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(20A02701a) POWER SYSTEM OPERATION AND CONTROL
(Professional Elective Course — I11)
Course Objectives:
e To know about economic load dispatch problems with and without losses in Power Systems
e Todistinguish between hydro-electric and thermal plants and coordination between them
e To understand about optimal power flow problems and solving using specified method
e To understand about Automatic Generation Control problems and solutions in Power
Systems
o To understand necessity of reactive power control, compensation under no-load and load
operation of transmission systems
e To understand about deregulation aspects in Power Systems
Course Outcomes:
» Understand to deal with problems in Power System as Power System Engineer
» Understand to deal with AGC problems in Power System
» Analyze the problems in hydro electric and hydro thermal problems
» Evaluate the complexity of reactive power control problems and to deal with them
» Understand the necessity of deregulation aspects and demand side management problems in
the modern power system era.

UNIT IECONOMIC OPERATION OF POWER SYSTEMS

Brief description about electrical power systems, introduction to power system operation and control,
Characteristics of various steam units, combined cycle plants, cogeneration plants, Steam units
economic dispatch problem with & without considering losses and its solutions, B Matrix loss
formula — Numerical problems

UNIT IIHYDRO-THERMAL COORDINATION AND OPTIMAL POWER FLOW
Hydro-thermal Coordination: Characteristics of various types of hydro-electric plants and their
models, Introduction to hydro-thermal Coordination, Scheduling energy with hydro-thermal
coordination, Short-term hydro-thermal scheduling. Optimal Power Flow: Optimal power flow
problem formulation for loss and cost minimisation, Solution of optimal power flow problem using
Newton’s method and Linear Programming technique — Numerical problems

UNIT IHHAUTOMATIC GENERATION CONTROL

Speed governing mechanism, modelling of speed governing mechanism, models of various types of
thermal plants (first order), definitions of control area, Block diagram representation of an isolated
power system, Automatic Load Frequency control of single area system with and without control,
Steady state and dynamic responses of single area ALFC loop, Automatic Load-frequency control of
two area system, Tie-line bias control of two area and multi-area system, Static response of two-area
system — Numerical examples

UNIT IVREACTIVE POWER CONTROL

Requirements in ac power transmission, factors affecting stability & voltage control, fundamental
transmission line equation, surge impedance, Natural loading, uncompensated line on open circuit,
uncompensated line under load, types of compensations on compensated transmission lines, passive
and active compensators, uniformly distributed fixed and regulated shunt compensation, series
compensation, compensation by sectioning — Numerical problems

UNIT VPOWER SYSTEMS DEREGULATION

Principle of economics, utility functions, power exchanges, electricity market models, market power
indices, ancillary services, transmission and distribution charges, principles of transmission charges,
transmission pricing methods, demand-side management, regulatory framework — Numerical
problems

Textbooks:
1. Power Generation, Operation and Control, Allen J. Wood and Bruce F. Wollenberg, John
Wiley & Sons, Inc., New York, 2" edition, 1996.
2. Power System Engineering, D P Kothari and | J Nagrath, McGraw Hill Education India Pvt.
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Limited, Chennai, 3e, 2019..

Reference Books:
1. Electric Energy Systems Theory: An Introduction, Olle 1. Elgerd, TMH Publishing Company
Ltd., New Delhi, 2" edition, 1983.
2. Reactive Power Control in Electric Systems, T J E Miller, John Wiley & Sons, New York,
1982.
Online Learning Resources:
1. https://nptel.ac.in/courses/108104052
2. https://nptel.ac.in/courses/108101004
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Economic ope_m{ion of power_system:
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*mﬂsm‘%'o” line losces - [oss coefficients - fTansmnSs’on Iine

loss WPOYmula :

—

Consider e O[)Jecjti\/e Sfunction
C= ;-J; G P,
Subje& to 1'h=e‘ -—fol\owing
(D Eclur.\ [?Jra constyaints
FRy=R4fy v LP-P-R=0-—0
CO})QY({ P e the Hotal transmicsion |osses (Mw)
5 is Jotol Yeal Fowev demand and
P@“ is Yeal powey cjenew ion at The 1™ unit
) :[})ecvm_lhj constraints -
i miv) 2 i £ Rateman)

Reitmin) £ Qa2 Qayicmax)
Vlcmlﬂ) L V. 2 \/’ Cm0\7()

| —

“Jo SD‘VQ the Pwoblem we wite lagmﬂg‘ﬁn Qs
L= Z i)~ 9[2: i B F) —O

R' PL(PG” /PG]l;Pqn> ',:,Il/"’ n
For o;:'h’mum Yea Fouoev d?s[)a’cch,
dL d
== _ dc; d
=L _ 1< 2P,
di, dl; L dpé;.] =00 i=),2,...n @

Scanned by CamScanner



aboVe. E'«ln amﬁ e 901’

Ke mmna'l nD

“The OLtlFu’r 0
that Plcm'l , we have

(d&)
Al _ 2 (ov de; Li =2 —03)

f On‘y one Planf can a—Ffecf‘ Hﬁe cost ai( only
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allocation (economic load dis]aatch) Transmission osses should
be considered - For a s;}s{:em consis{ing of ‘n' no- of plants
fhe cost of fuel TnFu’t is 9‘1\/6\0‘ E}) P s

Ci ;C,"" C?—+ S .~]—CVl

- :
- ':z:' CI (PC')]) [ Dbjf’ChVe "lEUHChOﬂJ

at | ongev distance

Scanned by CamScanner



\SUBJQC%QA 1o congtvainls

N
..P—'P =0
ZPG)\ D 'L

=\ ‘
ey elhod 18 need to SO

Lﬂ?mna‘\an mU\HiP\
B\(j USTYIZ Lo(c)mngian we [ﬂave
7= TGt~ A Lo
i=) E

lve Opﬂmga'lion "ﬂoblem

?L:’p(‘)cv,; fe,, --- Pem') |
for orﬁmiga{ion

AL
Ik, " .
ig:éﬁ«ﬂ[«@——d—.‘;;} -0
dfe; dPé'" A .
44 %Ll— O‘PL}
- dig; df;
N :'dc-,” TFC
W - T
|- df |-
AP
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Geneval transmission line loss formula (Loss coefficients)

In oddition to the assumrjtions a|Yead” MC\de,oﬂ:,ey
i By Coefficients ave treated to be

assumptions owe necessary' »
ConS’[onJL'Since %o'ta\ IOacQ and |0acv d'lstﬁbuﬁcn Behoeen
Souces Vcw}j.

“The assum};ﬁons Qe :
D The POLOGT Sactor of Plc\n{s vemain constant -
2) Al load cuvrents maintain constant vatio to the total current.

3) \/ol’raae mc\gn‘ifucles at al) ke P]ants vermnoin constant:

) Vol’cage Fhase anf}les at Plant huses vemains fixed - |

F'Ia‘ shows  schematic cl':a?mm show‘l’n9 D P[ants connecfed
ﬁwough Qa Powev syﬁkem ne{wprk ‘o a no. of loods

Tl .
/TF - :[ZD
%o G I
ITG2 e

jma?‘\’ne ot The total current Tp js suFFlied by. ‘Plcm‘( 1 On(v

as Shown —ﬁa
Tp=Tp

Ao

20— >——or™ —

Let us define current distvibution factors Mp,, ¥p,
Let the cuvent n The line P be dp

Ip
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Jp, =Tp /ZLP» %ID

Let the cuwent i fhe line P be Tp,

Carrent  distribulion factor Mp, = Tp.
ME
The Values of cuvvent distribution -Pactors deF@V.\A uPonﬂoe

; : : independ
nmpedance of lines and thefv intevconnection and are independ
of the current Ty

When both 9€n€m’t0\@ 122 Su}opltzfng the currert into The nlw
as shown n _ﬁ? .
Applv?nj 3uPeYPos‘rHon Fﬁ'hd})le,
Tﬁe curvent in the line P con be exjmressed as
- dp = Tp 4+ Tp,

