a couplmg transformer the other VSC-converter 2- 1s mserted in serles
.:wnth the transmrssxon line through a mterface transformer The dc voltage for both"

converters is provrded by a common capacrtor bank The series converter is controlled to: .

ll]JeCl a voltage phasor'V 1n sertes with the line, whlch,can be varled from 0to ¥V,
| ‘max. Moreover the phase angle of V can be independently varied from 0 to 360. In this

proces_s, the series. converter exchanges both real and reactlve power w1th the
tr’ansmissron hne Although the reactive. power -1s mternally generated-/absorbed by the
' series converter ‘the real power generatlon/absorptlon 1s made feaS1ble by the dc-energy—

B storage. device-that is, the capacrtor

cont v oma

Figure 2.9 Schematic of UPFC -
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The sh_unt-cohnected,converter'I is used mainly to supply the real power demand
of"converter 2, which it' derives from the transmission line itself. The shunt con'ver'ter‘
© maintainis constant voltage of the de bus Thus the net real power drawn from the ac -
system 1$ equal to the losses of the two converters and “their couplmg transformers. In,'
~addition, the shunt .converter mdependently regulates the termmal vo]tage of the _-

! mterconnected bus by generatlng/absorbmg a requisite amount of reactlve power (refer
Floure 2.10). ‘

Figure 2.10 Vector Diagram of UPFC

| 2 4.2 Modeling of UPFC for Power flow studies

"The equivalent circuit of UPFC placed in line connected between bus—i and bus-

. J is shown in Figure2.11. UPFC has three controllable parameters, namely- the-

| magnitude and the angle of inserted voltage (V,,4,) ‘and the magnitude of the

current(/_ ). | - -
Based on the princinle of UPFC and the vector diagram, the basic'math.ematicall

.. relations-can be given as
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V V+V

- Arg([) Arg(V)+7r/2
Arg(l )—Arg( |4 ) and

Re[Vl] S
7 (2.16)

2

[

T

The power flow equations from bus—i ‘to bus- J and from bus — J to bus-i can |

be written as -

S, =P +jO, =V —V(]Vbs,,/2+l T R AT
S.ii:pii_"-iji..:V.i.lji=Vj(.]ijsh'/2—li ) . R S (2;18)
| UPFC |
Bus%j o —— . R AT
! B VT N ‘ ' N
e — YN L; o
' | ] _ e . N g
I,,lr l I v

bsh/2 - L R ‘ L‘ ) - Jbsh/z |

! Figure 2.11 - Eqﬁivglent circuit of UPFC -
| Actlve and reactxve power flows m the hne havmg UPFC can be written, with

above equatlons (2.16) -(2.18), as

P, = (V +V; )g, +2 VVTchos((bT 5) VV [gycos(qér 5)+b szn((br 5)]
- VV(g,,cos5 +b sm5) S L (@ 19) -

‘pj,.'- V VV [g,l cos(¢, -6 b sm(¢, 6)] VV( ,jcos5 b sm5) B
. Qﬁ;— 4=V + bal2)- VV [gysm(¢T 5)+b cos(qs, 5)] @220
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~V;(&y5in 8, ~ b; cos )

Q. :—V (b, +b,/2)- VV(gusm(géT ~6;)-b; cos(¢r 5)) S (2.21)
+VV(O”sm5 +b, cosé' ) | | | - o

From basw circuit theory, the injected equlvalent circuit of Flgure 2.12 can ‘be
- obtained. The injected active power at _bus~l(Es)- end_buss ](I_;"js ), and reactlvepowers |

(0, and Q, ) of a line having a UPFC are

r+1x

il i

3
w
%)

Bus-i : . Bus-j

Fig4ure2'.1_2. Injection Model of UPFC

P =-Vig, - 2VV,g,coslp, - )+ v V.le, cos(¢ -5,)+b, sin(g, -5,)] @22
P, =V V;l|g, coslg, -5, )- b,.j's_m( =5,) | - (2.23)
O, =V, +VV,|g, sin(p, - 8,)+b, cos(p, - 5,)| S (2.24)

0, =V Vg, sinlg, - 5,)-, cos(g, -5, ) e

243 Modified non-linear power flow equation for UPFC :

The effect of UPFC on power system can be modeled by i 1n_] jected real and reactlve

power ﬂows at two reIated buses as shown in ﬁg,2 12 thus they have no effect on the
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admittance ‘matrix. The load ﬂow equatlon at bus 1 for havmg n buses in the system and' -

' wuhout UPFC can be expressed as below o

"

Pgi — Py _Z V:V/(gu cos J; '*.'by'rsi”é‘:j) L , S (2.26)
Ou-0, = V,V(g,,cosé bsma): S ey
Jj=12...... n

Where n is the total numbers of buses in the power system. P, and QG are the
active and reactlve power 1nj jected to bus [ by generator respectlvely V. 1s the magmtude
of voltaﬂe of bus i. P, and Q,, is the actlve and reactlve power extracted from bus [ by
' Joad respectlvely K is the magmtude of voltage of bus i. 5 5 5 is the phase
angle dxfference between bus i and _] g” + ]b Denotes the element Y,.j of admittance

matrix of system network. _ ‘ ‘ A ' o
"The load flow equations with UPFC, can then be obtained and referred directly as

for a generic case, it is assumed that UPFC is ~embe’dded' in a transmission line with

" connected between node '—l and - node-m. Therefore, for the UPFC embedded |

transmlssmn hne the load ﬂow power mlsmatch equatlons can be expressed as below

n

P = P, #Z VV (gu cos5 +b sm5) o " R (2.28)
00, = Z VV(gU cos5 - b, sm5) Fort—12 ........ ,nybutizlm :
‘ ' J=I . L

“Thus four mismatch equatlons are: -

. P,-P, =Y VFV(g,cos8,+bsins,)+P, - . @29
Qe _Qt1_=2 I/:V_;(gy siné; -?bfj.cosay)+QlS o - . (230) .
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’ )t,‘ - I)l at Zlfmyg(gm( cos ém/ +bm/ S!n éur( )+ IJm o ) .‘ ’ . - ; (2'31) -

;,., Z i ,(g";,, cosd,, "b,,,, smc)"”) +Q ‘ - (232

Where 1 is the total fiumber of buses Q(, ,.and QL are the respectlve real and
~ reactive power of generator and load of node~i and the values of, P.,Q:.P,.. & Q, for
UPFC will be ‘ | _

P.=-F g, -2V Vg, cos(¢, 5,,,)+ i r[g,,,, cos(ng S )+ b,m sin(g, 5,,, )]

P =V, g1 cosltr = 8,)-b, sinlp, -5, )]

Q,=VI +VV, lo;,., sm(¢r 5 )+b, cos(¢T 5 N

o an : ’/mV [glm Sln(¢l 51")+blm COS(¢T m )] - : | A (2'33)

T hus the relauonshlp are obtained for small vamatlons in V and &, by forming the

' total differentials,

4P A6 asl ‘ o |

) R s - | 39

| A0 Aarv| Lar. - ‘ : &

J= J +J

| Where J, the normal N-R power is flow Jacobxan matrix and J, is the partial .
derivative matnxes of mjected power with respect to the variables. When bus-l and bus-
m are PQ buses, the matrlx J. may have 10 nonzero elements as if bus-/ is a PV
correspohding, elements of row and column will not exist. When more than one UPFC are

installed in the netwmk thelr effects are added to mamx J,. In this situation the non-zero

' elements may be more than 10. Now we can see that the power ﬂow can be solved by N-

~"R'method in the normal way except the small dlfferences in J matrix and power mismatch

. equations.

The elements of J. FOR UPFC are given below
P, R : |

===V, sinl¢-8) o (2.35)
09, _ : ' ' .
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> ~=V, Y, [g,,,, Wf(¢, ' ) .b/,,. COS(¢7 . 5,.,)] . i " V(2.'30)
o :FmV}[%. Qfﬂ(v%~-<>m)+br~.¢0“?r 51.,)1 e
»(('(;: = - ,[ O,,;Ilcos(qé, S, )+b,m SII;(¢, | ] 3 - : | ~(2..-38)

—’,—=—»cos(¢ ‘é‘,) e
;,’,-"":'l./,[,h" cos(qﬁ, | b, sm(¢, J;, ] ,‘ | 1(2.‘40) 7
(af =V [o,;_,,cos( 5..,)+b,,..,sm(¢r 5] “ e
oo v [ g coslt - o) b8 o  <"2~42_> -
“;V.’-' =1 +V, [g,,,, sin( ¢y =0 )+b,m'cos(¢r Jv )l o : (2:43)
aé‘(-l-)/” l/ [g,msm(gb,—Om)+b,mcos(¢, . ] | ' o ‘ (2.44.)>
o ey L ey
as,  ev, - . ' o
@, :'0;59"'-" -='0~,-éQ"=‘='0;aQ"'°ﬁ=0 SRR | @46)
'..aV"f tes, s, o, - |

With help of equatlons (2.35- 2 46) the power ﬂow Jacoblan matrix lS modlﬁes
and we can see.that the power flow solution is obtamed by N-R method n the normal

ways e\cept the small dlffel ences m J2 matrix and power mlsmatch
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~~ Chapter-3
~ LOAD FLOWS

_3 1 lNTRODUCTION

Load: flow solution is solutton of the network under steady state condltton subject
to certain inequality. constramts under which the system operates. These constramts can
~ be in the form of load nodal voltages, reactive power generation of the generators, the tap -

settings of a tap chang,m;:, s under load transformer etc.

The load tlow solutlo‘n gives the nodal vo_ltages'and phase angles and hence the
-power injection at all the buses and power flows through inter-eonnecting bowet channels

(transmission lines) Load flow solution is essential for d’esigning a new power system
- and for plannmg extension of the ex1stmg one for increased load demand These analyses
1eqtnre the calculanon of numerous load flows under both normal and abnorma} (outage
of ttansmlssmn lines, or outage of some generatmg source) operating conditions. Load

flow solutton also gives the mltlal condmons of the system when the trans1ent behaviour -

+ . of the system is to be studied.

3.2 BUS CLASSIFICATION.

' In a power system each bus or node is associated with fout quantities, real and
reactive powers, bus Vvoltage, megnitude and its phase angle.' I a load flow solution two |
out of the four quantities are specified and the remain'ing two-are recjuired to be obtained

through the solutlon of the equatlons Dependmg upon whlch quantities have been _

: specnﬁed the buses are classtﬁed in the followmg three categones
1. Load bus At this bus the real and reactive components of power are specified. It i is
" desired to find out- the voltage magmtude and -phase angles through the load flow

SOlllthH It1s requtred to specnfy only P and Q) at such a bus at a load bus voltage can

_'be allowed to vary within the permissible values: Also phase angle of the voltage is not
- very important for the load R ' | N

2. Generator Bus Here the voltage magmtude correspondmg to the generatlon voltage

~and real power P, correspond_mg to its ratings are specified. It is required to find out the
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reactive po\\ er genuatlons Q( and the phase angle ofthe bus voltage

Sluc/\ bus: ln a power system there are mamly two types of buses load and generator

buscs. lOl these buses we have specthed the real power P mJecnons Now ZP =real
: . . . i=1

power loss P, where P is the 'power injection—at the buses,' whieh is taken as positive for

- ger encrator buses and is negative for 'load buses‘ The losses. remain unknown until the load -

'ﬂm\ solutlon is. complete It is for thlS reason that generally one of the generator busesis .

made to take the addltnonal real and reactlve power to supply transmrssron losses That is
why thrs type of bus is also known' as the slack or swmg bus At this bus the voltage _
magnitude V and phase angle 5 are specnf ied whereas real and reactwe powers P and
0, a_re obtame‘d through the load flow solutlor_l., The followmg table summarizes the

above discussion:

Bus Type - | Quantities specified | Quantities to be obtained =
[Toadbus .~ | P,Q Ve |

_Gener.aror Bus P, |V|- : -1 Q.8

Slack Bus V], & . T P_; Q‘.

~ The phase ahgle of the voltag'e' at the slack bus is usually taken as the reference.
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3.3 STEP BY STEP PROCEDURE OF NEWTON-RAPHSON ALGORITHM FOR
'LOAD FLOW SOLUTION -

I. - ReadBus and Line Data and Form Y,

2. Assume initial values of bus voltages | V, |0and phase angles 5,?' for i = 2,},....n
for load buses and phase angles for PV buses. Normally we set the assumed bus

~ voltage magnitude and its phase angle equal to slack. bus quantities .

k=1

1V, 1=1.0,5, =0°.
3, E Compute P, and Q, for each load, bus form the followlng equations:
P=YV V.Y, cos(5 =5, -6,) o A
k=l o . ’
0, = ZVVY,Asm(5 ~5,-0;) - . (32)

4. Compute the' scheduled errors AP, and AQ, for each _lcad from the following

- relations
W7 =By =BGy =2 B € ¥ )
AQ —chp Q‘(“‘” i =2,3, ..... ,n . (3 4)

For PV buses, the exact value of Q is not specxﬁed but its llmlts are known. If the
calculated value of Q, is within hmlts, only AP, is calculated. If the calculated value of
O. 18 beyond the limits, then an appropriate limit ls imposed'.and AQ, is also calculated |
- by subtractmg the calculated value of O, from the appropnate ltmlt The bus under'

conmderatlon is now treated asa load (PQ) bus

"~ 5. Compute the elements of the Jacoblan matrix
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a5 31wl

op o |

a0 " 8Q
| 85 B|v| |

Using the estimated | ¥, | and S,Yfrbm step 2.

10.

1. -

. _Continue until scheduled errors AP,(')"and AQ,

e @]
[AP:|_ 26 3|v] ‘Z‘;
AQ| 1 8Q & ||—

s Bl |
(3.5)

'Using the values of AJ, and AV, |' calculated in step 6, modify the voltage

* -magnitude and phase angle at all load buses by the equations.

: ] V(r+l)

B LA BN L P X))
'7 5j(r»+l) +5ii(’) +A5i(r). ' ) V . _' | (37)
Start the next iteration cycle at step 2 with these modified |V, |and &,.

(

) for ali_ load buses are within 2

specified tolerance, that is,

AP <500 <5
where & denotes the tolerance level for load buses..' '
Calculate line flows and power at the slack bus exactly m the same manner as in

the GS method.
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v_

Read Line & Bﬁs data I
|

v

Form Y Bus

Assume initial values of bus voltages
Vi(0) for i =2,3.....n.

]

Set iteration count =0

J

L

Calculater* from Eq.(3.1)for all
busses except slack bus.
Calcuiate " from Eq.(3.2) for

all PQ bhus. :
N
~ Caculate the power
) mismatches
fromEQgs.(3.3) and (3.4)

CalculateA?, and AQ;

=max

!

Yes ["Calculate line flows

AP <
Are ki £l and power at slack
andagr < € bus

No I

_ - i 4

3 Print results |—>—4 Stop-
Calculate elements of | L — P
Jacobian H,N,M and L. ’ . ‘

Update bus voltages
Solve Eq.(3.5) | and phase angles using
Egs.(36)and (3.7) .

L Advanced iteration count |
from r to (r+1).