_TP = Mp g, "E =i
OO‘\ETQ IG” (lhd .Tq)_ ove w"(YenJCS SuFPhed bv Plan’ts ]XZ.
'TeSFecJﬁve [y :
let us make certain si’rﬁP\FfUi’ng assumpjcions ot This ;fage
listed below-
D All the load curvents have same Phwe angle w-r-t- common
vefevence- The load cuxvent ot ih bhus is 9iven bﬂ
Ty = |Tpi | 8=
w‘ffe. : ‘ __ ‘
§i = fhe phase-angle of bus voltage
aP' = [aggTﬂg F"\aﬁe ang[e o.f ﬂz,e loacﬂ,

\i
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vy = |Tpil 16
O, = Same Jor all the load curvents at all Jhe Limes -

.'.D {\)(\{'\D X je came ~'€DY all The nefwork ’DYanCL)P‘&
R

'

LE‘: TL'T I.JC.” \ L&y l TG” ‘ (COS ) _'J Sﬁ'nﬁhl)
Jg, = lfq,\\ﬁ':%

whee ¢ Lq, - phase ang(es of T@)EIIG;LTeS}XChVely 5

\/

I ZT(-M\ (cose,+] siney)

Sub To, 4T, in ecln@
'TP = Mp \Iﬁl\ (cos6, +]sinoy) + M?a_lif‘am\ (co

9 i 9. = : a—hr L 7
\Tp) :[MF; \TGMCOW\*MPJJG»J@SQ) il M

2
(MPi\IGn | siney + MPllIc-,,_\s‘mcr,_J

so,t jSiney).

, \
= MP,LIIQ ‘\LcosLs'\ i W\\’:_ | Te,, | CDSLSLJk ELN\HMP \-ch‘\ ficn\cow
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Optimum generation allocation with line losses neglected (or)

Economic dispatch neglecting losses:
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Flow chart for optimum generation allocation with ]

ine losses neglected.
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Optimum generation allocation including the effect of transmission
line losses: (or)
Optimum load dispatch including transmission losses:
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Figure (1.2) Flow chart of the optimum load dispatch including transmission losses.
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% The toment of ‘D’ S Gofeibdled by moment of ‘C and E’. when ‘D
moves upwaxds G & E QO dowoun2ds .
Net momept of ‘D’ 6 gven BV DXp = K3 B% + Ky OXg —> @)
Gnstants Ka 5 Ky depends On lmkave agms €0 & ODE.
Aesume That Volume of O admilted P the (ylmde ® pocpostiaxal 1o
e tene m]‘éqaol of &% . Tho Value Of e 6 ﬂwenbv

e = Ks St “A¥p dt —— 3.

Q

Grotant Ks depsnds O o flud passsuee ord Qeomity of Oufice & Gyledsy
"[akﬁ‘ﬂ laplace Bansfoom oo above €1 9(2)5(3) Qqua-iiajs

AXc C8) = Ky AF8) — Ka ARCB) — (W

AXp(S) = Ks BXecS) + Ky AXe (8) «——» (9)

AXecs) = -% DX cs) —F @

gut (S D e 5 we get

AYE(S) = —_Kég [ ks OXe®) + Ky O¥eto)]

bre@ + KKy avee® = *‘Sﬁ_gj AXcCS)

Me) [+ “é%‘ﬂ] = —_@é@ Aveco)
Axg cs) [H g_g,} = —ﬁi_kg [ K bRs) — Ko ORcsy]

A¥g 8) [|+ ‘_‘sf_é@] - 'Kl'(;'(‘i AFE) + K,?,'i;_'ég AP-CS).

€L
AXeco) [ew;;cq] . [ Kikeks AF®) + kaks Ko pecsd | L.

— K,
Brecs [ 2+ k] o = [Kaka DRa) — Kaki DFco)] o
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AXE C5) [-%gwq] = igKe DRcS)- sk DFCS)

AXpes) = Kaka DFCE)— Kaki AFS)

Bt ] ‘

e above &Wéﬁfon Can also be wortten s

MXgcs) = KBQ
| +6T'W

[ BR) - ARS)-]

wheze , R = Ko - S meﬂuld'h—m of Guovesnoz
K
KSQ = Ka¥s

Ky
Ty = L = Tone (oslant of Opeed Grovezroz.
KyKs
Ths block craggam ctepeseiation of Spsd gouetnmg System ~foo The
Gteam tibwe ® qen by

. Gtam of Opeed Giowatnoy

)
B Keg AXec8)
l+6T5ﬁ
1 le— OFCO).
R
Nae :

* Tane (onstaot of S @oveaooa' (T%) w8 |ess THao 10oms.
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qx‘!f]'{f’!!;i)&’\‘} i‘):‘ .ﬁi?'i'_‘)ri‘»“"

Qteam tuzbme 1o lthe Cbanfdes n eeam \olve Openmg AXe-
x A deam fobme Covedls Slosed &@UW of h?@h termpeydlure and h?@h presius

Steam Who vrdtdiog Eedgy which i Govedled mlo Eldfsrnl Enesgy Y

te ﬂcnezsdfoz. Glenezally Gheam Tabmes ave Loually of foo .%‘ns

). Rebeat 1'@'9!-
c).  Noo - Rebeat faps

(). Febeat Type Steam fosbme
'Fﬂ showd {wo sln@e fadbine with Reheat Ot
&EQ.IT) HP II]L— {
\alve Stoge 7 stoge —

Re- ]
heales |

CRH)

x The b:qh pRessUTe and lew passsuze eboqes ase Hee m vehedled e .
¢ o Rehedled TQPe , The Stsam when leavma Hp Otas owstuzns To e

boles e poss t5 e Oehcalsy (RH) befoze OTETUZR\Q 46 e TP ( Irtesmeddle

pifssuze ) Oxhon - Rehea‘f‘:rrq opooves  Effcency of e fazbmne.
¥ In SPgd ﬂo\]eam 6&6?&'“ - TFE 8&515“7 \bl\fe %ﬁ ard 'Qdﬁ@ amount

of Gam Gifes fhe Tugbme.
% The hagh poessuze Steam Gifezs e +Hp st of fle fastme . Hee m e

mﬂh paetBUTe Scdion fhe paesture axl b doopped  a0d 'I'émpea'dﬁze decx=asss.
%v@%mntmhwgﬁ&emn%hﬁh presaue Sechon
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r B (a’xm%ﬁbﬁ{ﬁg--ﬁgmté poessuze B Kept (oosfant ard fecpezdioze
Tzeoss b e coled \kle - Bs SEam  ximn cawm'fa Lp Sahen Fem bolex.
% The Seam Bom e (P Sedion © dureed To (odenssy » The Sfeam %
Gowssied to wnfie and © Ldback fo e boler. Thus mechanical Odfrt of
fee Sections :sCﬁinsi@e?Fczs’fanema‘l'ed Qitpet Speed. The boler
nared 05 RehedlSs.

% fehedter huzbmes bove moge fan Cbe e Gastact.
* T dvmﬁm@m&msﬁaaempﬁqsbnﬁmﬁwmdbq

. Sam which bes belacen fe Gyslim wlet Vale and 1% slage of Toctme -
(). Reteales Stotoge adion due to which QOqgfpat of low paeSSUe
singe b log bebmd fhat o bmh poeize  stage.
TFus , Tasbme B clransiey finckn ® chovadsmesd by 2 e (ooslosls
Joo Ease OF analyes , it will be assumed that fuobme (an be modelled 1o
hove a Smgle Egamalent ane (&sfant .
x Tgmaly ,tine Gonstant T bes o The oange of 02 % 0925 secs.
% ﬁﬂsboaﬁfmna%ﬁﬁuﬂ?on model of fe Slam fazbme

Ke -
AXes) — —en AR = ARges)

D 3) - Ke
DYXECD) |+STt

Nie :

*  On Greomg gleam Valve 5 fie Gtam ~fow wrll cow oteach te Tasbme Gylmdes
mbanhfwus!&f.ﬁe‘?ﬁmddav Expoiened On s 75 OfF Oudey Of 25 m
Steam Pipo.
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* Tn non- ocheat fee Tisbine , Thewe 75 nelihey an Tnlsomeddle  poessuze
6ccon nes Rehealey Umt - o 16 Case » o Oteam ® d?U@d'{V passed 1o

tte P E&xchon.

Xt "’6 AR 8).

—Fﬂ.sbows bocaziaed trodel of fon- Rebeat Tebme aloog with Cped

aoqeamnq mechan®m.