- Figure: 3.1. Flowchart for Newton-Raphson mefhcjd for load flow solution
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3.4 LOAD FLOW RESULTS OBTAINED FOR IEEE 30 BUS TEST CASES

Table: 3.1 Load flow Result for XEEE 30 Bus Data

Bus. - | Bus Bus  phase | P(R;-P) Q(0; - Q)
‘| No- Voltage angle (deg) - (pu) uy
(pu) : e R
I 10600 . [00 2.6099 [-01711
7 10430 54965 [ 0.1830 03587
13 10217 - | -8.0054 | -0.0240 -0.0120 -
14 1.0131 -9.6630 -0.0760 -0.0160
1s 1.0100 143799 09420 . [0.1686
6 10123 - |-11.4010. | -0.0000 | 0.0000
|7 1.0036 [ -13.1506 02280 | -0.109%0
8 1.0100-  [-12.1144 | -0.3000 [0.0019.
19 1.0520 ~ | -144412 | 0.0000 ~10.0000
10 . | 1.0464 16.0310 | -0.0580 -0.0200°
11 | 1.0820 | -144412 | 0.0000 0.1558
12 | 1.0580 152876 | -0.1120 ~[-0.0750
13 10710 | -15.2876 0.0000 ~ [0.0995
4 | 1.0433 2161765 . | -0.0620 -0.0160
[15 [1.0388.  [-16.2684 . |-0.0820 ~ [-0.0250
16 1.0459 -15.8752. - [-0.0350 -0.0180
17 1.0409  |-16.1912 -0.0900 70,0580
8 1.0293 | -168778 - |-0.0320 [-0.0090
19 1.0268 | -17.0490 -0.0950 —1-0.0340
20 | 1.0309 | -16.8518 0.0220 | -0.0070
121 10341 |-16.4738 01750 [-0.1120°
2 1.0346 | -16.4600. | -0.0000 ~-0.0000
3 [1.0285 - |-16.6578 | -0.0320 ~[-0.0160
124 1.0233 |-16:8332 - | -0.0870 00670
25 - 10201 |-164187 - 00000 | 0.00000
26 10024 . |-16.8361  [-0.0350 - [-0.0230
27 1.0266 159033 - 00000 _ [0.0000
28 10110 |-12.0597  |-0.0000 . | -0.0000.
29 10068  |-17.1251 . |-00240 | -0.0090
30 | 0.9954  |-18.0018 | -0.1060 -0.0190°




5

Line  {From - |To - -'|Lineflow from | Line flow from _
{No - i1Bus . tBus - 1i"tgj"Bus = - .| j"toi" Bus-
{1 iR 12 1.7777 - 0.2066i 1 -1.7230 + 0.3410i
120 1 - 3 10.8322 + 0.0618i 1 -0.8042 + 0.0312i

3 2 ‘14 1 0.4570 + 0.03591 -0.4460 - 0.0216i -

4 |3 14. 0.7802 - 0.0303i . 1-0.7725 + 0.0481i

5 12 1S '0.8298 + 0.0284i - - | -0.7999 + 0.0754i

6 2 16 0.6192 - 0:0007i :1:-0.5987 + 0.0430i
N7 14 6 = 10.7021 - 0.1733i -] -0.6961 +0.1897i
18 15 7 o 0 =0.142140.1091i .| 0.1436 - 0.1157i
{9 6 7 10.3753 - 0.0134i . | -0.3716 + 0.0161i
110 . 6 8 0.2952-0.0301i -0.2941 +.0.0291i

11 16 19 10.2715 - 0.1864i -0.2715 + 0.2084i
112 6 110 0.1538 -0.0559i {.-0.1538 + 0.07041

13 9 11 1-0.0000-- 0.1515i 1-0.0000 + 0.1558i

14 9 10 . [ 0.2777 +.0.0582i .-0.2777 - 0.0502i

15 |4 12 10.4104 - 0.1577i -0.4104 + 0.2059i
{16 - 12 13 0.0000 - 0.0983i - . -0.0000 + 0.0995i . -

17 12 14 - 0.0784 + 0.0238i . .- {-0.0776-0.0222i -

18 - |12 15 0.1782 +.0.0669i - - -0.1761 - 0.0627i

19 12 116 . 0.0717 + 0.0307i -0.0712 - 0.0296i .

20 14 115 0.0156 + 0.0062i - -0.0156 - 0.0062i

21 {16 - 17 10.0362+0.01161 - 1-0.0361-0.0114i
122 15 118 - 0.0598 + 0.01591 - . .| -0.0594 - 0.0151i

23 - 18 119 0.0274 + 0.0061i --0.0274 - 0.0060i

24 19 120 -0.0676 - 0.0280i 1 0.0678 + 0.0284i

25 10 20 . 0.0906 + 0.0372i - -0.0898 - 0.0354i

26 10 17 - 10.0541 + 0.04701 -0.0539 - 0,0466i

27 10 |21 0.1577 +.0.0990i - | -0.1566 - 0.0967i

28 10 - 122 0.0760 + 0.0453i- | -0.0755 - 0.0442i
129 21 )22 :1-0.0184-0.0153i . ]0.0185+0.0153i

30 |15 123 0.0498 + 0.0280i - - | -0.0495-0.0274i

31 22 24 0.0571 + 0.028% -0.0566 - 0.02821

32 .23 24 0.0175 + 0.0114i ~1-0.0175-0.0113i

33 124 1.25 . {-0.0129 + 0.0175i -1 0.0130 - 0.0174i

34 25 26 - 10.0354 + 0.0237i -0.0350 - 0.0230i

35 25 . 127 | -0.0484 - 0.0063i - 4:0.0487 + 0.0068i

36 . |28 . 127 - | 0.1757 - 0.0340i | -0.1757 +°0.0464i

137 - 27 . 129 " ]0.0619+0.01671 . -.|-0.0610-0.0151j
138 27 130 - {0.0709+0.0166i - - |-0.0693 -0.0136i
139 29 30, - {0.0370+0.0061i ‘- " |-0.0367 - 0.0054i
140 8 128 . ]-0.0059-0.0140i - --"|0.0059 - 0.0079i

41 16 128 ~.10.1879 - 0.0634i . ] -0.1873 - 0.0010i




3.5 CONCLUSION |

In _thisvc'hapter, need for the load flow has been discussed. A Newton-Raphson
based algorithm has been appliéd to solve the 'Ioad'-ﬂéw‘ equations. Step by Step
‘p‘rocedufe for the above method has been givén. It has be_én validated on IEEE 30 bus test

. case system and the results are displayed." B
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Chapter-4
OPTIMAL POWER FLOW

4.1 INTRODUCTION | .

Optimal power flow (OPF) has been w1dely used in power system operatlon and
planning. In deregulated environment of power sector, it is of i mcreasmg importance, for
determination of electricity prices and also for congestion management. The OPF
optimizes a power system' operétting objective function, while satisfying"a'rset of system
constraints: - | '

Today any problem that mvolves the determmatlon of the mstantaneous optlmal

steady state of a power system is a OPF problem The optlmal steady state is obtamed by |

' adjustmg the avaﬂable controls to ‘minimize an objective function subject to spectf ed -
| linear or nonlmear operating constraints. Many different solution approaches have been
developed to solve the problem Basedron the - optimization techniques'applied, the
classrcal OPF method may be classrﬁed into the followmg two main categorles ‘

(i) Linear programming (LP) based methods ‘

(ii) Non-linear programming (NLP) based me_thods

~ Linear programmmg has been recognized for many years asa reliable and robust.
E techmque for solving a large subset of OPF problems with linearalized relationship. LP
 based OPF methods have been widely used in solving active and reactive power OPF
| problems. o - | | | ' |
| Noﬁ-linear 'progran.zmz‘hgr methods based OPF methods are a class of methods
with very \'Nide range, which include the steepest descent method, Newton’s method and
quadratic programming methods ' -
In this chapter, well known basrc classical techmque gradient steepest descent
method has been validated for the proposed approach This method has been applied to
IEEE 30 bus system and thelr results are drsplayed
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4.2 OPTIMAL POWER FLOW PROBLEM FORMULATION

- Let the ObJeCUVC functlon to be mmlmrzed 1s glven below :
ZH@;if SR o Ife_;{" @1 -

Thrs is the sum of operatmg cost over all controllable power sources

F,(Pg,)= Generation cost functlon for Pg generation at bus r -

The cost is optimized with the f’ollowing constraints .

The mequahty constramt on real power generatlon at bus i

%mﬂﬁ<&m ;f', '7’T¢‘ @y

. Where .

Pgm" and Pg‘““" are respectlvely mmlmum and max:mum values of real power

generatron allowed at generator busi.

The power flow equation of the ooWer network - o )

LLEW=0 L (43)

Where - . , ‘ ' '
- ‘ P(V ¢) P"w - } For each PQ bu-s‘i -

) g(Va¢): ‘QI (Va¢) Qm-l ’

P,,,Y(V‘,g‘fr) P } For each PV bus m, not -~
R including the ref.-bus,. -

- (44)

| | Where;l
P, and Q, are resoectr'vely ealcuvleted 'regl aod-reactiv'e ipower for PQ bus i
_P™ and Q" are resoectively soeciﬁed real and reaetive power for Pvaus-i.
P,,,' and P,,’,’” are respec‘ti"vel')‘/' eeleolered and 'speoiﬁed‘-ree»l}' po@er;,for PV bus m.
" Vand ¢ are voltarge r.né.gr.xi“t'ucie end ohase 'angies_at d-ifferent"ouses., |

“The inequality constraint on reactive power generation Qg, at each PV bus
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OgM™ <0g, < Og™ - . @5)
where Qg,'“f“ and Og™ are respectively minimum and m_aximuﬁ value of reactive
_power at PV bus i.

4.3 STEEPEST DESCENT METHOD :

This is the most basic classwal optimization method. The main features of thlS'
method are gradlent procedure for ﬁndmg the optlmum and use of penalty functions to
‘handle functional inequality constraints. This ‘method prov:des bus increment cost
~ directly, which is quite useful for cost analysns of power system under dere_gulated-

_ environment. | C o

- Letthe objecfiye be 7 A
B Min f(¥,u) - ) | @6

Subject to equality constramts correspondmg to power ﬂow equatlons '
lg@xu.p]=0 - | @47
 where o - :
x = unknown or state vector (such asvvolt»age magnitude and its ehgle at idad bus, voltage
| angle at PV bus). | - | | | |
u= constanfparameters or independent variables (such as generator output-and generator ‘
~ bus voltage). | | ‘ -

r= fixed parametefs (such as real and reactive power at load buses).

This is equivalent to minimization of unconstrained Lagrangian function

L(x,u, )= f (x.0) +[A]" [g(x.u, p)] @y
The 4, in lAJ are called Lagranglan multipliers | '

" From above equation (4.8) follows the set of necessary condltlons fora mmlmum

a] (o], 2] [z.]=o, N )
- S P a T | .. , B
o|_| & +[Z§ [a]=0 R 5 (1)}

ou L‘éu 1
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[a/l] [g(x u, p)] » | ) - ' (4.11:) :
Equations (4 9) (4. lO) and (4 ll) are. non lmear algebralc equatlons and canv only be.
- solved by lteratlons A snmple yet efﬁcnent |teratlon scheme that can be employed is the'
steepest descent ‘method.. The basic technique IS to. adjust the control vector u, SO as. to
-move from one feasible solutlon pomt in the dlrectlon of steepest descent (negatlve
gradlent) to a new feasrble solution pomt w1th a lower value of ob_]ectlve functton By
repeatmg these moves m the dlrectton of negauve gradlent the mlmmum w:ll ﬁnally be
reached: - ol o e o
4 3.1. Inequallty Constramts on control varlables |

Let the control varlable u (such as Pg, , voltage maomtude at PV buses, tapfratlo

for the tap settmg transformers) has its mmtmum and maxrmum constramts o
| u Sulu,. o T o ”. @12)
If duri'ng‘ optlmlzation.‘the correctioni Au; - causes u, to- exceed. one_ of liml‘ts, u, is set’
equal to the correspondmg llmlt | e | - |

Nu, . if u,",d+Au >u

) i max imax ' . ’
- u‘rncw = uunm B ‘ !f mld +Au <ulmlll - (413)
Ujoid +Au, N otherwm'er

ln accordance with- Kuhn-Tucker theorem, the necessary condltlons for

- mmtmlzatron of L under constramt are:

aL 0 ’f uimiu’<ui < U
. aL <o AT T I S C R V) B
. LBu ; _ . :

4.3.2 Inequaltty Constramts on the Dependent Varlables _ ‘

The upper and lower llmnt on dependent vanables such as voltage V at P- Q".'
buses MVA llmlt on transmlssmn lmes LT R 4,
: xmf <x<x S - T T (4.15) |

Such mequallty constramts are. handled by the penalty functlon method



The penalty method calls for augmentatlon of the objective function so that the new - -

obJectlve functlon becomes

[ =funy+ 3w, | - § - (4.16)

Where the penalty W, is introduced for each \%iolated inequality constraint. A suitable

penalty function is def' ned as |
=1,(x,— X, )’ Whenever- x, >x,m- | | @

W,=n,(x, =X, ) whenever X, <x;

J,max

Where 7, is penalty factor for vxolated mequallty constramt j-

The necessary conditions (2. 12) and (2.13) would now be modlﬁed as glven below,

fwhlle the condition (2 14) l e. power flow equatlon remam unchanged

oL [of] [« oW, ] [ag o o
R |+ 21 [a1=0 - 4.18
| Ox] [Ox Z ox | Ox | [] ‘ , , 4.18)

a7

EAREARSXANES

+
ou

(Ou] Lou] | T ou [#=0 | | - @19

-

This section " has shown that Newton- Raphson method of power flow can be
_-‘ 'extended to yield the optimal load flow solution that is fea51ble with respect to all
relevant inequality constramts. ‘

" 4.3.3. Step by Step Procedure for SD ~OPF method -

~ The computatlonal procedure for the - -steepest descent based optlmal power flow

(SD-OPF) method with relevant detalls is glven below:
Step 1. Make an initial guess for u, the control variables.

:Step 2. Fmd a feas:ble power flow solution by Newton-Raphson method. ThlS ylelds the :

 Jacobian matrix J for the. solution pomt of x. _
Step 3. Solve (4.9) for [/1] after replacmg functlon f by f as per equatlon 4. 16) in .

order to lnclude mequallty constramts on dependent varlables

M—'-[%ﬂ RE R <“f20)°
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Step 4 lnsert lxll form (4 20) mto (4 lO) aﬂer replacmg f by f as per equatlon (4 16). _/

' and compute the gradlent

Step S. lf VL is wuthm prescrlbed tolerance as. per equatlon (4 l4), the mlnlmum has‘ been o )
reached otherwrse goto next step: | '
Step6 Fmdanew set of control varlables . R o ‘
Cupmug tAU | o (4.22)
 where Au——é‘*[VL] L ey
..RetumtostepZ - L vk | »A o
" Here Au is a. step in the negatlve dlrectlon of the gradlent The step size is

‘adJusted by the posmve scalar S.

- 43. 4 Slmulatlon Results

The above explamed algor:thm for OPF is applled to IEEE 30 bus test system,. _

whose data has been grven in Appendrx-A For this analysrs the quadratic cost -

. charactenstlc of generators has been taken as per followmg equatlon o
F(Pg)= a+b*Pg +C*Pg, e
Where the values of cost coefﬁclents has been glven in- Appendlx-A the simulation

results are g:ven in table 4.1

Table 4.1 Slmulatron results of SD OPF M

| ‘___Generator Bus Number Power Generatlon
OT [ (Reforence) | 1763177
G2 - | - 2 | ‘487980- -
'__03 T 5. 215015 |
G| 8 T 2231% |
G5 | 1| 12208 |
G | B | & 0000..;,:;:;]'
N Total Generation Cost 7803, 5495 $/hr-
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Table 4.2: Load flow Results of SD-OPF

[ Bus. No _

0996 . -

-13.9536

~-0.1060.

Bus.Voltage | Bus phase P(R,-P) 09, -0,)
(pu) * . | angle (deg)’ (pu) . (pu)
1 1.0600 0 1.7632 70.0137
2 1.0430  -3.5528 02710 0.1647
3 1.0256 - -5.498] 20.0240 0.0120
4 1.0174 6.6033 | -0.0760 -0.0160
5 1.0100 -10.2494 -0.7270 70.0702
6 1.0150 T 77388 0.0000 0.0000
7. | 1.0052 92964 -0.2280 20.1090
8 1.0100 - -7.9103 20.0768 -0.1416
9 1.0541 29.7724 0.0000 0.0000
10 1.0489 -11.5361 -0.0580 -0.0200
I T1.0820 ~8.4901 0.1227 0.1466
12 1.0606 ~10.7465 201120 7-0.0750
13 1.0710 98991 | 0.1200 0.0804
14 1.0459 -11.6454 | -0.0620 -0.0160
15 1.0413 117511 -0.0820 ~-0.0250
3 1.0484 113520 | -0.0350 —-0.0180
17 1.0434 -11.6867 -0.0900 -0.0580
18 1.0319 2123650 | -0.0320 -0.0090
19 1.0294 -12.5398 0.0950 "~ -0.0340.
20 1.0335. -12.3459 -0.0220 -0.0070
21 ~ 1.0366 11,9941 - | -0.1750 T 0.1120
2 1.0371 -11.9859 | -0.0000 " 0.0000 -
23 1.0310 -12.1888 -0.0320 00160
24 1.0256 -12.4315 -0.0870 ~-0.0670
25 1.0217 -12.2376 -0.0000 ~0.0000
26 1.0041 -12.6536 -0.0350 0.0230
27 | 1.0278 -11.8601 0.0000 _ 0.0000
28 | 1.0131 822451 -0.0000 - | 0.0000
29 - 1.0080 T -13.0789 0.0240 ~-0.0090
30

-0.0190
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Line | From - |To . Line flow from | . - " Line flow from.
| No Bus. | Bus I to j* Bus |- . j* to i" Bus
T 1.1772-0.0576i | . ~1.1535 + 0.09%94i | -
-0.5824 + 0.07017| -~ -0.5684- 0.0353i ,
T 0.3416 + 0.0403i | - - -0.3354-0.0408i]