Mg o)

Ks
Dfcs) | g N Ke N APt
I+ 8T (46T

"ﬁ e AF®).

{gon The -Qqua’e , e Gmbmed TBansfes ~fundien of Tozbine aed Speed

q e mechanem will b Ksq-Ke
C14871s) C148Te)

A% B) _ Kﬁ Kt
,—_——"_'—-_—-_ -— —
[oRe)- L bFes) | (1+8Teg ) (146TE)

e
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‘ @md‘ﬁa load ©™ode!

g

T Qencadiod - load medel qrves The orelation bslween e

change ™ The fequency (AF) A8 & otesulk of charge ™ gepexdtton
when e lood changed by a Small amount.

Lot bR, be chonge lad os a otesult The amwa"?on
also Swings bd an amount APe - IS ast powey OSuzplus at The
bushos © ( bRg- &F) . e Suvps  Powed (An be absozbed b‘if
the Spler oo e rffegent Wogp - They aZ¢

). BH t\‘ta’mamq the Slozed kinlic Gzezjﬂgj of ﬂe‘mat'_a ototos
ot a ode 4w - whese ‘w’ 3 The new \alue o Kenalte %;@'o’w
let ‘we be T Kocte Ex3qy befoe change © load Ocuss .
at e ncam\fipeedard-%w*ﬂ’cv-?- .
Lt W be T Kinsfic  Enesgy chen foequenty © 3 AF,
% Sice Kinshe Beagy (k=) © p’aopOZTr:oml o Sjuare of Toe Spead
of Tte ﬂove'zsocm ° thesefoze o Knske Gmfﬁ?e@ Gn ke Gozclaed 0s

W o [ af\T
“Wo ("_’9’5"
W = Wb (|+ ‘_l_%‘; + -H-thzi Oedes Fe‘erne)

Nﬁlg"’h’na h;(ahgzj Oadeg t&ms . Sae A.pf; %8 Small-

° 20F
w= W (1% TF':)
@?&Rﬁseﬁtﬁﬁcﬁ above Expaession Wk ‘£ e ﬂek

dw - 2w® . d_(af).

-

at go dt

|\l

Thestia Gxsfonk ©f @ ﬂeoeb'c’cw ¢ Mw-s/ mvA)
P - ‘Rd\mq of The tizbo qenez(aféa (OVA).
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A LoAD FREQUENCY CONTROL

51&,}‘@ Area Load —fyé_qgﬁﬁf;‘d coritvo|
Neccsg'\{llj of kee,j"lng f'fecluenczj constant Befinitions of contrtl area-
dinale avea cortiol - Blocle diagvam VeFfesentaﬁon of isclated ot

: 3tem”5te““‘j state Oﬂc\)(ljs';'g— fDéjnamic Yesponse - Uncentrolled coce .

o c
Tn a Pouoe\( sas{em ; hoth active and veactive Fou)gy demands ave
nevey stea(hd and TYE\() con{'inuOUSlH c[wange, with 'rTsTn? oY

Lalli trend -
Steam “’mrul: 1o {uﬂoo—aenemjfofs (o) watey- °mlw{’ +o ha(lm Uenem{ms

must be ’rer.aulotec‘ cmﬂnuous\y to match the active power dempnd,

#aT\Tﬂ? which consequen‘c chonae in ffe(luenc;j and Tt ma(y e

hig“«(j undeéivable -
The excitotion of the ?eneerors must be Tegu[aJEEcJ conﬁ’nuously

fo malch the veactive power dernand  with veactive powoey aenemﬁon)
othevwiee  the voltages ot Vevious SZ)SJCQm buses may Qo Ee(njoncl

the ?wscﬁbed fenits - | ‘ .

" The moxinnum Foss'?ble c})cmge N ~f~(e,:luenc;j 1S is-/

Mecess’lhd of keeﬁ_[_’? fre_ciuencw censtant - |
|- Loads ove usuallv Aes‘lgned o oPem{e ol o Fm'ﬂculm »-fvecluency.

TFit is not maintained of the normal value, Then 'qu,mncﬁ of
OFQTaﬁon causes electrical loads o deviate from the desived

0 u{Pch :

0. [or sanc‘wonous oi)em{ion of various units in the power

Susterny network, it s “écesSC\’fy to mo(fnfdin —frecluenc;j constant .
3. Steam tuvbine blades ave des’naﬂﬂd to o':em{e in o havow
boand of jfrecluendes
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@e\fm{i’on of ,{’W(lumc(d betjond 1hie band mazj cause gmolua[

(79 rmediate {uvbine olamage-

So, corttvol eclui[)men{ take aclio

—fw clue nuj .
4 Ffecluenc

inJceYconhec’t‘IncJ lines -
« B Elec’[ﬂcc&\ clocke which are dviven loy

w‘ill lDSB oY Cadiﬂ '{Inlﬂ(i N cose OF chanae in ‘f‘(Q%U\EH(‘y.

n N case of under[ovh

wd affects the amount of ]')ouocv‘ {Yangm'iﬁed ﬁ)“mugk

synchmnous ynotors

cqu’.Y Sﬂst'ell')

Block dia%mm vepresentation of an isolated pot ;
A comFldP. block d{qamm 'YePresen'tcf{Jon of an isolated

pouer saskem comPﬁsTn% speed governor turkine and

%qnem’cor _ load model-

Sﬁed faovemof mode [ :
The block diacamm of s’)eed c()ovemor is shown.

INAS @ Ksq NS
| 145
J

] | | AF(
| A ()

Toxbine model «
The tvansfer function of non-reheat Jﬂéf?e is  shown:

AXLS) Kt ARLS) (ov) BR(S)
1+STy
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The transler function of c‘]memjrofr lood mode| is Shown

AR Kps DFCS)
| +\3TI—) e

A S

B\a comHnTna The thvee block diaamms e

SFeed— caoxlemm model,
‘urbine mode! and
caenemjcm— lood model
we caeb comFle’ce_ block d‘iazmm T CF'YPSQWWETOH of LFC:

(s)
X&) | pre) |
[ kg |1 [ Ke Kps N
’ AT — DF(s)
lrsTs t [+s IFS

Y

F‘g- Block dia%)rom TEFYQSEHﬁlHOYl of load -Freclumad conitvo)

‘ ( Teolated Po'wer Sysjcem)

Steody state Ana\gsi’é 3 |
"Yﬁe(:re ave two %ncmmenfa\ Tnfu‘cs‘{o the load frecluency corlip|
Syptem- 3

AP — chomae in speed C[’]dn?er :ge‘fhng
APy — d\anae n load demand.

Note: Relodion between ”{52,7t ovd T\’S
\‘TS-? <T.t <TF51
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Constant sEeeA changer P osition with vawiable lood _dema'?dj_j_?i ({-P_cFO- |

— e

Concider a case whevein -SFeec{ chanaef has o ftxed seﬂ?ng,
which means AR-=0 and The load demand Changes- Such opem{?on
is known as free GovernoY oFeYaJc'lon (ov) uncontrolled case Since The
Speec\ chcmaw js not mnT’;u[afed-

For o sudden steP Change of load demand
OPpts) = Bk

S
For such an orem‘h’on ) stead Stafe chcmge of ﬁTecLuency AF(9)

is 1o be estimated Fom The lock diagmm-
2R(S)

D=0 ke | e e
| 1+ 5—53 |+5T{,
'\/R
—Tﬁg blOCk dia(aroun of ;solaj&d POUOEY S(ysjcem NOW [)e conmys.-
] AL
k52 Kps NZO)
HSTsa |+ 5']}5
1 _
‘ l /R | ~ 23 -

L BF | oo

C()m\')‘n\na bloc kS Tn S(’TiPS, we 99{ AP_DC'S) i Q(S)HCS)

. (—)

ﬁg@-‘ﬁ Kps_ | AF(s) = _G6(®
1+3Tps ! 4GOI HE)

i AP (s) AFCS)
o P

&

R (1T59) 45T, ) PR 2
By 1-GUHB)
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[ K
)
iFCS') = ( H.STPs
Pt DR(SD e -
4+ Ksg-Ky- Kps |

(‘+SEB3CI+5Tt)(I+sTP5) ® J
For o sudden 5{1&‘3 chan:)e of load demond

AR = Bl Multiply with Cl+.sTF5)boTB numevaloy
D . ?a )
and denominator

AF(S) = — K y OLfo
(HsTFQJr K“(L ke Kps S

(\«sTsa) (ST R

_APP‘\j $roal valus Theovem
Tre Skead‘d stote —E‘(eq’umcy eYyoy 1S ?Tven by

A-f‘ \S{dey' &tah = slj; SAF(S) .