- 0.5444 +0.0363i | -

. -0.5407 - 0.0299i |

T 0.6335 + 0.0477

06160400041

0.4494 + 0.0233i |

-0.4385 - 0.0102i |

. 0.4733-0.07531

-0.4707 + 0.0799i | -

'Sxoo,o\lo;w.p-wm'-—-

B 2
2 3
2 - 4
3 4
2 |5
2 6
4 6 . |
N 7 -0.1110 + 0.0819i 0.1119 - 0.0900i |
6 7 7 0.3430 + 0.0103i -0.3399'- 0.0096i
6 ) 0.0996 + 0.0907i |~ -0.0994 - 0.0946i | -
i 6 9 0.1825-0.1873i | - -0.1825+0.2011i | -
12 | 6. 10 |- .. 0.1268-0.0576i | ... ..-0.1268+ 0.0681i.]|- -
13 9 T T .0.1227-0.1401i | - 0.1227.+ 0.1466i |-
14 "9 10 . 0.3093 + 0.0546i- | -0.3093 - 0:0449i |
15 4 12 0.3045 - 0.1607i | 20.3045 + 0.1900i | :
16 12 13 - -0.1200-0.0779i | ~0.1200 + 0.0804i |-
17 12 1 14 0.0793+ 0.0234i | - -0.0785 - 0.0218i
18 12 15 70.1820.+0.0660i | -0.1798 - 0.0616i | -
19 12 16 0.0735 + 0.0302i - -0.0730-0.0291i |
20 . | 14 15 0.0165 + 0.0058i | - 0.0164-0.0058i|
21 16 17 0.0380 + 0.0111i | 7 -0.0379-0.0109i |
22 | 15 18 0.0604 + 0.0156i | ~ -0.0600 - 0.0148i |
23 18 19 70.0280 + 0.0058i | . © -0.0279 - 0.0057i |
24 19 .20 0.0671-0.0283i | . - 0.0672 + 0.0286i
25 110 20 0.0901 + 0.0374i |- ~.0.0892 - 0.0356i | -
26 10 17 0.0523 + 0.04751 |. - °-0.0521 - 0.0471i |
27 |10 21 T 0.1614+0.0977i] - -0.1603 - 0.0952i.|
28 10 22 ~0.0785 +.0.0444i | - -0.0780 - 0.0433i | -
29 21 22 -0.0147-0.0168i | : - - 0.0147 + 0.0168i | .
30 | 15 23 " 0.0538 +0.0268i | -0.0535 - 0.02611
31 | 22 24 0.0632 + 0.0265i ~.0.0627-0.0257i | . -
32- | 23 24 T 0.0215+0.0101i | .- - --0.0214 - 0.0099i |
33 24 25 .-0.0028 + 0.0139i - 0.0029 - 0.0138i
34 25 26 . ~0.0354+0.0237i .. :0.0350-0.0230i | - .
35 | 25 27 - 0.0383-0.0099i | . - - 0.0385+0.0102i|
36 | 28 | 27 . 0.1658-0.0323i.]. . -0.1658+0.0433i] - -
37 27 - .29 . 0.0619 +0.0167i | -0.0610-0.0151i | -
38 - 27 30 - 0.0709 + 0:0166i 20,0693 = 0:0136i
39 | 29 30 ~0.0370+0.0061i | - - -0.0367 - 0.0054i
40 8 28 T 0.0226-0.0338i| - --0.0226 +0.0121i.
41 | -6 28 0.1491 - 0.0426i --0.1487 - 0.0229i



4.4 CONCLUSION . |
In this chapter m':any_ classical methods to OPF have been given: A well known
basic classical technique, S_teepést Descent has been diséussed.'Stéepést Descent Based.

. OPF Algorithm has been developed and applied'to IEEE-30 bus test system and their

’ results are displayed.
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Chapter—S
'~ EVOLUTIONARY PROGRAMMING BASED .

~ OPTIMAL POWER FLOW

5.1 INTRODUCTION ‘
ln general, OPF problem is a large drmensron non-linear, non-convex and highly
_ eo’nstramed. optimization problem. It is non-convex due: to existence of nonlinear AC '
power flow "eqhality constraints, non-convex unit operating cost functions and. units with’
prohibited operating zones. This non-convexity -is further inerees'ed_ When v»alvve‘Apoint
. loading effects of the thermal generatorshave to be included in the nerwork. - |
Classical techniques suffer from the difficulty in handling inequality constraints.
Moreover these techmques rely on convex:ty to obtam the global optlmum solution and
. as.such are forced to snmphfy relatlonships in order to ensure eonvexxty These.
techniques are not guaranteed to converge to the global optlmum of the general non-
- convex OPF problem. These days; genetic * algorithm (GA) and  evolutionary
- programming techniques has been suggested -to ‘overcome the abow)e' mentioned
- difficulties of classical methods. ’
_ In this work, an evolutionary pro‘grammi'ng approech has been used to solve OPF
for the proposed model. In this chapter, EP based OPF has been applied to IEEE-30 bus
test system and the results are compared’ with steepest descent method based OPF "
7 Evolutlonary programmmg, search for the optlmal solution by evolvmg a -
' populatton of candidate solutlons over a number of generatlons or iterations. The

. evolution of solution is ca_rrxed out through r_nutatlon and competitive. seleet-lon, :

5;1.1,Difference between EvolirtiOnaryiprogramming a»nd other ﬁa’ditit)nal methods

ln order for EPs to surpass the tradmonal methods in the quest for robustness EPs
must dlffer in some very fundamental ways EPs are different from more normal

optimization and research procedures in four ways: .

a4



( )y EP search from a populatlon of pomts, not a smgle pomt The populatlon can

" move over hilis. and across val leys: EP can therefore drscover a globally or near globally

optimal pomt Because each mdwrdual m the populatlon 1s computed mdependently EP. '

“has mherent parallel computatlon ablllty

(2) EP use payoff (fitness or objectlve funetlons) mforrnatlon dlrectly for the
: search dlrectlon nelther derlvatlves nor other auxiliary knowledge EP therefore can deal
with non smooth non contmuous and’ non dlfferentlable functions that are the real life :
optlmlzatlon problem ThlS property also relleves EP is of the approx1mate assumptlons‘
Vfor many pract:cal optlmlzatlon problems, whlch are qurte oﬁen requlred in tradmonal - -

B optlmxzatlon methods

3) EP use probablhstlc transmon rules to select generatlons not determrmsttc,_

- rules,: so they are a kmd of stochastlc optlmlzatlon algonthm whlch can search a.

comphcated and uncertam area to fi nd the global optlmum EP is: more ﬂexrble and

-robust than conventlonal methods . 'v R -

These features make EP robust and parallel algonthm Wthh can adaptlvely
search the globally opttmal pomt EP offer new tools for the optrmizatron of complex

system problemsi__\ .

-- 5.1.2 Differen‘ce'betweenl Ev'olutionary‘programming andGenetic" Algor'ithm" _ "4
EP 1s dlfferent from GA in the followmg respects

(l) EP uses the control parameters not thelr codmgs the generatxon selectlon

B procedure of EP IS mutatlon and competmon not reproductlon mutatlon and crossover B

(2) GA emphasrs models of genetlc operators whlle EP empha51s mutatlonal

.transformatlons that mamtam behavroral lmkage I

- 5.1, 3 Evolutlonary Programmmg Operatlon e t

While applymg a Evolutlonary programmmg for any optlmlzatlon problem, the

- followmg steps are usually followed



L InitiQI population:
The initial population of control variables is selected randomly»fr(j)'mf the ,‘s'et of
unifermly' distributed control variables ranging over their upper and lower limits. The | '

fitness score /; is obtained according to the objective function. -
2. Fitné;ss'ﬁmction:

The next step- is to specify a function that can assign a score to any possrble
solution or structure. The score isa numerical value that indicates how well the particular
solution solves the problem Using a biological metaphor, the score is the fitness of the
mdnvndual SOluthn It represents how well the individual adapts to the envrronment In

case of optimization, the ‘environment is the search space. The task (_)f the GA is to

discover solutions that have ﬁtness'values émong‘t,he» set e'f all possible solutions
3. Mutdtion:

Each . selected parent for exampleP, is mutated and " e_dded -ro_ its populalti‘on '.

followmg the rule

— 2 ' ._—' '
Pi+m,_/' - Pl[ + N(O, c ) ’ _l‘“l s 2.. .n,
" N(u,0?) Represents a Gaussian random variable with mean x and vérianee ol

If any mutated value exceeds its limit, it will be given the limit value. The mutation
process allows an individual with larger fitness to produce more offspring' for the next

generation.
4. Competition:

B Several individuals which have the best ﬁtness are kept as the parents for the next -
generatlon Other individual in the combined populatlon have to compete thh each other_

. to get therr chances for the next generatron
5. Co_nverg’ence te,s't:
If the convergence condition is not met, the mutation and the competition

~ processes will run again. The maximum generation number can be used for convergence

o 46



condmon lf the convergence has reached a glven accuracy, an optlmal solutlon has been E
found for an optlmtzatlon problem o |
The schematlc dlagram is shown in ﬁgureS l The majcf steps involved in the EP

'approach are explamed as follows _

|Initiatization ©*f—ro, Ny veétorRepresent_&ﬁoﬁ of the Decisions Variables.

.Suﬁ:ivo:Setf : PR L . :Compeﬁng‘pool ‘

Np Individuale | Offspring Creation. —h * Nppaents | My Offspring

‘'

© Competition & Selection  j—  Objective Function Evaluatuation |

. Figui‘e 5.1 Schematic dia’gfanj of EP

a1



52 STEP BY STEP ALGORITHM OF EVOLUTIONARY PROGRAMMING
" BASED OPF

[ Prepare the database for the system including line data, bus data, generator data
and tap setting of the transformers. Line data includes the information of the lines .
such as resistance, reactance and shunt admittance. Bus data includes the

information of the generators, loads connected at each and every bus.

2. Generate parent vector population for power generated by the generators ‘

L2

Formatlon of Y bus using line resistance, reactance shunt elements tap changmg ‘

l'ath

4. Assume suitable values of voltage m_agnitude' at all the buses excluding swing bus
and its angle for all the buses, also set the error for calculated active and reactive

power.

5. Calculate the real and reactive power using the formula for all buses

P=> VMV ,,cos(a +8,-8)

. JeN

0 =317, uY,,.sin(a-, +6,-5)

JjeN

6. Calculate error for.real and reactive power between specified and calculated for
load buses and only real power for voltage control buses. If it is with in tolerable

limit go to step no: 10.else continue the next steps.

7. Calculate Jacobian matrix using the formula

oP P
| a8 -
J = oV
oo a0
\os alvy)

8. - Calculate voltage maghifude_ and angle increment using. formula (except

reference bus)

2 s )
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- Prepare line,bus and
generator data -

e
|

i 4

L

!
- i
Generate parent vector population 1
for power generation '

v

Evaluate load flow
|

/!_

_Check limit for Pg ?

Yes

Compute the cost of .
- generation for parent
vectors

Y

Create the off spring vector
by Mutate operators

No

heck limit for Pg and a
the control parameters

Compute the cost of
generation for off spring -
vectors

IS

Select the Best population from
the competition among parent
and off spring for the new

' * - parents

No i

Terminate?

Figure 5.2 Flowchart of EP-OPF
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9. Calculate new bus magnitude and its angle on all buses (except reference bus)

Vew = Vo + 8%
onew o ould +A0

10. Go to step no: 5
11. Compute the total cost of generation for all the generators

12. Create off spring vector for all the control variables by adding Gaussian random

variable to it.
13. Check for the limits for the off spring vector. If it violates go to step 12
14. Compute the total cost of generations.
15. If the convergence condition satisfied go to next step else go to step:12

16. Find the optimal solution among all population groups.

Ace. Nos124Ra.

D-te..-.‘-‘.—%:.l.-,?,e.eé
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5.3 SIMULATION RESULTS | - |
| Thls EP- OPF algorlthm is applled to lEEE 30 bus test’ system whose data has been -

g:ven in Appendlx-A EP parameters as shown in table5 I have been taken for thls

‘ _zvanalysrs The convergence of thts algonthm is shown in figure 5 3

Table 5.1 EP parameters

~ 'S\.No' EP Parameter S Value .
1 Populatlo‘n Size . O 10
2 Ma‘xfir.n‘nm generation | 30 °

The simulation results are given in the following table L

Table 5 2 Slmulatlon results of EP based OPF,’ - |

B Generator Bus Number‘ Power Generatron
o wy

Gl | i(Reference) | - 1.66.65]2 —
6z [z @5
G 5 |23074
G~ |8 |27.6360

G5 |11 | 105680
66 |13 |14698

;Total Genérat_fron‘ Cost- | 803. 8613$/hr

s



‘Table 5.3: Load flow results for EP-OPF

(93]
1 ©

0.9967

-0.1060

| Bus. | Bus Bus phase)| P(B;-PR) | Q(Q~0Q)
No - »V_olt‘age - anglc (deg) (u) ‘ “(pu)
(pu) o : e
1 10600 | 0 | 1.6665 0.0058
2 | 10430 | -3.3443 02785 0.1483
3 | 10260, | -52063 = | -0.0240 200120
4 1.0178 | -6.2475 -0.0760 -0.0160
5 1.0100. | -9:8391 07113 | 0.0637
6 10152 | -7:3145 70.0000 ~-0.0000
7 | 1.0053 | -8.8778 02280 ~-0.1090
8 | 1.0100 73671 0.0236 -0.1611
9 | 10541 | -9.4145 700000 | -0.0000
10 | 10487 | -11.1162 -0.0580 | -0.0200
11 | 10820 | 83101 . | 0.1057 70,1464
12 | 10610 | -10.1844 -0.1120 ~0.0750
13 10710 | 9.1468 70,1470 0.0778
14 1.0463 | -11.0997 . | -0.0620 -0.0160
15 | 10415 | -11.2217 -0.0820 20,0250
16 | 1.0486 | -10.8491 | -0.0350 -0.0180
17 | 10433 | -11.2417 -0.0900 -0.0580
18 | 1.0319 | -11.8739 0.0320 -0.0090
19 | 1.0294 | -12.0718 | -0.0950_ -0.0340
20 | 10334 | -11.8900 | -0.0220 -0.0070
21 | 1.0364 | -11.5677 201750 20.1120°7
2 1.0370. | -11.5575 70.0000 0.0000
23 L031F | -11.6904 -0.0320 -0.0160
24 | 1.0256 | -11.9752 -0.0870 20.0670
725 | 10217 | -11.7833 ~-0.0000 -0.0000
26 | 10041 | -12.1993 | -0.0350 -0.0230
27 | 10279 | -11.4070 ~0.0000 0.0000
28 | 10132 | 77934 _ | 00000 | 0.0000
T29 | 10081 | -12.6257 7-0.0240 20,0090
T13.5002

=0.0190
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Line

| Z
o

From
- Bus

e o S .

Lme ﬂow from o
X lh

to /" Bus-,

- | Line ﬂow from - -
1 /" to " Bus -

- L1131 —0,04041

-l 0919 +0.0746i

| 0.5533 + 0.07251

-0.5407 - 0.04301 -

T 70.3266 + 0.04201

-0.3209- 0.0441i -

T 05167+ 0.0440i -

-0.5134-0.03871 -

T70.6155 +0.0498

. -0.5989 - 0.0021i

- 0.4283 + 0.02771

. -0.4184.- 0.0176i -

T 0.4475-0.06231

T0.4452+ 0.06581

01124 ¥ 008171

--0.1133---0.0898i

03444 7 001061

..=0.3413 - 0.0098i.

oloo|w|an|un|alwlioj=]. T

0.0537 + 0.10731 . -

-0.0536 - 0.1F13i

770.1885 - 0.1863i.

| -0.1885 + 0.2005i

. 0.1270 - 0.0570i_

—20.1270 + 0.0674i .

L -0.1057 - 0.1406i

- -0.1057 + 0.1464i

0.2984 + 0.0558i -

" -0.2984 - 0.0467

Slslzislole|w|wa|ofulsls o)

-.0.2896.--0.1618i

-(.2896 +0.1890i

—
w1

~0.1470 - 0.07451

0.1470 + 0.0778i

 0.0804 +-0.0230i

1720.0796 - 0.0214i

T0.1865 + 0.0652i

" _0.1842 - 0.06061 -

. 0.0789'+ 0.0293i-

| -0.0783 - 0.0281i

< 0.0176 + 0.0054i

- =0.0175 - 0.00531.

~1770.0433 + 0.0101i-

| 20.0431 - 0.0097i

0.0633 +0.0149i .

- <0.0629 - 0.0141i-

- 0.0309 + 0.00511

- ~0.0309-- 0.0050i

- -0:0641 - 0.02901

- 0.0643 +0.0294i

. 0.0871 + 0.0381i

-0.0863 - 0:0364i

| .0.0470 + 0.0486i

|, ~0.0469 - 0.0483i

~0.1599 + 0.0980i

1 -0.1588 - 0.09561

- 0.0775 + 0.0446i "

20,0770 - 0.04351

| <0.0162 - 0.0164i -

- 0.0162 + 0.01641

- 0.0564 + 0.0260i

~-0.0560 - 0.0253i

N(.h-—-'QOOO\ooc,u:O\-PNNNI\)A\O\OO‘O\O-\O’V?'&NN}”N :

" 0.0607 + 0.0271i

-0.0603 - 0.0264i

-0.0240+ 0.0093i

- -0.0239 - 0.0092i

I
W

20.0028 + 0.01371__

170.0028-0.0137i-

- 1::0.0354 +0.0237i - -

-0.0350 - 0.0230i

7 7-0.0383 -.0.0100i - -

T0.0384 + 0.01031 .

| --0.1658 - 0.0322i

-0.1658 +.0.0432i

- 0.0619+0.01671 .

- -0.0610-0.0151i

Wlolololol ol o] o]t o] =] = | — | — || == | =
IR AN BN = L RN NI NI R A T IS R=T R =R Bl Rt I Al

T0.0709 + 0.01661 ',

T 0.0603-0.01361

L
o

- 0.0370 +-0.0061i-

-0.0367 - 0.0054i _

T70.0299 - 0.03651

| -0.0298 + 0.0150i

o]l ko]
(S| ol je{w|u| &

Tl
oo oo

[ 0.1417-0.0398i

0.1414 - 0.0250
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F igure 53 C_onvergence of EP-OPF (Cost of 'Generatio'n) :

5.4 COMPARISON OF RESULTS |
~ Comparison of the optimum solution for the above two methods has been given in

‘the table 5.4. These methods are applied to same [EEE 30-bus test system.

- Table 5.4 Comparlson of OPF methods

S.No Approach | _ Mmlmum__generatio‘_n cost
1 Steepest Descent-OPF | 803.549568 $/hr _
12 EP-OPF - - | 803.8613%/hr
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7‘55CONCLUSION ks - o o

ln this paper EP based OPF algorrthm has been vahdated ‘with classmal gradlent'
method It has been observed that opt|mal solutlon obtamed by EP-OPF'i is very close to
| that obtamed by classrcal methods The mam advantage of the EP solutlon to the OPF

: problem is its’ modelmg ﬂexlblllty nonconvex unlt cost functlons prohlblted umt

o operatmg zones and complex and non- lmear constraints can be easrly modeled. With a

non-monotomc solutxon surface classwal methods-are. hlghly sensitive to startmg pomts
: and’ frequently converge to- local optlmal solutlon or dlverge altogether EP based OPF
}algomhm has accurately and relrably converged to the global optrmum solutlons .
The developed EP OPF algorlthm provrdes a sound’ basrs on whnch an EP OPF""N
algorrthm with " the power control functrons of FACTS devrces mcorporated can, be.'

developed for the proposed model.



. Cltapter—6

EVOLUTIONARY PROGRAMMING BASED OPTIMAL
POWERFLOW INCORPORATING MULTI TYPE FACTS DEVICES

6.1 BASIC OUTLINE

This work proposes an applrcatlon of Evolutronary Programmmg to- Optrmal

| Power Flow mcorporatmg Multt-Type FACTS Devices. EP i is a search algorithm based -
“on the simulated evolutionary. process of natural selectron and natural genetics: EAs are .
"randomrzed search algonthms which, however, do not necessarrly mean drrectronless,‘

random walk

_ Non-convexrty of the nonlmear AC power. ﬂow equahty constramts is increased -
 when FACTS devices have fo be included in the network So, an evolutronary
programmmlg approach has been used to solve QPF mcorporatrng Multi Type FACTS -

devices

" The objective functidn is built in order to panelize'the configuration of FACTS,

'leadmg to overloaded transmrssron lines and over or under voltages at busses. Only

. . techmcal beneﬁts of the FACTS controller are taken lnto account. Other criteria such as

‘cOsts o_f installing and mamtammg de_vrces are not tak_en_ into consrderatron at this stage of *

- work,

6.2 STEP BY STEP ALGORITHM OF EVOLUTIONARY PROGRAMMING -
| BASED OPF | |

1. Prepare the database for the system mcludmg line data, bus data generator data
and tap setting of the transformers Line data includes the. mformatlon of the lines'. ~
such as resxstance, reactance and shunt admittance. Bus. data mcludes ‘the.

lnformatlon of the generators loads connected at each and every bus..

N

Generate parent vector populatron for power generated by the oenerators
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W

Formatton of Y bus usmg line resrstance reactance shunt elements tap changmg |

, ratlo N

. 'Assume suntable values of voltage magnltude at all the buses excludmg swing bus - ‘
and its angle for all the buses, also set the error for calculated actlve and reactwe '

: power

Calculate the real and reactlve power usmg the formula for all buses

P ZIVIIIV IIY cos(€ -j-é' é’)

' /eN

Q 2:[VH|V||YsuK9 +5 5)

: _]EN

'. Calculate error for real and reactwe power between specrﬁed and calculated for.-

. load buses and only real power for voltage control buses If: it is wnth in tolerable-‘ :

llmlt go to step no: 10 else contmue the next steps

. Calculate Jacobran matrtx using formula

T oleg. Q|
o 65.falVl ‘

Calcu’late voltage magmtude and angle increment using formula (except

reference bus)

(@ el ) B

'Calculate new bus magmtude and rts angle on all buses (except reference bus)

\‘V“fKW+AVE"M

9 6,,,d +A9

new

]0 Go to step no: 5

1 L. Compute the total cost of generatron for all the generators




12. Create off sprmg vector for all the control varlables by addmg Gaussian random -

'_varlable to it.
~ 13. Check for the limits for the off sprmg vector. lflt violates go to step l7
14, Compute the total cost of generatlons
l75. If the convergence eondltlon satlsﬁed go to- next step e»lse go to. step:l2 -
16. Find the optimal solution among all popula'tion,-groups :
.-_17. lnput the locatzon for the FACTS devices such as TCSC SVC and UPFC.
18. Set the fi rmg angle for TCSC to mcrease the real power flow in the lme

19. Set the voltage proﬂle foe sVC to ;mcrease the voltage‘proﬁle of the bus.

, ZO:ASet .the series injected.voltage and angle and shunt reactive current to increase the real

and reactive power-in the line lndependently and voltage proﬁle

21. Run the NR power .flow for the optlmal solutlon obtamed usmg EP mcorporatmg
FACTS devices. ‘ — '

-22. Print the results.

6. 3 OBSERVED RESULTS.
The proposed model as explalned in section 6.2 has been lmplemented on IEEE’ s
30 bus system. The results obtamed have been found satlsfactory The IEEE :;0 bus test'
~ case system data was given in appendlx A. the index of different cases done in thlS work’
o - is listed in table 6.1. A Newton - Raphson load ﬂow solution of IEEE 30 bus system are
tabulated in table 3.1. ' ' S o
_ EP based OPF without FACTS devices as also been solved and optlmal solutxons )
_ -_are tabulated in table 5.2. to compare with results obtamed from EP based OPF- with
FACTS devices. E ) | e
Objective function taken' from: equation 4115 solved by locatlng multi'type' '
, multlple FACTS devices in the line. ln this approach EP based OPF mcorporatmg )
FACTS dewces such as TCSC SVC and UPFC as-shown in ﬂgure 6. l is 1mplemented



"Here we can observe that EP based OPF wnth multl type multtple FACTS devnces glve
better power ﬂow and voltage control over the EP based OPF wnthout FACTS devices.
- It has been observed in table 6.2 that obJectlve attamed (to mlmmlze the Cost of‘

| generatlon) by EP-OPF mcorporatmg Multi. type FACTS dewces is. very Close to that .

obtamed by EP OPF and lt has better control over the power ﬂow

Table 6 1 Index for the cases done in thls work

- EP-OPF thh One TCSC . Casel |
EP OPF wnth One SVC »- o : - C‘ase Il"
EP-OPF wnth One UPFC . ' ; Caselll . .
— " EP-OPF with Two TCSC -. Case v
EP OPF wnth Two SVC ‘_.csse\/ 1
N “EP- OPF with: Two UPFC Case VI»,I- o
= 'El:?-OP',Fyv'ith_TCS-C and SVC - j ', | Case VL |
. 7EP~OPF,v.vivth Tcsc and UPF'C" | ‘.-c:ase_vm
EP-OPF with svc and UPFC T e |
' ":EP OPF wnth One TCSC svc and UPFC ._. T Case x |
- :EP OPF with Two TCSC,SVC and UPFC Case X




Table 6.2 — The Minimum cost of Generation obtained for différent cases.

, Minimum Cost of Generation
Casel | 8039708 5hr
| Casell. | 804.9847 S/hr
Caselll | 806.7000 S/hr
“CaseIV | 8039766%hr
CaseV | 8049861 Shr
Case VI | 806.7380 S/hr
Case VIl | 8053837 S/hr
Case VI | . .807.0539 S/hr
Case IX | - 8065719 S/hr
CaseX | 806.9260 Sihr
CaseXI | 807.1614 S/hr

60



S - ' .‘Case.St'udy Né'z‘ L P

Case St‘udy"No.l‘:‘ ' o

The objectwe of TCSC 1S to control the actlve power ﬂow between the two buses

' “From Table 5 3, lt was found that the lme 2-4 is- less loaded lt shows that 32 66 MW of -

real power ﬂows It.i is desrred to mcrease the real power m llne 2 4 by 20% of its mmal’j:;; S

_ value. "TCSC~ used had capacrtlve 1mpedance and mductlve lmpedance equal tov'-""" L

6.36620hm and 0. 0314ohm

1t has been shown in Table 6. 3 that real power ﬂow m the lme 2-4 has been L

mcreased to 39 37 MW from 32 6 MW Wthh is 20% mcrease after mcorporatmg TCSC o

.TCSC reduces lme reactance there by mcreasmg real power flow Lme reactance is e

| reduced from 0 l737pu to 0. 12366pu The above results were obtamed wrth no varratlon T

- or practlcally very less varlatlontof bus voltages The ﬂrmg angle of TCSC obtamed lbl., .

- 2 12 radlan (121 53 degree) The reactance offered by TCSC is: -_]0 0501 TCSC is S

L operatmg in the capacmve regron in thlS case

The pnmary objectlve of connectmg SVC 1s to regulate bus voltage wrth all other
L _ 'system parameters ‘Under practlcal hmrts When SVC connected to PQ bus, it is operated o !

to lmprove voltage prof le of bus under hght and heavy load condltrons

From Table 5. 3 it was found that bus no.12 voltage shoots up It shows thatrh:'-- |

_- voltage magmtude of bus 12 |s 1 061 pu |t IS desnred to regulate voltage of bus 12 atl-.. L

1.00pu under all condmons

St has been shown in Table 6 4 that voltage of bus 12 lS reduced from l 061pu to

1. Dpu, Wthl‘l is 5. 6% drop aﬂer mcorporatmg SVC SVC absorbs reactxve power of e

' 49 69 Mvar there by malntalnmg the voltage prof le

R .




" Table 6.3: Load Flow Results for Case |

Bus No | Bus Voliage | Busphase | P(7,~7) | 00—0)
i o (puy 0 |angle (deg) | oy | (pu) :

0600 | 0 | 16675 | 0.0014

TT10430 | 34289 - | 02785 | 0.1520

10262 - | 49543 | | 00240 | -0.0120

10180 | 59403 | 007600 . | -0.0160

10100 | 97789 | 07113 | 0.0636.

10153 | | 70998 | 0.0000- - | 0.0000

1.0054 | 87259 | -02280 | -0:1090

L0100 - | -7.1499 . | -0.0236: - . | -0.1649

ol ool 9] ol L] & || —

10541 | 91837 | 00000 | -0:0000

<

(0487 | -10.8771 - | 00580 -~ | -0.0200

—
—

10820 | -8.0793 . | 0.1057 | 0.1461

[\

|~ To61T | 95106 01200 | 0.0750

—
W

L0710 - 88731 ' | 0.1470 -~ - | 0.0768

ey

1.0464 . | -10.8301 . | -0.0620. - -0.0160

T 10416 | -109565 | -0.0820 - .| -0.0250

—
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(=)}

1.0486 | -10.5896 | -0.0350 - . | -0.0180
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2

0320 | -116178 | -0.0320 | -0.0090
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710256 . | -11.7320 | -00870 | -0.0670

N
o

10217 | -11.5502 | 00000 - | -0.0000
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)| ro
A

)
q .
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[N}
o0

T 70135 | 75768 | 00000 | -0.0000

|7 10082 - | -123989 | -0.0240 | -0.0090
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o

(V3
- D

0997 | -132734 | 01060 - | 00190
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‘Table 6.4: Load Flow Results for Case II

Bus. No 7| Bus Voltage | Bus phase | P(R, —P) B e (0} —_;Qh') x
[ w | angle (deg) Sew | e

10600 . | 0. | 16706 | 00498

TT.0430 - - | 33731 | 02785 [ 02408

10179 | -5.0000 | -00240 | -0.0120

" 1.0080 . -6.1061 - -0.0760- | -0.0160

10100 | 99210 - | 07113 |  0.0928

01009 . [ 73187 | -0.0000 [ -0.0000

10019 . | -89161 . | -02280 | -0.1090

10100 | -7.4696 | -00236 | 0.0026

Ol 601 3| O\ wv] & | Wl N =

1.0399 96225. | -0.0000- . | -0.0000

T 10228 | -11.4783. | -0.0580. T -0.0200

=

—
—

1.0820 . -8.5032 - - .| © 0.1057 . - 02198

N
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(V3]
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T 09892 | -10.9400 - | -0.0620 00160
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BN
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oe
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0 .
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o

09802 | -13.9057 | -0.1060 | 0019 _
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Case Study No.3 R '

The primary objective of UPFC is to control both real -and. reactive power

- independently and bus voltage From the Table 5. 3, it was found that line 10-22 is less .

» loaded and bus voltages are shoots up. It shows that 7.749 MW and 4.46. Mvar flows in it..
It has been shown in Table 6.6 that real and reactwe power flow in the line has been ‘-
increased to 10.83 MW and 11.1149 Mvar from the mmal value after mcorporatmg B
UPFC. The shunt eonVerter of UPFC is used to control the bus voltage to which it is f“
connected. From the table 6.5 it is clear that voltage of bus 10 is decreased to 1.023 pu S
- from 1.04869 pu whtch is 2 44% drop o | |
UPFC mJects a series voltage in the’ lme There by controllmg real and reactlve _
power mdependently By absorbing or mJectmg shunt reactlve current, it mamtams the
: voltage of the bus to which shunt.converter is connected. ‘The magmtude and angle of
g Sel‘leS injected. voltage is-0.038 pu and 3 10 radian. The shunt converter absorbs inductive

- currentof 0.24 pu -

L i UPFC Parameters ‘ Values
V (pu) - 0.038
¢,,\(radian) | 3.10

I, (pu) e -0.24 ]




Table 6. 5' Load Flow Results for Case III

Bus No

Bus Voltage
(pU)

| Bus phase -
' angle (deg)

‘ P(P 1;)

(pu)

Q(Q(, Q,

2 pw).

0600

I 67597

0.0168 -

10430

33658

0 2785 o

T 01828

10236

53153 _’

00240

-0.0120.

1= 10149

62587

100760 -

20,0160

101000

- =9.8809

07113,

00786

TR0I23 -

 <73082

I ;-'07_0'0'00"‘ _

.0.0000 -

T 1.0036 - |-

-8.8921 -

02280 .. -

700090 |
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T 00236 .. .