A = b g) - Kps BB
50 (14sTps)+ kszjke Kps N 5
(“fﬂs;)CHsch) K

. APy —0)

wheve ks(c) , Ky KFS Qre gcﬁns of SPeed 9ovemof, tusbine and

Powev s«fﬁm Tesrecﬁve[y-
“The (aof’m Keg of the 5f>eecf rjo\Jemmf is easi'[y adjustable by
chancainﬁ the \ena’ﬁﬁs of vovious links of the [7nka96 mechanism -

Ks? is ac\f)ustecl sach lthat KggKt =4

o = — [ K :
Spal
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Fem The djnam?cs of gmem’cm—[md mode /.

; . oh ‘
k}a; _;_)_- ) wheve D = S; Mw[H5

- P .
(M >/[’1 mn P.U.

APy .,
Mu\HPl}) Witk D both in

Numeyatoy and denominedor

A

\r
!
el
: ~=
Q- |9
.o i

]
|
N
Q|
s
~NC Y
pye]
~_
>
Q

\M: -(BLA?DJ

where F‘=(D+ ‘/R) and 18 known as area ﬁvectuenc‘j 'res]:onse

characteristics ( KEE) (_AFRC) OV Qreq 'ﬁTECLuenczj Te?ufa{?m

C.ha'{ adzvislci £S5

N AP
i ( DWR) it
“The above ealucrﬁon a]ves s‘cecxclv state 'Yes’oor)sa of 'fmlumcfj

to Chaﬂta‘i in demand:
o
$ g

'0;" )
CDYDOP =

104
103 1 SPqecQ Chcmae‘( setto 3"\\!9 scheduled

-emctuencma ot

M 1007 load
100 (i) 60+/. load

°l 20 40 e s o 7 |
——)"X'fceﬂf load
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' Pou)m m{,}',l(?m anmo{(w
Vip= Y3) s lhat D can e ney[ec{zd in_ compaxison.

™ e c()enemllt(j much smalley than Yp

(D= 001 pu ;i
-/\M\lv (’clun[ion 15 w(lucvcd ‘o

A= R (AR
“The (\wor of 1he load —fxec‘/ucnc? cuive s mam[y detesnsined B‘d R

The f;)x'vcl e Y()vu(nﬁon'

Case 2: Constant load - demand Pos'u{ipn with variable speeo(
———— —— e — —— __._—t__.;.-:..._,

changer (e Ay-0)
Conédex 5t‘eac'% e,—m’cjt of changfn? sPeed Chcmge\r Se‘l‘h‘n[?
(AFC(”: -%Pg) Wit load demand wmma’irﬁng fixed (e 5P 0).

—> e s{ecxd\j stote chcmae 0 erfluenc7 i dstained as follows -

c k
-y IR K - ‘1 —W‘ -~ ARCS)
\ [ fietey) I+sTe |+5Tps

i A
The Bock dioc(\)mm of isol

aled pewey sy&em now  becomes |

Kt | Kps AFCS)
4 ,+5’-}t '+$TP$
— !

Vids

BRCS) r ksc/LKk KPS‘ BE(S) ‘
IEHSTSQ)( HsTt) (HSTFS)

[ e k
)
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V

L The thransfer function s ?”l\fen Ey

_ ks’% Kt - sz )
OF(S) (Hs'l's?)(lstTg)CHsTPs)

-—

Bl (®) Keq- ki - Kps \
e /R]
(148Teq) (148TE) (1 Tpg)

For a Sudden SteF chqn?e n SFeerJ cf‘)onger,
f‘f\u\ﬁ[)\\(j numeyodor and  denominalor it ([+ 91;9)(1151064 $Tpe)

AF(s) = Ko Ky Kps Y DR
( HSng)CH.sTQO +$Tps) Jr(\<§2|<£ Kes ) s
R

BR(9= Bi
S‘,

"The ${eadx(j stote ~V¥erLuencv eYYor 1S j;\/en bj

_ L s-F(9)
[)'Q\BP'D:D S5-50b

" 5( ksg ke Kps o

KR C\—t-s'i’gﬂ)(l-!sch)(H.STFS)%CngK[KFs)/R 5

M = kgﬂkjckﬁf‘ o

| -+ (KSE-kk'kFS)/R

Let ue considey k's?.k£g\, |<};S.-1/g wWherve. R - Q_PD

DP

C

of
The above ecluoﬁwn become <
Af = g_\./_@—_——— A
T
A4 R

A{: = L APC IR
(B*‘/R ) X

Note: TF e Speed C[‘)anger seling s QW selieg
charxaed by 2f while the load demar c"»cmaes by Ay, , Hhe
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's’ceady %ecl/uenua c{nan?e is obtained By Su[)evlvos\{ion.
ey Af - (__'_,f) (MR- B

B-H}R
Q‘gﬂ\ﬂ\mjp E‘_c__.s_:?___qa__n_ste- (Uncontvolled case i) AP.=0)

The C‘t}namic Tesponse is how Jast fhe -F*{ecluenc% chcm?es |
as o -funclion of {ime fmmecliai‘e.ly aftey distuvbance before
T eaches the 1ew \sjtead%-sbfe condition -
Cbmvm‘ir\a The velodlive values of Lime constants, we voduce The
Thivd ovdey LFc mock| T fivst ovder
Tory a Pmc’tl'cod LEC system

Tsa <T*<<TP5 |

T\—aplcal values ave - T‘Sﬂ =045 TE:()»l;s,TPs =205

H TSD and Ty afe consideved mﬁhﬁwe‘ com,amcl 'toTPs and
btj adjuslcmj ksgkt-’:’\,ﬂ%e block dt‘aamm of LFc of The
powey su(}g%em of an isolated g%’cem Ls veduced *o first order

Sustem as  shown
For uncortyolled case, 4R ()=0

AP.=0 ' BPps)

S}
[ +6Tps /&

. 7

1?\'3- First ovdey o-FFrox’lmaJre block diacymm of LFC
6f an isolated areo

I—
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NE(s)

AF(S) Kps
= k S
_ \m = h‘I’:-_
NICRL rTrs

1—@%%@)@%) vu(ggid>(%>

BT
N\u\%i‘)\\dlr\g both, numeyator ond dehomm';cor bfj C1+6'TF5)
DR | _Kps | _ap
(HsTFs)‘ngé s
S| _ZKp ) oap
8Tps v REKps) | 5
Pt
Sividin bfj “Tpe = )
" )
Tps EEQ
— 1" s
5+(R+ Kps )
R'Trs
= —K\p5 APD ] e
- s l_ A48
ps {sf(_mg)} s(st0) S Sia
w ~._?\_-} "/0/

‘ S
w0+ st (xS
e Reigs ’5—_55} o oE

B‘Z) Jca\qﬂﬁ Tveree. [aP A
NONW FNIO)

- [ R kps- Ap (' ! }
L ps A==
[ R Kfﬁ S 5%0)
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» A - ‘__ﬁi'l-e'alj' Al where o= K1 Kps

3 ks - Rps
" L .
M) = - Rkps RE (E_*‘_z\iai)} "
R+ KPS I- »

—“7—8 Cllaﬂotm’fc Wsronse Of Cg’)omge m rf‘(ecl/uenmj —FOY a -sjleF»c‘)anje

™M load is as follows

18 s
me (sec
> ( )

-O\O\ .

~0-00
. —0~037
N
et
c - 004 T
N
—
1 —0051

~-O\06T

@ Two tuxbo alternators yated for 1omw and 210 M have
Governor dwooF chayacteristics of 5+/. fvom no-load o full-[oed.
'TFQ? ave connected in parallel to shae o load of 950 MW-

Determine The load shored b;j each machine: Assuming free

qovexnoY oction -
_(%)—‘"..