T0.074d -

0| o 2| | unl &l wl o]~
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'55

~ Line flow from

" Line flow from 0

Line | From
No - Bus BQS - i”',toj’_’-’ Bus: " to i Bus |
R 1 2 ~1.1197 - 0.0422i . -1.0983 + 0.0772i
2 S R .0.5562 + 0.0853i - - -0.5433 - 0.0549i
3 .2 4 " 0.3299 + 0.0580i |- - -0.3239.-0.0593i |
4 3 4 0.5193 +0.0558i | -0.5159-0.0503i |
5 2 5" - 0.6173 + 0.0496i -0.6006 - 0.0015i |
6 2 | 6 0.4296 + 0.0440i | -0.4196 - 0.0334i
7 4 | .6  0.4382 - 0.0594i -0.4359+.0.0626i |
8 5 7 - -0.1107 + 0.0960i | . 0.1117-0.1037i |
9 6 T . . 0.3428 - 0.0034i | -0.3397.+0.0042i |
10 6 8 . 0.0556 + 0.0374i -0.0556 - 0.0418i | -
11 6 9 ~0.1797 - 0.1360i ~ - -0.1797 + 0.1463i |
12 6 - 10 - . 0.1217 - 0.0158i ©-0.1217 + 0.0239i |
13 9 11 --0.1057 - 0.2047i 0.1057 +0.2148i | -
14 9 - 10 0.2894 +.0.1723i | . -0.2894 - 0.1607i |
15 4 12 0.3035 - 0.1380i | - -0.3035 + 0.1656i |
16 12 13 ~-0.1470-0.1374i | 0.1470 + 0.1425i |
17 12 14 -0.0842 +0.0321i -0.0833 - 0.0302i |
18 12 15 - 01945 + 0.10261 -0.1917-0.096% | .
19 12 16 ~0.0819 + 0.0657i -0.0810-0.0637i | - -
20 14 15 0.0213 + 0.0142i -0.0211 - 0.0141i |-
21 16 17 ~ 0.0460 + 0.0457i -0.0457 - 0.0450i |
22 15 18 10,0654 + 0.0337i -0.0649 - 0.0326i |
23 18 19 - 0.0329 + 0.0236i -0.0328 - 0.0234i | .
24 19 20 - -0.0622 - 0.0106i 0.0623 +0.0109i |
25 10 20 0.0850 + 0.0194i  -0.0843 - 0.0179i
26 10 17 . 0.0444 +0.0132i | - -0.0443- 0.0130i
27 10 21  0.2063 +0.2006i | - -0.2036 - 0.1947i |
28 10 22 ©0.1083 +0.1111i | -0.1067-0.1077i | -
29 |21 22 - 0.0286 + 0.0827i | -0.0285 - 0.0825i | ~..
30 |- 15 - 23 0.0653 +0.0523i -0.0647 - 0.0510i.|
31 | 22 24 0.0442 - 0.0190i -0.0440 + 0.0194i |~
32 |23 24 0.0327.+ 0.0350i  -0.0324-0.0343i | -
33 24 25 -0.0107 - 0.0092i - 0.0107 +0.0093i |
34 - 25 26 . 0.0355+0.0237i | . -0.0350-0.0230i
35 - 25 27 - -0.0462 - 0.0330i | _0.0465 +0.0337i | .-
36 28 27 ~_.0.1736 - 0.0065i __-0.1736+0.0182i |. -
37 27 29 70,0619 +0.0167i . -0.0610-0.0151i]. -
38 | 27 30 .- 0.0710-+ 0.0167i . -0.0693 - 0:0136i |
39 | 29 . 30 10.0370 +0.0061i | _-0.0367 - 0.0054i |-
40 .8 28 0.0319 - 0.0194i =0.0319-0.0022i | .
41 6 - 28 - 0.1479 - 0.0302i |  -0.1475-0:0349i |



| Case Study No 4

From Table 5. 3 lt was found that the hnes 2-4 and 14 15 are less loaded It shows» RS

that 32. 66 MW and 1.75868: MW of real power ﬂows lt lS desrred to mcrease the real-_

| '-power in llne 2-4 and I4 15 by 20% of' its mltlal value

lt has been shown in Table 66 that real power ﬂow in’ the lme 2-4 has been SRR

o mcreased to 39 37 MW f‘rom .>2 6 MW and power ﬂow m 14 15 has been mcreased to -
2 09212 MW from l 75868 MW whlch is 20% increase after mcorporatmg T CSC

T CSC reduces lme reactance there by mcreasmg real power, ﬂow Lme reactance . L

s reduced from 0. l737pu to. 0. l2366pu in Ime 2-4 and 0. 199pu to 0 098pu in lme 14- 15 e

."The above results were obtamed with no varlatlon or practlcally very less vanatlon of bus e

E voltages The f' rmg angles of T CSC’s obtamed are 2 12 radlan (121 53 degree) and l 55'

radlan (88 9) The TCSC is operatmg in ‘the' capacntlve reglon in thlS case

| Patameters- | TCSCI | TCSC e

ang Angle _‘2.l_2'"; 155
L (radlan) B SR
B Xm( -jo;059;1_:;,- TR TS R

:';‘:,._Case Study NoS | .,' T sty ' _
| " | From Table 5 .:, lt was found that bus no l2 and 9 voltage shoots up lt shows that -
o voltage maomtude of bus 12 |s l 061 pu and 9 |s 1 05405 lt |s desrred to regulate voltage_,._.',

' of bus 12 and 9 at. 1. OOpu under all condmons

lt has been shown m Table 6 7 that after mcorporatmg SVC’s voltage of bus 12 lS’:‘_’: s

lreduced from L. 061Pu to 1. 0pu, whlch |s 5. 6% drop and voltage of bus 9 is reduced from - o
L 05405PU t° 1 00“ Wh'Ch s 5 1% dFOP SVC’S absorbs reactive: power of 49 69 Mvar T

"'and 32 23 Mvar from buses l2 and 9, there by mamtalnmg the voltage prof’ le L




Table 6.6: Load Flow Results for Case IV-

Q(Q(; - Ql)

Bus. No | Bus Voltage Bus phase P(P,—-P)
(pw) angle (deg) (pu) (pu)

1 1.0600 0 1.6675 0.0014
2 1.0430 -3.4289 0.2785 0.1520
3 1.0262 -4.9546 0.0240 20.0120
4 1.0180 5.9406 -0.0760 -0.0160
5 1.0100 29.7786 07113 0.0636
6 1.0153 7.0993 0.0000 70.0000
7 1.0054 -8.7255 -0.2280 -0.1090
g 1.0100 "~ 7.1494 -0.0236 -0.1649
9 1.0541 291815 10.0000 -0.0000
10 1.0487 -10.8740 | -0.0580 -0.0200
I 1.0820 3.0772 0.1057 0.1461
2 | 10611 299156 0.1120 720.0750
3~ [ 10710 -3.8782 0.1470 0.0768
4 | 1.0464 -10.8848 -0.0620 20.0160
15 | 1.0416 2109411 -0.0820 20.0250
16 | 1.0486 -10.5913 20.0350 0.0180
17 1.0434 -10.9947 -0.0900 -0.0580
18 1.0320 -11.6067 -0.0320 -0.0090
19 | 1.0294 “11.8126 20.0950 20.0340
20 1.0335 A1.6351 | -0.0220 -0.0070.
21 1.0364 113242 | -0.1750 20.1120.
22 1.0370 113135 | -0.0000 20.0000
23 1.0312 - | -11.4229 -0.0320 -0.0160
24 10257 11,7257 -0.0870 -0.0670
25 1.0217 115461 -0.0000 " 20.0000
26 1.0041 | -11.9621 20.0350. -0.0230
27 10279, - | -11.1775 70,0000 0.0000

28 | 10133 75761 | -0.0000 20,0000
29 | 1.0081 | -12.39l -0.0240 00090
30 0.9967 _ -132706 | -0.1060 -0.0190
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Line flow from

Line | From -|To ~ Line flow from
No Bus | Bus . " to j” Bus " to i Bus |
1 | 2 7 -1.1391.-0.0474i | -1.1169 + 0.0847i
2 ] 3. 0.5284 + 0.0751i | -0.5169 - 0:0501i |
3 2 4 0.3937 +0.0274i.| -0.3855 - 0.0292i |-
4 3 4 0.4929'+ 0.0510i -0.4898 - 0.0466i-| -
5 2 5 - 0.6025+ 0.0514i"| -0.5865 - 0.0065i |
6 2 6 ©0.3992 + 0.0344i | -0.3906 - 0.0281i |.
7 4 6 " 0.4854 - 0.0700i ~ -0.4827 +0.0750i
8 5 7 -0.1247 + 0.0860i | 0.1258-- 0.0937i
9 6 7 - 03571 +0.0074i |- - - -0.3538-0.0059i |
10 6 .8 . 0.0536+0.1107i |- -0.0534 - 0.1147i |
I 6. 9. - 0.1869 - 0.1860i | - -0.1869 + 0.2000i |
12 6 10 S 0.1261 - 0.0569i | -0.1261 + 0.0672i |
13 9 11 . -0.1057 -0.1404i - 0.1057 + 0.1461i |-
14 9 - 10 0.2968 + 0.0560i -0.2968 - 0.0470i |
5 4 12 0.2925- 0.1613i -0.2925 + 0.1889i |
16 12 13 -0.1470 - 0.0734i ~ 0.1470 + 0.0768i |
17. 12 14 0.0837+0.0215i |." ~  -0.0829-0.0198i | -
18" 12 15 -~ 0.1852 + 0.0660i | - -0.1829 - 0.0615i |
19 |- 12 16 . 0.0799+ 0.0292i -0.0793-0.0279i | -
20 14 15 ~0.0209 + 0.0038i | -0.0208 - 0.0038i | -
21 16 17 - 0.0443 +0.0099i - -0.0441 - 0.0095i |
22 15 18 . 0.0643 + 0.0146i -0.0639 - 0.0138i |
23 18 19 ~ 0.0319 +0.0048i -0.0318 - 0.0046i
24 19 20 -0.0632 - 0.0294i 10.0633 + 0.0297i
25 10 20 - - 0.0861 + 0.0384i -0.0853 - 0.0367i | .
26 10 17 0.0460 + 0.0488i | - -0.0459-0.0485i |
27 10 21 0.1596 + 0.0981i | -0.1585-0.0957i |- - -
28 |10 |22 0.0773 +0.0447i | -0.0768 - 0.0436i |-
29 |- 21 . 22 - -0.0165 - 0.0163i 0.0165 + 0.0163i |
30 15 23, - 0.0574+0.0257i|  -0.0571-0.0249i | -
31 22 24 - 0.0602+0.0272i | . .. -0.0598 - 0.0265i |
32 23, 24 - 0.0251'+0.008% | . -0.0250.-0:0088i.| -
33 24 - 25 0 -0.0023 + 001351 | 0.0023 -0.0134i | -
34 25, 26 |, 0.0354+0.0237i'| -0.0350'- 0.0230i |
35 |25 27 . 20.0377:-0.0102i | - -0.0379+0.0105i } -.-
36 | 28 27 - 0.1652-0.0321i | = = -0.1652+0.0430i | - .
37 271 29 . 0.0619+0.0167i | - - .  -0.0610-0.015ti]|
38 |27 [ 30 - 0.0709+0.0166i | - -0.0693 - 0.0136i | - .~
39 29 30 - - 0.0370+0.0061i -0,0367 - 0.0054i |- -
40, | -8 28 . --.0.0298-0.0370i-| .~ -0.0297 +0.0155i{ -
4] 6 | 28 0.1413-0.0392i | -0.1410 - 0.0265i | .
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Table 6.7: Load Flow Results for Case V

‘Bus. No | Bus Voltage Bus phase P(FP,-P) 00, -9,
: (pu) | angle (deg). (pu) ’ (pu)
1 10600 0 | 1.6706 C 0.0675
2 1.0430 33753 02785 702979
3 1.0147 | -5.0558 | -0.0240 ~-0.0120
4 1.0042 - -6.0645 0.0760 [ -0.0160
5 1.0100 99410 | -0.7113 0.1236
6 10037 - | -7.2098 | 0.0000 -0.0000
7 0.9984 88618 - | -02280 | -0.1090
8 10075 | -74198 | -0.0236 | 0.1000
9 | 1.0000 9.4285 |  0.0000 T 20.3223
10 0.9976 113034 | -0.0580 -0.0200
1| 1.0474 -82261 T0.1057 | 0.2400
12 | 1.0000 | -10.1190 001120 | 04536
13 | 1.0324 | -8.9768 0.1470 T 02400
14 | 09862 | -11.1487 -0.0620 . [ -0.0160
15 | 0.9829 -11.3268 20.0820- 20.0250
16 | 009913 109314 7-0.0350 20.0180
17 | 0.9900 114232 | -0.0900 ~-0.0580
18 | 09752 “12.0898 - 20.0320 20.0090
19 0.9740 123302 | -0.0950 ~-0.0340
20 - | 09791 | -12.1377 | -0.0220 | -0.0070
21 0.9853 | -11.7974 | -0.1750 | -0.1120
22 | 0.9860 117846 | 0.0000 | -0.0000
23 | 09764 -11.8847 | -0.0320 -0.0160 -
24 | . 0.9768 122436 - | -0.0870 -0.0670
25 09864 | -12.1465 | 00000 | -0.0000
26 0.9682 12.5934 | -0.0350 T -0.0230
27 | 10014 - | -11.7957 - | <0.0000 | 0.0000
28 | 1.0017 77373 | 00000 . | -0.0000
29 | 09811 | -13.0811 | -0.0240 20.0090
30 | 09893 | -140051 | -0.1060 | -0:0190
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Fromr
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[72]

Line flow from
i" to j* Bus

Line flow from .
4"t " Bus

s o - - -

- 1.1226 - 0.0430i

11017+ 0.07831 |

~ 0.5480 + 0:1367i

_-0.5350 - 0.1056i |

0.3265 + 0.1228i |

-0.3200 - 0.1222i |

0.5110 + 0.1062i | . _

' -0.5075 - 0.1005i

T 0.6218 + 0.0490i | _

-0.6049 + 0.00017 |

04313+ 0.09371 |

- -0.4208 - 0.0814i |

T 0.4539-0.1160i |-

. -0.4513 + 012041

Oloo|aunlalwiro)—] ™

alolo|laa|a|ajuil sl oo —~[—]

Mo__oo;:o\\x‘qo.\c\v-#’hmng

. -0.1064 + 0.1394i 00,1078 - 0.1460i
. 0.3389-0.0454i | - . -0:3358 + 0.0463

10 0.0576 - 0.1096i | - .~ -0.0574 + 0.1057i | -

11 .~ 0.1868 +0.0213i | -~ . -0.1868-0.0140i | .

12 0.1285+0.0156i |-~ .. -0.1285-0.0064i.| .
13 -0.1057 - 0.2270i | ~0.1057 + 0.2400i |

14 ¢ 0.2967 +0.0271i| .~ -0,2967-0.0173i |

15 02773 +0.0261i . .. . -0.2773 - 0.0064i | .

i6 12 13- -0.1470-0.2296i | . 0.1470 + 0.2400i |

17 - 12 14 0.0776 +0.0174i.| - - -0.0768 - 0.0158i |

18 12 15 0.1800+0.0416i | "°  -0,1778 - 0.0372i

19 12 16 ~ 0.0749 + 0.0088i -0.0744 - 0.0077i |
20 | 14 15 0.0148 - 0.0002i -0.0148 + 0.0003i | .
21 - 16 17 0.0394 - 0.0103i | - .0.0392 + 0.0106i | .

22 15 18 ~0.0609 + 0.0050i | - --0.0604 - 0.0041i |

23 18 19 - .0.0284 -0.0049i |- -0.0284 + 0.0050i |

24 19 - 20 - -0.0666 -0.0390i | - - 0.0668 + 0.0394i |

25 | 10 - 20 ~0.0898 +0.0486i | ~ - - -0.0888-0.0464i | = .
26 10. | 17 . . 0.0510+0.0693i | -0.0508 - 0.0686i | -
27 10 |- 21 0.1558 + 0.0918i | - . -0:1546 - 0.0893i | -
- 28. 10- 22, ~0.0748 + 0.0405i | -0.0742 - 0.0395i | -
29 21 . [-:22 . -0.0204-0.0227i | - 0.0204+0.0227i ] -
30 15 23 - 0.0497 + 0.0069i | -0.0494 - 0.0064i |

31 22 1 24 0.0539+0.0168i | . - - -0.0535-0.0162i

32 | .23 24 -~ 0.0174-0.0096i-| -~ -0.0174 + 0.0097i | .
33 ] 24 25. .. -0.0161.-0.0195i | - 0:0163+0.0197i |.

34 | 25 ¢ 26 ~ - 0.0355+0.0237i  .°  -0.0350- 0.0230i |..
35 |25 .27 - -0.0517 - 0.0434i| - 0:0522 + 0:0444i |

36 | 228 - |27 0.1793+0.0072i'| . . -~ -0.1793 +.0.0055i | .
37 1227 29 ©0.0620+0.0168i |- . - -0.0611-0.0151i| -

38 |- 27 30 - 0.0710+ 0.0168i" -0:0693 -0.0136i | -~ - i

39 | 29-- 30 0.0371 +0.0061i |- - -0.0367 - 0.0054i |
40 - 8 28 - | 0.0338+0.0075i  -0.0337-0.0288i| - . .

41 S 6 28 T 0.1519-0.0422i | . - -0.1515-0.0218i |




Case Study No.6

From the Table 5.3, it was found that line 10-22 and 25-26 are less loaded and
bus voltages are shoots‘ up It shows that 7.749 MW and 4.46 Mvar flows in the line 10-
22 and 3.54 MW and 2.37 Mvar flows in the line 25-26.
It-has been shown i in Table 6.8 that in the line 10-22 real and reactwe power ﬂow
in the line has been increased to 10.83 MW and 11.1149 Mvar from the initial value
. after incorporating UPFC. The shunt converter of UPFC 1s>used to control the bus
voltage to which it is. connected It is clear that- voltage of bus 10 is decreased to 1.0285
‘pu from 1 0487 pu which is 1.93% drop. - _ A |
1t has been shown in Table 6.8 that in the line 25-26 real and reactive power flow

in the lme has been increased to 10.52 MW and 3.57 Mvar from the initial value after
| incorporating UPFC. The shunt converter'of UPFC is used to control the bus.voltage to
which it is connected. From the table 6.8 it is clear that voltage of bus 25 is decreased to
1.0120 pu from 1.0217 pu which is 0.95% drop. . | |
» UPFC injects a series voltage in the line. There by controlling real and reactlve
power independently. By absorbmg or injecting shunt reactive current, it mamtams the .

voltage of the bus to which shunt converter is connected

UPFC Parameters: UPFC | UPFC II
V. (pw | 0038 | 003
4, Gadian) | 3.0 | 40

Lew | 024 011
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"~ Table 6.8: Load FIbWResulis foAll- Case VI o

Bus. No -

Bus Voltage -

- (Pl}')

Bus.phase

| angle (deg) |

. (pw)

0@,-0)

| ()

10600

S ‘O.v.

6791

-1 0.0110 o

1 .1.0430

.0.2785 . .

701695

T 1.0245

52363

1 -0.0240

-0.0120

T1.0160

20.0760

-0.0160°

1.0100

9.8884

07113

0.0721

L0135

73476

[770.0000 - -~ .

70.0000

| !‘,0043.. :

89180

02280 - -

- ,»-0;1'09'0 ,

10100

- -7.4356

7200236

0019

T 10438

193523

1 0.0000 -

| 0.0000

1.0285

-11.0409

T 0.0291

200508

1.0820

- -8.2371

T 01057

0.1995"

1.0552

-10.3894

~0.1120

- -0.0750

10710 -

[ --9.3460

0.1470

01223

~1.0388

T '11.'3180_ .

00620

| -0.0160

T 1.0325

I -11.4094 |

700820

20,0250

10366

-10.9316

[ -0.0350

-0.0180

T 10256

-11.2172

-, 0.0900.

_-0'.05 8_0 '

119867

©-0.0320: -

20.0090

' 1.0188
1.0139

<12:1361 . .

20.0340°

10168 . |

-11.9197

T 20.0220

T -0.0070

1.0085

115361

..-0.1750

T 0.11200

| -11.5294

~-0.0909

02092

- 1.0197 -

119225

T0.0320-

-0:0160-

Tz

T 122630

-0.0870

T -0.0670

y 1.0120°

125649

[ 0.0661

0.1083

10031

[ -14.2895

--0.1023 .-

-0.0313

- ,.'],'-0361,.. E

BISTET

~ »0‘;007_00- o

1. - 0:0000: .

B 10]27 .

-7.8972

~.0.0000

70,0000

2 o165 -

<13.0567

" -0.0090-

T1.0052

| -13.9167

[ =0.1060

[ -0.0190,
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Line | From ~ Line flow from Line flow from -
No Bus i" to j" Bus" " to i" Bus-
| { 2 1.1216 - 0.0427i -1.1001 + 0.07791
2 I 3 0.5575 + 0.08004i ~0.5446 - 0.0496i | |
3 2 4 03301 + 0.0515i 20.3242 - 0.0530i |
4 3 4 10.5206 + 0.0505i | -0.5172 - 0.0450i
-5 2 5 0.6174 + 0.0496i | . -0.6007 - 0.0014i | -
6 2 6 0.4311 + 0.0364i . -0.4210 - 0.0258i | -
7 2 6 04437-0.06461| _ -0.4414 + 0.0680i |
8 ) 7 - -0.1106 + 0,0894i 0.1115 - 0.0974i
9 6 7 0.3426 + 0.002%9i | - - -0.3395-0.0022i
10 -6 - 8 0.0572 + 0.0669i -0.0571 - 0.0712i
11 6 9 0.1779 - 0.1445i ~-0.1779 + 0.1552i
12 6 10 0.1208 - 0.0234i -0.1208 + 0.0316i
13 9 ~11 -0.1057 - 0.1904i © 0.1057 + 0.19951
14 9 10 . '0.2876 + 0.1496i | -0.2876 - 0.1390i | - ‘
15 4 12 0.2998 - 0.1446i | . -0.2998.+ 0.17211 |-
16 12 13 -0.1470 --0.1179i 0.1470 + 0.1223i
17 . 12 14 0.0830 + 0.0282i | -0.0822 - 0.0265i
18 12 15 ~0.1929 + 0.08701 -0.1902 - 0.0818i
19 - 12 16 0.0808.+ 0.0603i -0.0799 - 0.05851
20 14 15 0.0202 + 0.01051 -0.0200 - 0.01041 |
21 16 17 0.0449 + 0.04051 -0.0446 - 0.0398i
22 15 ‘18 0.0647 + 0.0330i |- -0.0642 - 0.0320i {
23 18 19 0.0322 + 0.0230i -0.0321 - 0.0228i
24 19 20 -0.0629 - 0.0112i 0.0630 + 0.0115i
25 10 20 0.0857 + 0.0200i -0.0850 - 0.0185i
26 10 17 -10.0455 + 0.0184i -0.0454 - 0.0182i
27 10 - 21 0.2037 + 0.1808i -0.2012 - 0.17551
28 10 22 0.1065 + 0.0982i - -0.1051 - 0.0952i |
29 21 22 - 0.0262 + 0.0635i -0.0262 - 0.0634i |
30 15 23 0.0636 + 0.0341i -0.0631 - 0.0331i
31 22 24 - 0.0404 - 0.0505i1 -0.0399 + 0.05131 | -
32 23 24 0.0311 +0.0171i -0.0309 - 0.0168i | .-
33 - 24 25 -0.0162-0.0575i | 0.0169 + 0.0586i
34 25 26 -0.1052 + 0.0357i -0.1023 - 0.0313i _
35 25 27 -0.0560 + 0.0140i - 0.0563 -0.0133i .
36 . 28 27 ~0.1830 - 0.0535i- -0.1830 + 0.0675i
37 27 29 © 0.0619 + 0.0166i | -0.0610 - 0.0150i:
38 27 ~ 30 0.0709 + 0.0166i -0.0693.- 0.0136i | -
39 29 30 0.0370 + 0.0060i |- - -0.0367 - 0.0054i |
40 8 28 0.0335 - 0.0352i -0.0334 + 0.0136i
41 - 6 28 0.1561 - 0.0627i |.
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Case Study No.7
‘ From Table 5 3 it was found that the line 2-4 is less loaded. It shows that 32.66
MW of’ real power ﬂows Itis deSIred to mcrease the real power in lme 2-4 by 20% of its .
_ initial value. TCSC used ‘had capacmve tmpedance and mductlve lmpedance equal to
6. 36620hm and 0.03140hm. " ' ’_

It has been shown in Table 6.9 that real power ﬂow in the line 2-4 has been‘ -
mcreased to 39. 65 MW from 32.6 MW whlch is 20% increase after i mcorporatmg TCSC.
TCSC reduces line reactance there by mcreasmg real power flow. Lme reactance is
reduced from O l737pu to 0 12366pu The above results were obtained wnth no variation -

or practlcally very. less varlat1on of bus voltages The ﬁrmg angle of TCSC obtamed is -

2. 17 rad:an or - l2l .53 - degree. The reactance offered by TCSC is -JO 0501. TCSC is

operatmg in the capacmve reglon in this case.
From Table 5.3, it was, found that bus no 12 voltage shoots up. It shows that
voltage maomtude of bus 12 1s l 06lpu it is desxred to regulate voltage of bus 12 at
1 OOpu under all condmons ' - |
‘ It has been shown in Table 6 9 that voltage of bus 12 is reduced from 1.061pu to .
1.0pu, which is 5. 6% drop aﬁer mcorporatmg S VC. SVC absorbs react;ve power of 50. 2

- Myvar, there by mamtamlng the voltage proﬁle

o



Table 6.9: Load Flow Results for Case VII

Bus. No | Bus Voltage Bus phase P(P.-P) o, -9, -
(pu) angle (deg) (pu) (pu)

1 1.0600 0 1.6718 0.0421
2 1.0430 -3.4629 0.2785 0.2604
3 1.0186 -4.8263 -0.0240 -0.0120
4 1.0089 -5.7840 -0.0760 -0.0160 -
5 1.0100 -9.8555 -0.7113 0.0915
6 1.0099 -7.0904 -0.0000 -0.0000
7 1.0022 -8.7537 -0.2280 -0.1090
8 1.0100 -7.2348 -0.0236 -0.0080
9 1.0401 -9.3784 0.0000 0.0000
10 1.0229 -11.2260 -0.0580 -0.0200
11 1.0820 -8.2592 0.1057 0.2191
12 1.0000 -9.6072 -0.1120 -0.5770
13 1.0324 -8.4651 0.1470 0.2400
14 0.9892 -10.6531 -0.0620 -0.0160
15 0.9887 -10.9179 -0.0820 -0.0250
16 1.0020 -10.6225 -0.0350 -0.0180 .
17 1.0110 -11.2754 -0.0900 -0.0580
18 0.9881 -11.7813 -0.0320 -0.0090
19 0.9910 -12.0830 -0.0950 -0.0340

20 0.9982 -11.9338 -0.0220 -0.0070
21 1.0094 -11.6815 -0.1750 -0.1120
22 1.0097 -11.6639 0.0000 -0.0000
23 0.9873 -11.5424 -0.0320 -0.0160
24 0.9942 -11.9900 -0.0870 -0.0670
25 0.9998 -11.8615 0.0000 -0.0000
26 0.9818 -12.2963 -0.0350 -0.0230
27 1.0121 -11.5033 -0.0000 -0.0000
28 1.0078 -7.5978 -0.0000 0.0000
29 0.9920 -12.7610 -0.0240 -0.0090
30 0.9804 -13.6644 -0.1060 -0.0190
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* Case Study No.8

From Table 5.3, :it was found that the line 2-4 is less loaded. It shows that 32.66
MW of real power flows. It is desired to increase the real power in llne 2-4'.by 20% of its.
_ initial value. TCSC used: had capacitive impedance and. inductiv.e'impedance equal to |
6.36620hm and 0.03140hm. o .A o
| It has been shown in Table 6:10 that real power flow in the Ime 2-4 has been
increased to 39.88 MW from 32. 6 MW which is 20% increase after mcorporatmg TCSC

TCSC reduces line reactance there by increasing real power flow. Line reactance is =

 reduced from 0.1737pu to 0.12366pu. The above results: were obtamed with no variation
" or practically very less variation of bus voltages. The firing angle of TCSC obtained is
. 2.12 radian or 121.53 degree. The reactance offered by TCSC is -_|0 0501 TCSC 1sf‘
operatmg in the capacmve region in this case. ' ' .
From the Table 5.3, it was found that line 10-22 is less loaded and bus voltages
are shoots up. It shows that 7.749 MW.and 4. 46 Mvar flows in it. »
It has been shown i in Table 6 10 that real and reactxve power ﬂow in the line 10-
22 has been increased to 10 82 MW and 11.12 Mvar from the mltlal value after
mcorporatmg UPFC. The shunt converter of UPFC is used to control the bus voltage to
which it is connected. From the Table 6.10 it is clear that voltage of bus 10 is decreased
to 1.0232 pu from 1 04869 pu which is 2.44% drop. _
UPFC injects a series voltage i in the line. There by controlling real and reactlve
p’oWer mdependently By absorbmg or m_;ectmg shunt reactive current, it mamtams the
,voltage of the bus to-which shunt converter is connected The magnitude and. angle of

~ series injected voltage is 0.038 pu and 3.10 radian. The shunt converter absorbs mductwe

current of 0.24 pu -
UPFC Para‘m:ete‘rs .+ Values
Vopu) | 0.038
G Gadian) 300
}' L, (pu) T e
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Table 6.10 Load Flow for Case VI = -~~~ e o
‘Bus. No | Bus Voltage | Busphase- | P(P,-P) ~ | OQW@Q:-0) .|
ey o anglet(deg). L ey T uy
[ 1ee00 [T 0 - | 16770 | 0.0I15.
17710430 134527 .| 02785 - - | 01905
10240 | -49574.- - | -0.0240 . | -0.0120 | -
{10154 {59441 | 00760 . . | 00160
10100 - | 98183 | 07113 | 00781
10125 . | 70874 | 00000 | 0.0000
10037 | -87357 | 02280 | -0.1090

10100 | 71879 | 00236 .| -0.0803
10410 - | -91032% . | -0.0000 - | --0.0000

Of col-~I| A L] K| L] ] —

o

10232 - | -108072. |- 00291 .~ - | 0.0508 - -

108200 | 79850 | 00057 . |- 02143
105287 | -10.1474 [ 0.1120 ~-0.0750

— ] p—
[\ J I

10710 | 90017 ([ 01470 . | 0.1409

W

N

10352 | -11.0764 | -0.0620 | -0.0160

o
wn

1.0279 | -11.1400 | -0.0820 | -0.0250

(=,

10330 | -10.6928 - | -0.0350 . | -0.0180

It
~J

T1.0208 | -10.9832 | --0.0900 . | -0.0580

T10139 - | -I17365 [ -:00320 | -0.0090

co

T 1.0088 . | -11.8957 | -0:0950 - ~ | -0.0340

| ©

10117 | <1681 - [.00220 | 0.0070 _

.3
=4

ol

T.0016 | -11.2800 | 01750 | 01120

09993 | -11.2635 | 00909 | 02002

o
)
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W
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N
EN

09977 | -11.8406 | -0.0870 .| -0.0670

10027 | -11.7500 | -0.0000. .| 0.0000

.N‘
w

T 00848 | -12.1822 - | -0.0350 . . | -0.0230

N
b

[}
3

{-:1.0146 . | -11.4170 1" -0.0000- "] :0.0000

P
oo

09946 | 126684 | 00240 7 | -0.0090 _

N
o

e
D

| 09830 | -133671 | 0.1060 ~ | -0.019




82

Line’ |From To Line flow. from - Line flow from |
No | Bus Bus i" to j" Bus " to i" Bus
o ! 2 1.1464 - 0.0494i - -1.1240 + 0.0875i
2 | - 3 0.5305+0.0871i | = -0.5188 - 0.0613i
.3 2 4 0.3988 + 0.0472i | - -0.3903 - 0.0483i |
4 3 4 0.4948 + 0.0622i - -0.4917 - 0.0575i1
5 2 5 0.6039 + 0.0512i | -0:5879 - 0.0061i
6 2 6 0.3997 + 0.0505i -0.3910 - 0.0438i
7 4 6 - 0.4776 - 0.0645i -0.4749 + 0.0692i
8 ‘5 7 -0.1234 +0.1001i | -0.1246 - 0.1074i
-9 6 7 0.3559 - 0.0063i | - -0.3526-+ 0.0078i
10 6 8 - .0.0555 + 0.0426i. -0.0555 - 0.0469i |-
11 6 9  0.1783 - 0.1355i -0.1783 + 0.1457i
12 6. 10 0.1209 - 0.0156i -0.1209+ 0.0237i |
13 9 11 -0.1057 - 0.2041i - 0.1057 + 0.2143i
14 9 10 - 0.2879 + 0.1724i -0.2879 - 0.1609i _
IS5 4 12 . 0.3061 - 0.1370i -0.3061 + 0.1649i
16 - 12 13- -0.1470 - 0.1359i ©0:1470+ 0.1409i
17 12 14 0.0844 + 0.0320i -0.0835 - 0.0301i
18 12 15 0.1957 + 0.1024i -0.1928 - 0.0966i
19 12 16 0.0832 + 0.0654i -0.0823 - 0.0634i
20 14 - 15 10.0215+0.0141i | - -0.0214 - 0.0140i
21 16 17 - 0.0473 + 0.0454i -0.0469 - 0.0447i
- 22 15 18 0.0661 + 0.0336i -0.0656 - 0.0324i
23 - 18 19 0.0336 + 0.0234i ~ -0.0335 -0.0232i
24 19 20 -0.0615 -0.0108i-| -0.0617+0.01111
25 10 20 - 0.0843 +0.0196i -0.0837 - 0.0181i
26 10 17 0.0431 +0.0135:1 | -0.0431 - 0.0133i
27 10 21 10.2061 + 0.2007i - -0.2034 - 0.1947i
28 - 10 22 10.1082 + 0.1112i - -0.1066 - 0.1077i
29 - 21 22 0.0284 + 0.0827i - -0.0283 - 0.08261
30 15 23 - 0.0661 + 0.0520i - -0.0654 - 0.0507i |
31 22 - 24 0.0439 - 0.0189i -0.0437 + 0.0193i
. 32 23 24 0.0334 + 0.0347i | - -0.0331 -0.0341i
33 24 25 -0.0102 - 0.0094i 0.0103 + 0.0095i |
34 25 26 0.0355 + 0.0237i -0.0350 - 0.0230i
35 25 27 -0.0457-0.0332i [ - - . 0.0461 +0.0339%i
36 | 28 27 - 0.1732-0.0064i | -0.1732+0.0181i | -
- 37 27 29 0.0619 +0.0167i -0.0610- 0.0151i |
38 | 27 30 0.0709 + 0.0167i | -0.0693 - 0.0136i
39 29 30 ~0.0370 + 0.0061i | -0.0367 - 0.0054i |
40: 8 28 - - 0.0318 - 0.0202i | ~ -0.0318 - 0.0014i
- 4] 6 28 . 0.1475 - 0.0293i |-

-0.1472 - 0.035%i




Case StudyNo.9 -~~~

From Table 5. 3 lt was f'ound that bus no. 30 voltage drops. It shows that voltage' o

| magnitude of bus 30 is 0. 9967pu it is desrred to regulate voltage of bus 30 at l OOpu- L

v under all COﬂdlthI‘IS

It has been shown in Table 6 l 1 that voltage of bus 30 is 1ncreased from 0. 9967pu_ '
to 1. Opu, whtch is 0 3% mcrease after mcorporatmg SVC SVC generates reacuve power |
of2 5 Mvar, there by malntammg the voltage profle o o ‘
From the Table 5.3, it was found. that lme 10- 22 is less loaded and bus voltages are shoots L

up. It shows that 7.749 MW and 4.46 Mvar ﬂows init. - '
It has been shown in Table 6.11 that real and reactlve power ﬂow in the lme 10-