Since The two machines are ooork?'ng in Fomllel e Pevcenjc
droF n -ercLuenCy From The mackines due 4 different lmd?ngé

must be game:
Let" load on -%nemfm L oof 10 MW wit = ¢

LDQDQ On 8QT)€YO\'{DY 2 DF 210 mw) un‘ijcc Cl50~1)
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Tercent AYOF in 0[’“5\ £ HOX —0
[Fevcent dToP n "’P“d =_5 (250-71) —3

210

As chen’c dvof m —fwclumc% must be some

From eqns Oa9® _‘
o

i 25 __E_. (250—T>
110 210
2 - Q50-1 = % =85-93 MW
\ EY
%UOQY LS‘WQTG(‘ E!a 210 Mw) unT’c DOT” be - o50-7%
=250-95*93
= 16407 MW

!E) POKDQY SUFF[\QA bj [10 My UHI{T = 8593 MW
Tewser supplied by 210 mw urit - 16407 MW

| @ A 1womva,s0Hz turbo alteynator oFem’ce_ at no -Tead at 300vpm-
A lood of 25MW is (Sudden\y applied to machine and  steam valve
1o the tuvbine commence to open aftey 0.6sec due 1o {?me,laﬁ

in the QovexnoY S&dsl:em- ASSUm’inﬂ nevtio constant H of

45 N\\U—Sec/kVA of (aene\’orfov cachdfﬂ, Calculafe ﬂie -p'recluencv

to which fhe cdenem’ced Volfﬂge dYOOFs Fefove the steam low
commences to increase fo et the new load-

Soli~ B‘a Aefiriition , H .= Stowd energy (k-€)

Ca?ad’\ha of mgch‘me

The ene\(% stored at no- lood= 4-5x100> 450 M7 =wf

w? = Tnevtia constant x 'ra’dna of {uybo %enerafoy
Re fove The steam volve open,
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“The eneww lost h{j lhe ~otor =25%0-6 =15 MT =W
As a vesult of 1his, theve is a veduction n speed of the votor
and ‘1?)@19{(“9 *{edudio\’) n -FYe%uenc?.

E)() e

SENTES ($°) —w’
-5« ’(4'50—\ ) L s
4%5

= 49-16 Nz |
ne - 50-49-
ency “deviation = 50-49-16
50
= 6%

@ 7:00 3emm’covs YaJ(Qd 200 mw and 400 MW ave oFera{Tmﬁ m
Pafo\\\el'"[ﬁe, cl-moF chavactevistics of -ﬂﬁeir 9ovemor5 ae 4 and
5/ ’YesI)ec{iVe[% fvom no-load 1o full-load - Assmang that the
caenem{ors ave OPeTcd‘ir? ot 50Hz at o-load. how weuld a {oad of
600 MW be shared between them 9 What Wi || be the Sj%fem frecluencj
at this load ? Assume free governor oPemﬁ’on :

Since the aenemfo'rs ar N }Da‘rcx[lﬁl , ﬁ%e? i Ll DFefchCe al the

Same -fxeotuency at s’ceady load -

Ch
o
1

e

et IOad on 3eneyoi0¥ 1 of 200 MW = xmMuw)

C:né lchd on ﬂenemjcov 9 of 400 MW :(600—-1) M
3
Reduction M —f*retluenc? N
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r Reduction in -hcclucncv of 200 MW il be (,éo.a %
| Reduction n 'fwc[umrtz) of 4oomw il ke (%b,)(eoo—'x)

91\1(\{%5) above eqns boe 3‘?{'
ot =231 mw ( load on _gmj)
600- = 369 MW (Load on gm 2)

Sj}b:m ~f~¢ecLumcL() = 50— D04%X50 .,
200

=471-69 Hz ,

@) A 100mva sanchronous aemem&or oPeches on full-load ot
4’Teq}1encv of s0HzThe load is sudden]&j yeduced to soMwl-Due
+o time \o«a n C()OWYTNDY 5&2/:{2(0, lhe steam value bﬁ’ﬁfﬂs 1o
close aftey 0.4 sec. Detevirine the chanae in —Fyecluencﬂ that
occurs in this time- Assume H = SKN—-Sec{K\/A

Sl Given,

H= 5‘1<\»J-5ec[ kvA  of c(]énercrEOY CC\[X‘C?J“(j

ke E. stoed in TOJCOEHn? Fmts of Denem}cor ond tuabine .
(votox) ‘

REE & LHOP.
= 5kw-see [ kA + 100% 16 KVA
= 500¥% lD3 K-w -$ec =500 MT
Eneﬂa\a coainec\ B» the votor = 50mMw. 0-4 &ec

‘:QOMU\)"LSQC =00 M7
Stoved K-E- o [:pwqumc .)n_.

4’={°}_ti -50 | 5PO+20
L\)o 500

£ =5lnz
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"Two- axea Qii-?%uencv conbrol:

| oad fwfecluemd cortvol of 92-area Syéfem—— Uncontaolled case

and conitwolled  case, tie-line bias certrol

Tie-line hias COnJCTD]’

- —_—

T the ijs’cem consists of a sTngfe mac Kine connected
1o a i)mP of loads TThe &]’eed and wETecLuenc; chomgo, in
accordonce with the %ovemm chamdzﬁs’cic as the load change-

I 5t)stem consists of w0 Mac hinee Yunn“fn? N Fam\\e] as shown:

5‘ Sy

L

‘ ‘f:'le—\fne,
Lood load

¥

The PO&STBH?’OJ of .shaﬁ'na He load b» two machines is as

Jollows :
Tie-line: “The line which connects 4o control areas (or two
amem{ors, heve) is called tie-ltne-
T the cho«nae in lood is eithey S or S, , but fhe 2Qnem'bon
of &) alone is Tegu[ated to acjjust This c[')omﬂe S0 as to
hove constont —qu}mcy-’fﬁe method of Yequ laton fe known
as "fLlat 'leuemﬂ Yegula’cion"- Ondey such conditions s, is
Said 1o be oFemttnﬁ at bose load-

“The. wdjoy dvawback of flat ﬁw’ectuenca waulaﬁon is that s
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must absorb all lbad (*‘man fov the enlive Gvs'[cm"mewfow
the Hie - ltne el ween “two alalions would have to absovb all load
Ch(\\\(‘)(‘.“)‘
( cotain s outpul constant -
Sinee The f)encm'[m“ al 6, would mointain s Ou]? an
: (
CThe opevation  of gcnem{iow Sy on base lood has the adeﬂnges

when 8, is much move efficient Thanthe other stalton and it is
desiable o oblain maximum Ou{.ru'()

—The  othey Posgib"\\i{% of s%m’(ng [he chanae in load is both
3y and 8, would [ u?c\t thefy ae‘r\emhm to maintain the
'-?Yecluencv constonl - This is known as " ’fnmllef —fmluency
Yequlation".

—The thivd Foss“xb?li(:y is that The Ch\nae in load in a chﬁcufcd
ava & taken cave by the Denefa‘tm n that avea l‘hewiby
{fie-line loadin yewams constant -

“This melhod Of Yf’ﬂufa{ﬁfﬂg The aem’_fa{ion Loy keeFTng-Consfan{

‘FYM](UQY\C% is known as " Flat tie-line ‘Oadi’ﬂg contyo|” .

g\_d *?quueﬂcij Con'brol of '{LOO-QTQQ & ,g{em:

An extended powe 335&“7 con be divided into
Numbey of lood -fxecluency contyo| (LFC) areas which ave
intevconnected b;, tie-lines: Such an oPeva’don is called

: Foo\ oPedeon“ )

Considey two contvol areas cornected b}j Q STnﬂfe. ‘He-h’ne as ghown:
Contovo) “Fe -line Cortwl
foea 1 Area 2
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| “The control olg‘)ec{jve s 1o wevu[q{'c The —qugencv f each area

and STmulfaneousl.v ;egula’cr the tie-line poweY as pey intev-area

Powey (\(Jxeemeni.