22 has been mcreased to 10.75 MW and 10.89 Mvar from the. iritial value after

. incorporating UPFC. The shunt converter of UPFC i is used to control the bus voltage to

:Wl‘llCh it is connected From. the Table 6.1 l |t |s clear that voltage of bus 10 is decreased‘

to 1. 0242 pu from 1.04869 pu which i 1s 2. 33% drop ‘

" The magmtude and angle of series mjected voltage |s 0 0.78 pu and 3. lO radlan ‘The shunt

* converter absorbs mductwe current of 0.24 pu

UPFC Parameters N \(alues,,
Vo (u) . | 0038

¢, (radian‘); . 3 10 ‘, '

.Iq (pu) ’__' | -024 o

82-3}."'5', R



Table 6.11 Load Flow Results for Case IX

| Bus. No { Bus Voltage - | Busphase - | P(P,-P) N0, -0,)
(pu) o angle (de‘g)ri (pu) (pu) ;
1 [ 1.0600 o0 1.6755 0.0155
T2 | 1.0430 -3.3648 0.2785 [ 01789
3 T.0239 52165 7-0.0240 7-0.0120
4 T1.0152 -6.2601 -0.0760 -0.0160
5 1.0100 9.3784 07113 0.0767
6 10127 73131 | -0.0000 7 0.0000 _
7| 1.0038 88938 . | -0.2280 .0.1090
8 10100 | 74125 20,0236 -0.0886
9 10415 | -9.3315 ~-0.0000 ~-0.0000
10 10242 | -11.0352 0.0291 -0.0508
T 10820 | -82139 - 0.1057 02117
12 10531 | -10.4087 0.1120 T0.0750
13 (0710 | -93632 ~0.1470 0.1386
14 1.0358 -11.3321 00620 -0.0160 -
15 1.0287 | -11.3953 | -0.0820 -0.0250
16 10336 | -10.0404 -0.0350 0.0180
17 10216 | -11.2169 -0.0900 -0.0580
18| 10148 | -11.981T -0.0320 -0.0090
19 | 1.0097 . 12,1342 -0.0950 -0.0340 -
20 | 10126 | -119172 -0.0220 -0.0070
21 1.0028 11,5091 20.1750 T 01120
22 10006 - | -11.4934 -0.0909 02092
23 |- 1.0128 -11.8401 -0.0320 -0.0160
24 1.0002° -12.0867 -0.0870 -0.0670
25 1.0085 | -12.0200 0.0000 -0.0000
26 0.9906 -12.4472 -0.0350 -0.0230
27 | 1.0224 | -11.70i3 - | 0.0000 0.0000 "
28 | 1.0107 77.8256 ~20.0000 ~ 0.0000
29 | 1.0068 | -13.0530 -0.0240 00090

W
=

1.0000

"-14.0650

~20.1060

70.0060
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. Case Study No.10 ) , N _ ‘ o
From Table 5.3, it was found that the line 2-4 is less loaded. It shows that 32.66

MW of real power ﬂows. Itis desired to inerease the real power in l.ine 2-4 by 20% of its.
initial value. . - S

It has been shown_ in Table 6.12 that real poWer flow in the line 2 4 has been
mcreased to 39 85 MW from 32.6 MW Wthh is 20% i mcrease after incorporating TCSC
TCSC reduces line reactance there by mcreasmg real power flow. Ltne reactance is
reduced from 0 l737pu to 0. 12.366pu ‘The firing angle of TCSC obtamed is 2.12 radian.
or 121.53 degree The reactance offered by TCSC is -_]0 0501. TCSC'i is operatmg in the
capacitive region in this case. _

- From Table 5.3, it was found that bus no.30 voltage drops: it shows that voltage‘
magmtude of bus 30 is 0.9967pu. it is desured to regulate voltage of bus 30 at 1. 00pu -
under all conditions. ‘ . ' h

It has been shown in Table 6.12 that voltage of bus 30 is increased from 0. 9967pu .
to 1. Opu, whlch is 0. 3% mcrease after mcorporatmg SVC SVC generates reactive power
~ 0f2.49 Mvar, there by mamtammg the voltage proﬁle »
From the Table 5.3, it was found that line 10-22 is less loaded and bus voltages
‘are shoots up. It shows that 7.749 MW and 4. 46 Mvar flows init.

It has been shown in Table 6.12 that real and reactive power flow in the line 10-

22 has been mcreased to 10.74 MW and 10.90 Mvar from the initial value aﬁer—‘

: mcorporatmg UPFC. 1t is clear that voltage of bus 10 is decreased to 1.0243 pu from -
1.04869 pu which is 2.33% drop. | :

VUPFC Parameters | Values
7, (pu) 0.038

4. (adian) | 3.10
) 1, (pu) - -0.24

86



~ Table 6.12: Load Fiow Resuit; for C'”és'e"x:

Bus. No |

Bus\"ol_tage .

' (pU)

.. .|‘Bus-phase” - ..
C angle (deg)

P(Pc, P)

coew

Q(Q(, Q;
,(pu)

-1 0600

1.6766

700103~ .

10430

) 4515;-; 1

02785

01862 .

1.0242

49591

00240

00120 |

1.0157

-5.9461.

T-0.0760

00160

1.0100 - -

TOT3

70,0763

10129 [

7.0928

20,0000

70,0000

T1.0039 -

“37378

T 02280 -

. -0;109'0*:."

10100~

-7.1886. -

00236

T -0.0942

1.0416

': 90948

T20.0000

~-0:0000

S| 0| | w| o w| sl @l ~

10243

[ -107896.,‘ o

00251

-0.0508

[,
Pt

~ 1.0820

T 79772

0.1057

02112

N —t

1.0533

TA10:1275

01120

T20.0750

w.

07100 -

T 9.0823

T 0.1470

0.1370

N

. 1.0360

110552

| -0:0620

00160

="
L

1.0288

_”1229 -

--0.0820.. -

1 00250

A

1.0337 . - -

T-10.6738

~-0.0350

~-0.0180

|

10217

10.9649 -

00900

0.0580

o

10149

1-TENTS

T -0.0320-

- -0.0090

)

- 1.0098 . - -

11,8765

00950
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N
| <

10127

-11.6626 -
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T~ 0:0070 -
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N
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T0.0000
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T 0.0040
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-1.0000 -

T13.8299

~-0.1060

* 0.0059




- Line flow.

88

Line |From - |[To ~ . Line flow from _ from .|
[ No . {Bus. Bus = | i” to j” Bus . j"to " Bus - |
] S 2 1 1461 - 0.04931 _ -1. 1236+00873|
2 11 3 0.5305+ 0.0858i° | -0.5188-0.0600i
3 2 4 | 03985+0.0451i | -0.3900 - 0.0462i
4 3 4 " 0.4948 + 0.06091 - | -0.4917-0.0563i - -
5 2 5 0.6038 +0.0512i - |- -0.5878 - 0.0061i
6 | 2 6 0.3999 + 00484 - -0.3911-0.04171 -
7 4 6 0.4787-0.0668i . | -0.4760+ 0.0715i
8 5. 7 | -0.1235+0.0982i | 0.1246-0.1056i
9 6 7 - |- 0.3559-0.0046i - [ -0.3526 + 0.0060i
10 6 -8 * {°0.0560.+0.0511i . | -0.0559 - 0.0554i -
11 6 9 0.1772-0.1368i- -~ | -0.1772 +0.1470i
12 6 10 0.1203 - 0.0169i . -0.1203 + 0.0249i
13 |9 11 .0.1057 - 0.2013i 0.1057 +0.2112i
14 9 10 02869 + 0.1684i -0.2869- 0.1571i
15 (| .4 12 0.3047 - 0.1381i -0.3047 +0.1658i . .
6 | 12 13 -0.1470 - 0.1321i - 0.1470 + 0.1370i -
17 12 14 [ 0.0841 +0.0313i -0.0832 - 0.0295i
18 | 12. 15 - 0.1949-+ 0.0996i -0.1920 - 0.0939i
19. 12 16 0.0829 + 0:0644i . -0.0820 -.0.0625i" - -
20 4 15 0.0212+0.01351 | -0.0211.-0.0133i
21 16 17 . 0.0470 + 0.0445i -0.0466 - 0.0437i
22 15 18 0.0660 + 0.0334i . --0.0655 - 0.0323i
23 18 19 - 0.0335 +0.0233i -0.0334-0.0231i - .
24 19 20 - -0.0616-0.0109i - - 0.0618 + 0.0112} .
25 - |- 10° 20 -0.0844 +0.0197i - | -0.0838-0.0182i
26 10 17 ] 0.0434+0.0145i | -0.0434-0.0143i
27 10 21 |...0.2049+0.1973i -0.2022 - 0.1915i
28 10 22 0.1074 + 0.1090i -0.1058 - 0.1056i
29 21 22 0.0272 + 0.0795i -0.0271 - 0.0793i
30 15 23 0.0651 + 0.0489i ~-0.0645 - 0.0476i -
31 22 . 24 0.0420-0.0243i . .| -0.0417+0.0247i.
32 - 23 24 ] 0.0325+0.0316i -0.0322-0.03Hi
33 24 25 | -0.0131-0.0176i - - |- 0.0132+0.0177i .
34 25 26 - | 0.0355+0.0237i° | -0.0350-0.0230i .
35 | 25 -~ 27 | -0.0486-0.0414i = | 0.0491 +0.0423i
36 28 27 0:1759--0.0234i" -0.1759 + 0.0356i"-
37 27 29 0.0618 + 0.0064i . . -0.0610 - 0.0049i
38 27 30 ~0.0709 + 0.0018i -0.0693 + 0.0011i.
39 S 29" 30 - 0.0370 - 0.0041i. -0.0367 + 0.0048i -
40 8 .28 ] 0.0323:-.0.0256i - -0.0322 + 0.0040i .
4] b6 28 . 0.1499 - 0.0415i -0.1496 - 0.0237i




| Case Study No 11 | | h o | |
. B g From Table 3. 3 it was found that the lmes 2-4 and 14 15 a are less loaded lt shows
that 32. 66 MW and l 75868 MW of real: power ﬂows lt s desrred to increase the real'."r ‘
- power tn: lme 2-4 and 14- 15 by 20% of its’ mmal value '

It has been shown .in. Table 6.13 that real power flow in: the lme 24 has been' -

mcreased to 40.36 Mw from 32.6 MW and power ﬂow in’14-15 has been mcreased to ) .
2.83 MW from_I 75868 MW which is 20% increase aﬁer incorporating T CSC | |

T CSC reduces line reactance there by mcreasmg real power. ﬂow Lme reactance

s s reduced from 0 l737pu to 0 l2366pu in llne 2-4 and 0 199pu to O 098pu in line. l4-15 .

The ﬁrmg angles of TCSC s, obtamed -are 2. 12 radlan (121 53 degree) and ] 55 radlan

'(88 9. The TCSC is operatmg ll’l the capacmve regton in thlS case.

Parameters | TCSC! Tesci

 [Firing Angle | 2, 2 _';.: 155
C-(radian) | . |
5 Xoese o 'jO'O,SOI--’ '10101

. F rom Table 5 3, it was found that bus no. 30 and 9 voltage shoots up. It shows that ‘
- 'voltage magmtude of bus 301 lS 0. 9967 pu and 9.is. 1. 05405 pu. it is desnred to regulate s

voltage of bus 30-and 9 at-1 00pu under all condmons o e T

It has been shown in Table 6 l.a that after mcorporatmg SVC s, voltage of bus 30 -

'1s mcreased from 0 9967 pu to 1 0 pu, Wthh lS 0 3% increase and. voltage of bus 9 lSI' -

reduced from 1 05405pu to 1. Opu, which is 5 1% drop SVC generates reactive power of o

249 Mvar from buses 30 and absorbs 32 23 Mvar from 9, there by mamtarmng the o
:voltage proﬁle PR S e . o .

From the Table 5 3, 1t was found that lme 10-22 and 25-26 are less loaded and

' bus voltages are- shoots up. It shows that 7. 749 MW and 4 46 Mvar ﬂows in the line 10-

2” and 3. 54 MW and 2 37 Mvar ﬂows in the lme 25-26



It has been shown in table 6.13 that in-the line 10-22 real and reactive power ﬂo-w:- .

. in the hne has. been. increased- to 10.83 MW and 11 1149 Mvar from the mma] value

atter mcorporatmg UPFC The shunt converter of UPFC is used to control the bus’
_ voltage to which it is connected From the Table 6.13 it is clear that voltage of bus 10 is. .
decreased to 1.028S pu from 1 .0487 pu whlch is I. 93% drop. ' .

It. has been shown m Table 6. 13 that in the line 25-26 real and reactive power

flow in the Ime has been mcreased to 10. 52 MW and 3 57 Mvar from the initial value-“

 after mcorporatmg UPFC The shunt converter of UPFC is used to control the bus-
~ voltage to which it is connected From the Table 6.13 it is.clear that voltage of bus: 25 is
| 'decreased to 1.0120 pu from l. 0217 pu whlch is.0. 95% drop ‘

"UPFC Parameters - UPFC 1 UPFC 11
V(pu) | 0038 | 0.03]
¢;~(radia_n)‘ . 310 T[40
';It(p“)‘ | S <024 | -0
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Table 6.13: Load Flow Results for Case XI

Bus. No { Bus Voltage | Bus phase P(P,-P) Q0. -0,)
(pu) angle (deg) (pu) ()
l 1.0600 0 1.6850 0.0249
2 1.0430 -3.4754 0.2785 0.2435
3 1.0212 -4,944] -0.0240 -0.0120
4 1.0121 -5.9278 ~-0.0760 -0.0160
5 1.0100 -9.8617 -0.7113 0.1005 -
-6 - 1.0082 -7.0470 -0.0000 0.0000
7 1.0011 -8.7314 -0.2280 -0.1090
8 1.0100 -7.2271 -0.0236 0.0322
9 1.0000 -8.9650 0.0000 -0.3532
10 1.0285 -10.6798 0.0291 -0.0508
11 1.0474 - -7.7626 0.1057 0.2400
12 1.0461 -10.3276 -0.1120 -0.0750
13 1.0710 -9.2751 0.1470 0.1920
14 1.0267 -11.3386 -0.0620 -0.0160
15 1.0189 -11.2762 -0.0820 -0.0250
16 1.0185 -10.7399 -0.0350 -0.0180
17 - 0.9989 -10.9134 <0.0900 -0.0580 .
18 0.9991 -11.8026 -0.0320 -0.0090
19 0.9906 -11.9153 -0.0950 -0.0340
20 0.9917 -11.6647 -0.0220 -0.0070
21 0.9793 -11.2160 -0.1750 -0.1120
22 - 0.9780 -11.2132 -0.0909 -0.2092
23 1.0025 -11.7732 -0.0320 -0.0160
24 0.9894 -12.0848 -0.0870 - -0.0670
25 1.0120 -12.4799 0.0661 0.1083
26 1.0029 - -14.2533 -0.1023 -0.0313
27 1.0273 -11.7961 0.0000 0.0000
- 28 1.0080 -7.6305 -0.0000 0.0000
29 . 10094 -13.0674 -0.0240 -0.0090
30 1.0000

-13.9979

-0.1060

-0.0082
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" Line flow from | ..