In case of an isolated cortiol aveas P‘Yorm’ﬁona\ ’Slus Tntegml
Cortaolley (PT) will be installed <o as to give zew &Leady
State evyor (iey A-F(SS)=O)

T +two- awra contol case, PT costoller will be fnstalled to S?UG
2010 steodt, state evror n e - line Fowmr (i-e-) AP;,=0) M addition
o PT cortroller o ca"i\fe ZeY0 ‘Slceod‘j state evaor in -fvec]/uencv-

For The sake of convenience, each corityol avea can be YeFYeSenJ(ecl
bt) an QLL\ﬁVa[en{‘ 3ovamor, turbine and genemjcor sUstem-
Molhemadtical “Treatment :

In an isolated cortrol area cace
The Tncyementn) peuoer ( M- APy s accounted for fhe vate of
incvease of stoved kinede enevqy and ncrease in avea (oad
Caused '3(7 increase n —QYecluencv-

Stnce o 4te line. 'hrnnsrovts powey n or out of an avea, This:
fact must be aecrdied Fov accounted for g ncrementa|

Fower balance etluCthTon of each area -
-—> Pgwev ‘brtmsPor{%g({ out of aread is g?ven By

P-{;]e_,j_ = \Vl\ \Vg,)

sin(8/-87) —— @
Xl

wheve g, g2 - potwer ouyles of equivalent machines of 4o areas.

X, = tie-line veactance Bw contzo) aens | % 2.
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r*—>.TF Hieve s ckani)c n load demm\dg of +wo meas,ﬁﬂefe Wi |
be incremental changes powey cmg[es(AS.,ASL) “then chanﬁe

n ncvemental ie- line Fou&cr-

Avm’l = WL sl - 82) (08 28,)
X\L
P'ny\n,

wWheye

= mt‘(’ng of the turbo jmemﬁ)r Cnum)

Nigerd = T, (88,-28,)

heye T

ey = lV‘HV’L\ Ceos(8/-87)

PTlxll
=5t3nchmm%€n9 coefficient .

Since  Incvemental power cmg[es o Trﬂrﬁmfs of Tncyemental
-ﬁmq/uenci'es we can wWyite above e,an as

Bite, = T (Juwydt- fu,dt)

L AP{:ie,l 2 QTTTD_(SAP'CH ”‘gﬂp;,dt ;\ '—_’9@
)

wheve Apl and AP, are incvemental chanc(jes of aveasdand 2
YesFec{ive [t{j . |

Sirfllaly,
—The ncvemental te-line Poui’x out of aea 2 s 3‘}\@1 E%

APye,2 = 2T Ty, (j Af,dt -jl‘sﬂ d%)
wheY{ S

Ty, = \_Vl\\—v“ ¢os (8;—8:)'\/ . P
P*L':?(\?tl‘ T o ) P'r,,

= a‘lllg_
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BPie,s = ~2ma, T, (Sof dt = [ofdt) | —(3

—The Thevemental FO\DQY balance e‘luajdoﬂ for aread canbe ritten
as

Bla - oy = 21 d () + Bafy + ag,, |
_p,(’ dt ,

____p@

—D g -a_‘?a} AF
af
Dis FOSH:ive fFo'r o} F‘Y&ioﬁha{e[ﬁ
A quantities offer thay neYecLuenctj ar in PTZOJtm ot

T“k?”ﬂ [“‘P\Q“ “bransform of wowaamg‘ing, we 9&

Al (5 = APy () = 2H ¢ AR (5)+ B, BF (5)+ ARy, ()

A ’
B9~ My (9 =(_9:ﬂ s+ 8) AR(S)
_]:0

AFI (8) = APCM(S) - APD'LS) o APJde[ \ (3)

~——

AP@’ '(.5) -

2 H
( -:E- S+ B)
DRH(S) = [AFG,,(S) — AP,(S) - ABU.Q%)J _KFL_)
I+S'Was
6

C omPow?na above equation of 1solated
only one. CFacmge is The
TePYesen’ced as

SR

e,

contw| apa case, The

appeavance of 5igna| A 1) and s

kPSI ;AF’ (5)
| ‘hﬂi:s [

arig,cs)
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Tcikﬁna 1a[>‘ﬂ0f’ “Lvensform of eqn®, we get
AP{le}%%) {m) Lar,(s) ~ AF5(5Y)

Té\king laPIch Lransform of eqn(®), we ge{

Afties? = 200 5Ty [ AR () - Ay (9)]

“The cmiesron(hna block chc\gmm 7s shown Tn —ﬁgmfe -

) 1
AR\QLt‘ Q'HF)T\,_ ___,E;\)— > A £

__BE(S)

INE) D

Area coritol €vrov (ACE)
TIn case of ap icolated aven,
ACE s the Chomge T avea 'ﬁrerluencv which when wsed n '-”J“-’gm'
control [ooF forced The Sheudvj state -f’vequenc e to gero.

Try cose of 1wo- avea contiol,

The S\:Qady state tie line Powev ety can be made 2010 BZ
‘l’n‘l‘mduc“m? another ”wﬁlﬂra\ control IDOP (one for each area).
This is Qccothshed b\d Q S”in%)[e ?nfegmh'ng block bﬁ
Yedeﬁmmg AcE as a linear combination of incvemental fre
ond 1He--‘i’ne POUOQY-

C{UEI’)C?

For contwol area 1
ACEy = Age,)t by A1)

be ; i .
(78] ’reThe COnS'tCm{T b| 1S Ca[]gd aveq -}D‘r(uzuency b’i’aj o
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—ﬁ)—e cﬁ)o\fc ecln can l)e CXPWSS(A 19 [(1’)[0(6. '[‘T(mS-POYm as

ACE () = DRye,y () + by OF,(3)
S‘imﬂm\\d
For continl ara 2,

ACE(S) = APpie o T by 81(5)

5—78 shows comPos'\h’_ block c‘iagmm of two-avea LFc
be combinina basic block diagmms of two contyol mms]
ABe th af =0 (ianL of f'ntcgmfing blec k —l\;ou)
BRye, 2 s =0 (input of rntegm{m? bloc k —Ki
Afl-al. =0 (‘m)w‘r of Trstcc[)mi”l’ﬂ? block —gﬁ_gﬂ_z_)
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r\w\pﬁnrw ’Pr#:ou VARV w>w+u&wwr Jo _dpmﬂc_. Yl muuﬁc/e.m_ ﬂmoﬁ &udn%uwuv
(5P pajjarua uv
(Quuso mucuj,vau. Wco_ 0V2AD - 00N} JQ EQ@G:U 429 ﬁ_.mo%cow .m_u

| 1

Ty / ’._m A
*q u\, \f 19 .

A&‘Aw v

S

—

+@,uq Isdy ”. Y
I3y
- () Wy =
g 3p-3ovf -0
GV 7 =3P [ Toi-<T
A
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meﬁc Yesponse of ’ku&— avYea -Sl;)vsjfem:

To descibe The Cl%}hamic, YQSFDY\Sﬁ of the fwo - ateo S%l’em,

a Szjs%e_m of ceventh ovder diffevential equations s equived. The
Solution of These eoLua{"O"S would e teclious
“The CXﬂo.[ldsiS of +wo- Area Sysfem is based on the —Eollow‘;’ng
Assumptions.
I Consider the case of +wo CECLMC\D identical aveas -
2 The ¥ime constants of 5FeeJ aovemmf and Hurbine ave
v[%_a =Ty=0 for both lhe areas.
3- The dam Fmg constants. of two aveas ave Y\egfec{'ed

e Bl B, =0
We know 'ﬁ;\o\t-,

Incremental pouwer balance eciuq{fon FPor orea A Lo Is 3’!\/’0'1

b»

AR, — Dby, = f dd (A8) +8 A + 8B, —O
£
AP~ _
fo, - A%p, = j”’-d (8£2) + 8,41, 1 AP{IQL —@

With above O\ssum};'hons eqne DL (B can be writlen as
By B, = 21

N ?{GCM')T BRie,) — O
S A (68 + Ble,, —@
ro d{.

]akmg lw’)[me ‘ransform  of eqj\ﬁ@&@ and e ClYfaﬂﬁlYlﬁ we
3@

AR (2) = .;?%[AF@.@ — D () - APﬁe,,CS)] —®

0 = 7 (AR (9 P, () — B, 1) — @
2H s - N
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r fvom he Block. (\mf)mm, we have
| Ay, (9) - V‘ NS CYRY})
‘ ,A (0=, =R for identical aras)
Ao, (9= =L ar, (9 —® *
K
We ‘Znou)'"m'l
Bl = 20 T [ a1y (59~ b)) —— @
T O R LIPS {m () = BF,(5)]) —
The  above eqn can he wnritten as

APlie,2() = =@y BPye |

_—

AP,

Lnle,l ?_'AP“E/' ——>® ( =20 ) since
| P

‘{‘UOO oveas ave 1d€nJClCa)

@'-a sol\ﬁﬂa eqns B to() we gef

OPpie, 1) = 2ol —APIG)  gey

[S*(fw%*ﬂf,ﬁr'l] ’

’:To"ﬂ 'WWQ above ?.Clua{mn The —?o(louom? obseyvations Can b&

made -
) The derominatoy s of The foim

g >t

Wheve 0(:‘200’3 . |,
48H i

The values of w and o+ e veal and positive

Hence, it can be  concluded Trat from the voots of The
chavactevistic eﬁm{ion, the vesponse is stuble ond dam]) EAA

.'i) 15 D(:Wm&?&l’em is cﬁ‘c'lca\ly damfﬁd'
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1) I °(>‘*9m5‘2)"tem becornes O\Ievdamped‘

W TF o<1, , Ssustem becomes undevclomred-
'TEQ YOO{S Qye S|’L = "-O(iJ ’wnl,_o(l,

?‘dﬁjwnm)'p

S|11 = —'O(ijwo

LO"\Q - :
£ s d“‘“}"ﬂg focto ©v decxement of attenuation

W9y = dam,ﬁed anqulay "?Yectuency
H R) Tom-
Stade- Voriable model - Taop aven sustem:

bl
@vnawﬁc Yesponse is difficult {0 obtaln E? tran sfer
—farction aFchk becouse of
5 Com’vlex'l of blocks
— Mulh,ﬁle, TnPuts (APD' , Ofp,)
— Mu\’ciF[e outputs (APt;e,,, Db,y ) OF) of5)
A rore ovc&aniéed and move convinienﬂ? carried out

aﬁa\vsis ie #\‘{ouak the state s})ace aFl)'mach.

Formulation of S%a{?e—sFo«ce mode! for oo -area S?Atem s
as Follows -

“The state vaviables ove :
=0k Xy B 'XS:jACE,dL—

L ; qqzj,o,cgld{.—
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The control variables ave denoted l’)t) uy and U,
W = APey 5 Uy = Afcy
The  distwbance vaviables o denoted 'D‘j Wy and Wy,
W - Al 5 W, = AP,y
— For ‘YDYmu[Q{"mg the stale Vaxiable model for TThis puvpose the
convertional feedbock loors Qe o,'aenecf andd each time constant
s vepresented by o seporate blocks as shown T fig.
> Beforve Fnzsen%’in? The orhma( desi?n , We must formulode the
State model - This is achieved loelouo‘oy c;oﬁ{"m? he diffevential
equations descﬁloi‘na each individual blocks as shown in ﬁj

i Tevme of state voriables -

CN:DEE:_TEQ differentiol ecLua{:fons are Wiilen by Telsiacfng
S by d )
dt
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For block i f

%= Kpet (-ag-wy)
142 Tps)

X +S'X|TP5\ = KFS| (fl;: ')L[— ND

R s — A Wy) —X
_q’s\ [Kpsl (K= | l]
Mo 2L Kesl o Kest g - WiKe g
TPS\ |psl Ps‘ 1}131
For block 2
')\l = ) .
\'hSTtJ

fxﬁsmj_—\]c\: &

qjt\ :13—'13,
r} = \ "+ — X e b)
= Tt_ 2 T 3 D
\
For Blmkg:
W 'X'
H%lc. L)

1

'T ’-=:—‘—-7\\—'13-Tu,

% 33' Ry
':15=~_—-‘":—L-—")\]“'“"")\3+‘——~U| >@
SIE] Ls9) Teg)
Tor Bleck 4
Fq = Keer | (g ta g )
HS'TPSL

Kt X, Tps o, = Lkpsa (st Qg wﬁj
%JPS‘L = [\<P62,be’+ QD_?(']" WL)] - ‘7(4_

Ap = E 2
L 3952. ST‘"!L Gt '—<1°-Lw

Aq
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E‘i bloc Eﬁs :

’7‘51( L)%

'*e.-—.( ‘ (U -
l+5’[gg,> - RJ_F“;)

% . - ==l
e*su'f;a,, TR %ty
N lsqn — —\
6'592 ==L o, - %
C‘) Ry 4 €+u‘.\_
‘XG- "“

= Ag —
]\SHLQL Rﬂl

For bock -

A= AT (y-ay)
S

‘Si'l = IO, (X %)

U = 2T Ty A — O Ty
For Block ¢-

-

1
e = (‘O\"\'f'l-f)

:X& = b\(l"\'e’q
Fov Beck - 9

Nq = —‘gtbz-“‘}" Aptq)
S')(q — {OL"IA,'_‘Q[L'X'T
9.(c1 = byt~ Xq

K¢ -+

Tsgn

Uy

The nine e,ctuq’d()ﬂﬁ can be ovcaom'rg)ec! n —?o\(ou)Tng vector malrix form -
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ey m= Ar+ Bu+ Fuw

wheve o - [, % .'XOQT . slate vector
U= [u, uj - control vector
Ws [w, wAT . disturbance vector

w‘ﬁ'\e the matvices AR and F ove cfefmed ;)e[utu

'~ 3 4 5 & 1T & q

rl= Kt o o) 0 o ¥ ) 0

-Ti)$, Ti)&\ 'Ti—/:‘
\
Ty Ty O Q
> gl 5 —\ O o0 0 0 o o
11231 Tsg)
4 L K o Qokpn 0
0 0 0 TTps2 Tpsz T Tpsa 9
5 -\ |
L 0 0]
¥ 0 9 T T e
6 -
0 ©o 6 6 =L o 0 ©
lTsf)l '1531
L M, o O -2hT, O o) 0 o 0
21 k o ©o 0 6 o | o 6
9 0 (0} O bs 0 0 —O|y 0 ©
i) |
B = 0 6 — O o O ) (@) @]
5
)
b N
0 O Ts 7 60O o O
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J;?.Q_-(-l 'rfi ue“ﬂ(j coritrollexs :

.

Proportional plus infeqral (contel of single area and its block

C\ingmm Ye‘)wsm’fa{ion, cheady state Yesponse - load -?Yeclueﬂcy controf
and  Economic disfx\tcﬁ contvol.

Pasic concept of control ave
= _

Tn tke ew\}j da% electvic Powey _Sljbfems were u.sua“?
Opevated as individual units because ﬁme; stavted e jeolated
systems The demand v [Mf)e blocks of power and increased
'Yelfob'nlihj wgaaes\?ed the inteyconnection of nef?hbouﬁng Plcmts.
Irtevconnection e advqn%a(aeous hecause fewer machine are

Te(lu"wecl s a Yeseyve —for o’:emkion ok FEQk loads and Fewer
machines yunrin without load ae 79‘1},1'”35 to take cove

of sudden, LmexPecJCeA jumFs in load (spinvﬁng vesevve) . Ihevefore,

”Tona(

all caenefaﬁn? plants o nteyconnected o form a veq

%ﬁc\, State caﬁd and the national 2ﬁd- | .
v pow
load d'lsFaJ(ch certres Oe we%wmd for the control of po

flow in  Ihese 3ﬁds-
Tt 1s feasible to divide a very lcmae pouwer svst'em,\Sav a

national cgﬁd into sub-areas n which all 1he 5@@@{019 are
assumed to be Jciahﬂy coupled l-e-) metj SLOTH? n. unision
wii th dwanv& n load @ due to sFeeA dwan?er seftings:
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Deﬁn'\'\"\p_n of cor){w| aveo ;

——

——

The avea in which all 1he E)Qnem'{om e ‘(Tghuy coupled
{O(JQT‘:\QY S0 Qs {_0 *rOYm a CD}'\QY(‘Y\'L (JYOLlP‘

bey all fhe Uenem’tms wsFond n unison to Chomges in load ©n
SP@Cd chanr(.)er seﬁfnag Such avea is called “eortrol avect
—>In contyo) avea , the -—fvecluenc,y 1o assumed to ke .same