Line flow from 1

0.1613-0.073% |

Line From . - |[To |
No Bus .. - ‘BUS-_ : i to j'h Bus | ‘ jm tO i" Bus ,
T 1 12 1.1534 - 0.0512i 11307+ 0.0902i |
2 1 3 0.5315+0.1024i| -~ -0.5197-0.0758i |
3 | 2 4 0.4036 + 0.0728i | .~ -0.3947 - 0.0730i
4 3 4 " 0.4957 + 0.0766i | -0.4925 -0.0718i |
5 | .2 5 0.6057 + 0.0510i | - -0.5897 - 0.0054i | - -
6 2 6 0.3998 + 0.0754i -0.3909 - 0.0680i |
7 4 6 T 0.4708-0.0393i|  -0.4682 + 0.0437i }
8 5 -7 .0.1216 + 0.1218i |.  0.1230-0.1286i |
9 6 7 - 0.3543 - 0.0274i 03510+ 0.0290i |
10 6 8 0.0592-0.0617i |  -0.0591 +0.0574i |
1 6 9 0.1622 + 0.0426i |  ~ -0.1622-0.0368i | .
12 6. 10 0.1147+ 0.0216i | -0.1147-0.0142i | . =
13 9 i1 . ~-0.1057 - 0.2270i 0.1057 + 0.2400i | -
14 9 10 0.2716 + 0.0195i 02716 -0.0114i |
15 4 12 03173-0.1223i|°  -0.3173 +0.1512i
16 12 13 " -0.1470 - 0.1848i '0.1470 + 0.1920i |
17 12 14 0:0914 + 0.0361i -0.0903 - 0.0338i |- -
18 12. 15 0.1962 + 0.1199i - -0.1930-0.1136i | .
19 12 16 0.0878 + 0.1034i. -0.0862 - 0.10011
20 14 15 ©0.0283 + 0.0178i  -0.0281 - 0.0177i
21 16 17 0.0512 +0.0821 -0.0504 - 0.0804i |
22 15 18 0.0710 + 0.0575i -0:0702-0.05571|
23 18 19 ~0.0382 + 0.0467i -0.0379-0.0463i| -
24 19 - 20 -0.0571 + 0.0123i 0.0572 - 0.0120i
25 0 20 ~0.0798 - 0.0037i |- ~-0.0792 + 0.0050i |
26 |-~ 10 17 - 0.0396 - 0.0222i -0.0396 + 0.0224i | -
27 10 21 T 0.1974 + 0.1619i ~-0.1951 - 0.1570i | -
28 10 22 ~ 0.1083 + 0.1111i -0.1051 - 0.0952i | .-
29 21 2 —0.0201 +0.0450i | -0.0201--0.0449i |
30 15 23 " 0.0681 + 0.0489i - -0.0674-0.04751 1 -
31 22 24 -0.0301 - 0.0811i .0.0292 + 0.0825i
32 .23 24, - 0.0354 + 0.0315i <0.0351 - 0.0309i |
33 C 24 25 -0.0227-- 0.0765i | 0.0239 +0.0786i | -
34 25 . 26 “0.1053 + 0.0358i 01023 - 0.0313i.} . -
35 | 25 27 - -0.0631 -0.0061i | . 0.0635+0.0070i | - - -.
36 | 28 27 - 0.1899 - 0:0422i -0.1899 + 0.0570i |.-
37 | 27 29 - 0.0618+0.0122i] - -0.0610-0.0106i |
38 27 | 30 0.0709.+ 0.010Ti ~-0.0693-0.0072i | - -
39 .29 30 10.0370 + 0.0016i | -+ -0.0367-0.0010i |
40 8 - 28 ~0.0355 - 0.0120i .-0.0354 - 0.0096i |- - -
41 6 28 -

0.1608 + 0.00941 | -




6.4 CONCLUSION |

In this chapter, an application of Evolutionary Programming to Optimal Power
Flow incorporating Multi-Type FACTS Devices has been developed. It has been
observed thét-objective attained (to minimize the Cost of 'ggneration) by EP-OPF
incorporating Multi type FACTS devices is very Close to that obtained by. EP-OPF and
gives better control over the power flow and the voltage.. To validaté‘ihevperformahce of
the proposed algo;ithm; [EEE 30 bus system with multiple devices has been used. The

algorithm is found to be robust and independent of number and type of devices.
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~ CONCLUSIONS

The algorithm for optimal poWer ‘ﬂo:w incorporating Multi ty’pe .FAC_TS’de-vi'ces has been. o
- proposed. in this thesis. “The pro‘posed model-"u's'ed"'non classlcal techniques""for better - -'
- results. Decrs:on for optimal placement and. selectron of control parameter of FACTS |
_devrces has been carried out usmg evolutlonary programmmg The followmg conclusnons
have been derived from the proposed model ' : _
. Wrth the above proposal it is possrble for uttllty to’ place multlple FACTS devrces
. in the transmxssron lme such that optlmal power ﬂow can be achleved wnth |
minimum total cost of generatlon ' , ‘ o ‘ .
e OPF without FACTS devrces reduces the cost of generatron By mcludmg FACTS _'A :
dewces in the complete OPF problem addrtlonal reductron in the total’ ‘cost of
generation have been achleved as c‘ompared to the OPF without FACTS devices. _: “
o It has also been 'obser’ved that p'roposed' algorithm is"alSO suitable for large .
: systems with multrple FACTS devrces, and the results s0 obtamed are found to be» -

encouragmg

FUTURE SCOPE OF WORK

"Research and development isa continuous process' Each end of a research pr‘ojectopen's T

. many avenues for further work. As a consequences of the mvestngattons carned our. in. ]
this thesis ‘on location- of FACTS devices; power flow, optlmrzatlon of total cost of.

- generation wrth and wrthout FACTS devices, followmg aspects are |dent|ﬁed for future .

research work in this area. I IR

. Present study has consrdered the placement of FACTS devrces from stattc pomt of o

- view. Dynamrc consrderatlon of these devices can also be explored

e In regulated- market FACTS devnces are mainly used to rmprove the dynamlc:l'
performance of the system Some of the senes devices are also used to control the:

- power in_ ‘the transmlssron lmes In on-gomg deregulatton of electric supply; :

-lndustnes,, due_ to- the -unplanned exchanges/transactlons, lines |°,°atedi on -

9%



particular paths may become overloaded (knowﬁ as congestion) and control of the
power flows by reallocating production seems not to be possible eny more.
FACTS devices can play art impot'tant role in mitigating the congestion along
- with the dynamic performances. This may be. another areaef'sttxdy,
The objective.functions considered-in this mode! include minimization of cost of -
generation conAsiderin'g FACTS devices. It can be'further extended by'considerihg
other criteria such as -costs. of: installation, real and reactlve power losses and
mamtammg devices

The work presented in this thesns has been restncted to AC systems The studies
may be extended to HVDC systems as well, considering the detalled models of
the converters and HVDC line operatlon Wlth FACTS equtpped deregulated-

power system

95



o

(e

REFERENCES

. JYuryevrch and K P. Wong, “Evolutlonary Programmmg Based Optlmal Power'

Flow Algonthm” IEEE Transactlon on Power Systems Vol 14 No 4, November,g - |

I999,pp 1245- 1250

. AL G Bakmzns Pandel N. Blskas Chnstoforous E Zoumas and Vasrl:os Pemdls . '

. “Optimal Power Flow by, ‘Genetic Algonthm” IEEE Transactlon on: Powerfg

Systems Vol. 17, NO 2 May 2002,pp 229-236

: JA Momoh M.E. EI Hawary and Ramababu ‘Adapa, “A Revrew of selected PR
Optlmal Power Flow Literature to. 1993 Part H” IEEE Transactron on Power o
' System Vol. 14, No.l, February l999,pp 105 1L

' HC Leung and. TSChung, “Optrmal Power Flow. Wlth a. Versatile FACTS

Controller by Genetic Algorithm Approach” Power engmeermg society winter < -

meetmg, 2000 IEEE Voi 4 Jan 2000 pP 2806-2811

T. S Chung and Y. Z Li, “A Hybrld GA Approach for OPF wrth consrderatlon of '.

: FACTS Devrces” IEEE Power Engmeermg Revrew February 2001,pp 47- 50

. P. Bhasaputra and W Ongsakul, “Optlmal Power ﬂow wrth Multl-type of FACTS T
Devices by H}’bl‘ld TS/SA Approach” IEEE ICIT 2002 Bangkok Tharland pp L

285-288

_H Ambnz-Perez E Acha and C.R. Fuerte-Esqurvel “Advanced sve models forvf“ﬁ""j: c

‘ Newton Raphson load ﬂow and Newton optlmal power flow - studles” IEEE;"""

Transactron on power systems vol lS no. I feb 2000,pp 129-136

Stephane Gerbex Rachld Cherkaoun and Alam . Germond “Optlmal Location of o

© Multi type FACTS Devrces in a Power System by means of Genetle Algonthms )
» IEEE Transacttons of power system, Vol ]6 No 3 Aug-2001 pp: 537-544

. ,C R Fuerte-Esquwel E. Acha, “A Newton-Type Algonthm for the control of” - |
Power Flow i in electrlcal power network” IEEE Transactrons on power sytems,,_'""-f_.‘_ S
‘Vol.12, No.4, Jan-1997, pp:1474-1480 ’

96



.:YHSong, -’Y L:u and PAMEhta “Power mjectron modellng and optlmal .
multlpller power ﬂow algorlthm for steady-state studies of umf ed power flow -

controllers Electrlc Power Systems Research Vol 52 N03 September 1999 - ‘_> -

.VLGyugyr, CDSchauder and SLWllhams'l“ The Umﬁed Power Flow T

Controller A New Approach to Power Transmrssron Control” lEEE Transactron-,_ o

.on Power Delrvery, Vol 10 No 2 Aprll 1995 p p 1085-1097

12y

'Ymg Xlao, Y H. Song and YZ Sun;‘ “Power Flow Control Approach to Power:

' :Systems Wlth Embedded FACTS Dewces” lEEE Transactlon on Power Systems

131

Vol. l7 No 4 November 2002 p. p 943 949

M. H Haque and C M. Yam “ A srmple method of solvmg the controlled load flow. S

- -problem of a power system in the presence of UPFC” Electrlc Power Systems o

: AResearch Vol 65 No3 September 2003 pp55-62

14.

LLLar and JTMa § “Power ﬂow control in FACTS usmg Evolutlonary e

. ;Programmmg” IEEE Power Englneermg Revrew February 1995 PP 109-1 13 -

15

’H Ambnz-Perez E Acha, and C. R F uerte-Esqulvel “Advanced SVC models for
Newton Raphson load ﬂow and Newton optlmal power. flow studres” IEEE |

g Transactron on power systems Vol 15 No I feb ZOOO,pp 129- 136

16.

'H W Dommel and W F. Tlnney 4 ,“Optrmal Power Flow Solutlon 2 IEEE ;

_ Transactlon on Power Apparatus and Systems Vol PAS- 87 No 10 October. ,.

7.

1968, pp: l866-1876

_O Alsac and B Stott « Optrmal load flow w1th steady state securrty” IEEE
" Transactrons on Power Apparatus and Systems Vol PAS-93 N03 May/June’

| ’197 Pp.745- 751

18

DB Fogel “‘An Introductlon to Slmulated evolutronary optlmlzatlon”, IEEE"" '

» 'Transactnon on Neural Networks, Vol 5 No l January 1994 pp 3 l4

19,

Yong Hua Song, AT.lohns, Edltor “ Flexrble AC Transmrssron Systems”f‘ ;

' lEE London U K



| ‘“.'zo

21,

22.

23

24.

- 25.

ElgerdO L. “Electnc Energy System Theory-an lntroductlon MoGraw-Hill,,_

" New York 1971.

Hadi Saadat “Power System Analysts” Tata McGraw-HxlI New Delhl 2002

DEGoldberg, “Genetlc Algorlthms m search Opt:mlzatron and Machme
Learmng” AddlSOl‘l Wesley Pubhshmg Company, Inc. 1989 '

R. Mohan Mathur and Rajiv.k.Varma, “Thyrlstor based FACTS controllers for -

electrical transmrssxon systems”, IEEE Press, John Wlley and Sons, lNC o

’ Pubhcatlon 2002

N.G. ngoram and L Gyug1 - ”Understanding 'FACTS”, - _IE.E'E."APres_s, New
Dethi,2001" ) | . o

C.R. Fuerte-Esquwel E Acha and H Ambrlz-perez, A Comprehens:ve Newton-

: Raphson UPFC Model for the Quadratlc Power Flow Solution of Practlcal Power

Networks” IEEE Transactlons on Power System ~Vol. 15 No 1 Feb 2000 pp\ ’

o 102- 109

- 26.

P. Venkatesh RGnanadass and Narayana Prased . Padhy,. “Companson and".

N Apphcatlon of Evolutionary Programming Techniques to Combmed Economrc

_Emrssron Dispatch with Line Flow Constramts , 7 IEEE Transacttons on Power :

- System, Vol. 18, No.2 May 2003, pp 688-697

27.

‘-controller for congestlon management”, Electnc, 'Power -Systems ,Research,'
- 28.

- 29.

K.S. Verma SN Slngh and HOGupta, "‘Locatlon of umfied power flow-

Vol 58, No. 2 July 2001, pp. 89-96.

IJ Nagrath and D. P Kothan “Power System Engmeermg” Tata McGraw-Htll

Pubhshmg Company lelted New Delhl 1996

C. R Fuerte—Esqulvel E. Acha and. H. Ambnz-perez “A Thynstorlsed Controlled::'

Senes Compensator Model for Power Flow Solutron of Practlcal Network” IEEE '

- Transactlons on Power Systems Vol.15, No 1 Feb-2002 pp 58-63

- 30 EEE test data, tal_cen from http://www.ee.washlnton.edu/research/pstca,

08



APPENDIX A
DATA FOR IEEE-30 BUS SYSTEM (AT 100 MVA BASE)

The IEEE 50- bus system data is taken from the refemce 30. The relevant data are

provnded in the followmg tables

Table A.1- h

- . Generator Power Data

Bus no. | Real Power Reactive Power | Specified
‘ " Generation "~ limits - ‘Voltage
Max | Min Max | Min .| (pu)
(MW) (MW) | (MVAR) | (MAR | -
l 50 200 | =20 250 1.060
2 20 - 80 20 | 100 | 1.043
5 15 50 -15 80 1.010
8- 10 .35 =15 .60 1.010
11 10 - 30 -10 50 | 1.082
13 12 40 =15 ] 60 . 1.071
- Table A.2
| Reactor / Capacitor data
Buis No. . Impedance(pu)
o Resistance ~ Reactance
; 10 .~ - 0.00 ‘ -0.019
24 . 0.00 , -0.43
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-~ Table.A.3 .

" Load bus data -

‘BusNo. .

- Loéd :

| Real(MW)
24

“Reactive(MVAR) | .

12 -

7.6

1.6

0.0 e

- 0.0

228 .

10.9

ol|a v

0.0

0.0

T

5.8

20

11.2

7.5

14

62

16

15

.82 .

25

16-

35

1.8

17

58 -

18

. 5

0.9

19

9.5 =

34

20

2.2

0.7

21 -

17.5

112 .

22

0.0 -

0.0

23

32

1.6 -

24

- 8.7 -

6.7

- 25

0.0

0.0

3

© 3.5

2.3

27 .

0.0

0.0

TR

0.0

- 0.0°

29.

24

0.9

30

10.6

 TableAd

o Transformer data-

19

[ Line No.

1 Ffdm'Bus'_ ,

- To Blj_s

Series Impedance(p.u.)

 Resistance

Taps
" Reactance " | - 8

T

9

- 02080 .

0.978

R

10

00

0

~0:5560. - |

0.969

15

6
6
4

12

0

02560

0.932

28 .

0968 . |

36

27

07..

100

0.3960 |




S TableAls

"; Line Data '

“Line | Bus "R | X [ arB

=
Q
=2
z

--0.0192 |- 0.057 0.02640

00452 | 0.1852 | 0.02040

0.0132 00379 | 0.00420-

0.0119 0.0414° . | -0.00450

wlos|lavunisiuwle]—

0.0267 - {. 0.0820 |  0.00850 -

10

00120 | 0.0420 | 0.00450

Tolo|anafu| s ojw|to]—~|—
) bl T ST ERTICN - NV N PN [T [

0 - . 0.1100

0. | 01400 |

(@)}
N
—
[¥8)

01231 | 02559

0.0662 | 0.1304

0.0945 . | 0.1987

0.2210 - 0.1997

. 0.0824" - | .0.1923°

L. 0.1073 {02185

- 0.0639 0.1292

0.0340 | 0.0680

.0.0936 0.2090

0.0324" . 0:0845.

0.0348 -:0.0749

100727 - | - 0.1499

00116 - | 0.0236 .

01000 |- 02020

T 0.1150 0.1790. -

01320 0.2700

- -0,1885 < - 0.3292

T~ 02544 0.3800 |

0.1093 | 022087

witafu|ur|w

N

o0

=
Sholrolo o] rotrolroltolra] =t [ro [ = = | = | = | == f= | =]
A%-ﬁ-'&:_apﬁwmwevqQo\ooo\lu-o\u_n-hJ

- 02198 . | 04153

. 0.3202 . -0.6027

ololo|olo|clololo|s|oioioloje|o|ole|o|e|e|o|oje

wlwlwlu

O |0 | Q[ | R |00 =
Y 1IN

oY Py bt

wiw

=y b=

- 0.2399° [ 04533

T 00636 | 02000 | . 0.0214

e e
—_—
O |oo

SIS

» @R eRy

N () S

T 0.0570 01737 | 01840

- 0.0472° | 0.1983 | - 0.02090 |
- 0.0581- | 0.1763 -0.01870 |-

00460 | 0.1160 | 001020 | -

0 02080 | o0 | -

00160 | 059 | 0065 |



Table A6 .

Generator Cost Characteristics

Bus.No . | - Cost Coefficients -
. a | -b c
I 0.0 | 2.00 - 0.00375
2 - 0.0 1.75 10.01750 -
-5 0.0 | 1.00 | -0.06250
8 0.0- | 3.25. - 0.00834
11 0.0 | 3.00 . 0.02500
13 - 0.0 | 3.00 . 0.02500

Generator input/output function C, =a, +b,2+C,P*
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