'ﬁwouahouf n stalic as well as dynam'lc conditions -

= oy pupose of cleveloP’m? a suitable centvol Sﬁd@rﬂ» %‘t’m{‘c’gv )
comtvol awa can be Yeduced o a Sanff, \g’)ecc{-acwmb‘r, |
Turbo qovernor and load system -

Area cortyol Evoy (ACE)

“The rhqnc()e ™ —fvecLuenc‘a na Q"iven (‘,Dn‘tm\ avea je
known as "Avea Control €vvor '

P'Mnal__ﬁ_lgj Tg_’t_g;c{)gg_l L_O—"E‘ —flgqg_ae_r_\sy c_torit'm‘;

As so ruch chcmge Iy -fxeq’uency canrot b tolevated -
Tn Joct, 9t 1s exPecjcec\ Hat Stendt(} c"\anq([g i A?rer[umc? will be

Zex0- \93 "iﬁho&uc"mg “itheaml controller - The sie(\dy state 'fﬂ’([“e“cy
con be bYOLl((-)ht back 1o Prescﬁbed value Cor scheduled yalue)
lo%) GAJUSJ(‘M? speed c‘mnaew sﬁﬂnas s fhe 10ad on sy_«,{e_m is
c\\cmc()ed-

— The SPeed c.hc\naev seﬁl'ng be adjusted aufoma'f?caﬂg 1)3
moh'u{oﬂng ‘fhe ngefLuehcy Ckanaes-

For Ihis FWPOSQ’ = Signql ~fwom A~f s ~Ped 'ﬂm)u?k an Tn‘tegrafor
(i-e., .K;L)'{D 'ﬂ:)e SFQGC{ C[](\nger_
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e St)si'em now modifies to a 'Fmrm'lionnl Plus Tnio«aml

contiolley. The System block c{,(\amm cory rlaL\Tﬂ.{IOY\ jo shoton

|M’,,( 5) _
{2 Qg O
R (H% \53)0& s1y) | 1+5Tps
A9
\ ‘R K-
M ! I |
F«;etluer\cv 3eNSOY
From fhe block c‘iagmm/
DR () = —_1<L ar(s) —0
L AF(S) - K AF(s)] = AP(9)
[ (]-i-ST_‘;g)(HSTt) 9
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( —Kps
\+STP5

H[ Kes V(oK) L
H-STP5> ( e T S ) O+5T59)(K+ST{§

For a s%eP (or sudden) chcmae of load demand,

AORE - AR(9) \_;@

s
The eqn® can he written as
A — Kps
SCEN . AP
S

|+ [(%) (‘L‘ : 1%'> ' (HLTS?)(HS—Q)}

The .s’cgac{xj state cham()e (evyo1) in —ﬂlrequcncy is ?‘rven 133

M\ _ b S-BFCS)

S-0

~S'{eadxj stote
-6

LOAD FREQUENCY conwTpol. AND ECONOMIC DISPATCH CONTRO-

—

“The %\\wrna ae e basic \“equ'ntnrnfs needed for the
COT\'{TYD‘ 3&'{(1{92\(7 )
[. The contvol onthe sas{cm -f'rc(l’uency s obtained “wougi\

a closed —loop:

“The St'ac:ﬁ“‘hd is C\\uoc\(L}s Q [:»Yoblem with a closed looF
conbol- Hence, The st Weclu'nerr)en{' is .Stab'ulilcl/ of CLC
9 The —fwtluenc(») deviation due 1o a slcP.loaA charvo. Should
Yetum 1o 20~ The control that offers zew 'f-mrtuen(}}
deviakion 1s called 'Tsochonous contol -

5. The contvol Wﬂgﬂ'ﬁi’u S{'wafeaj should kceF The Inagn?fur(c
of ~transient -—f‘feciuency evvor (or deviakion) to a minimum
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because no contvo) caw eliminate Lransient »fv@cluency eYYoT:

The in{eﬁmf of —fwe(luenczj evroy should not exceed a cevtain

maximum  value -
4-The ndividual ae\’\ew’a{:urs of the contvo] avea ghould divide

(shave) The load such that optirnum economy s obtained -
Tre fivet Thee “fecluiv‘ements can be et with aid of The
.m‘tf?'(ai control . o |

= "The ovder of |ood —Fncluency contwller of an jsolated Sjchem
e be'mg of fowth ovder due fo addition of Tn{z?m( ,'OOF'
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a
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2 e concluded That the vesponse of
3evo S’dey state evror can be

achieved

e
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Load fequency conbrol_and  Economic dispatch corntol

Economic lbad dispatch and LFc Pla? o Vital vole in modem
Pou’)ev S»s\rem-
Jn1ec,

Zexo ijeaci» - state -ertLuencD evvor,fast and dynoum 1C Yes}:onse

Weve achieved 52 Tnfegml contaller action - But this contiol i
mole‘)mc\ent of  economic dis’)atch e thew i o contvo] over The
2ConoMic \Dodinﬁs of e individual units of the control axa .
C{&Ome contvo) puey lood’(nca of individual units can be obtained
bv Od\jusﬁ’na the 3oﬁn —?ac’cof (k) of the '\'nﬁe?nﬂ siﬁnoJ of
ACE as fed 1o individual unibs - But Thic 7s ot safis{fm‘cmy
Solution. |
(dn fock, come of e units Tn 1k T:«(ocess mcva eVen 3€f
ovexlpaded): |
A suitable and sﬁis{jacibf;) solufion is obtoined b;j
U&(n? ?ndefendmt contvole of lood f‘(ecluemy and econpmic
d’!s?okc"v
—>The [bad -?req/umcv controlley (LFC) provides as fo.st-octmg
contvol and Yecaula‘f;es the s”s’cem avound an oFe.r‘a’cfng point

Whexe os
~—>'ﬂ§@, econNomic. lOO\d dTSFatCh (EDC) PTOU?dEs (8} 5[900

'acfing
contvl , which odjust Speed- chcmau se‘tﬁ’nas e\m% mMinuke

0 accordance with o commond 3i9nal 99.03@&5 b:} cenbral

economic dech’tch com‘)ujc@r '
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e schemptic dicuamm shows koffy controls (Lre 4 eD0) for

JC\J‘)YCC\\ two units of a corli) aws

Ack

— ki | JAcedt
I e < el o B W e ST
“Qi Governol ¥

P@, CACmo\D

J Locad
EDC

Pe(desived
veceived from(EDC

ﬁS Qd ___.S eed :
‘ w A Turbire | Gnerator

LDC al PC:] (_ACtU&L) J
EDC

Pq(desired)
Received Bom cepe

Economic CDFSJJa’cch Contaoller
5. sicanal o dmﬁe Hhe sFeed c[wonﬁer se‘rh‘n(? is constiucted Tn
accordance with economic olTsFa’rctu evvor (i-e-) Pq(degfgd)—%(acﬁml))

Suitab) modified by signal vepesenting : E
7ns%omyf of time. J = P "0 mfe?m' ACE at that

— The sianod R, (desired) s computed by cepe andis tronsmidted
to fhe beal epc installed ot each station .

—The sys‘cem thus operates wilh economic Aispatch ervor only
for Ven() shor peviods of time before 7t is Yeadjusted .

CEDC — Centyal
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UNIT - V

REACTIVE POWER CONTROL

5.1 Overview of Reactive power control:

The economics of ac power transmission have always forced the
planning engineer to transmit as much power as possible through a
given transmission line. First, the dependence of load centers on the
continuity of electrical supplies has become critical events. This means
that the security.(or) Reliability, of transmission circuits has needed to
be continuously improved. Modern compensation methods have helped
to make these improvements possible. Second, there has been extensive
development of remote hydroelectric resources. The development of
compensation schemes has helped to make ac transmission technically
and economically competitive even in an age when the transmission
alternative has made great strides also. The third planning constraint
has been the difficulty of acquiring right — of - way for new transmission
circuits. Increased pressure to maximize the utilization of both new and
existing lines has helped to motivate the development and application of

compensation systems.

The transmission of electrical power by ac is possible only if the
following two fundamental requirements are satisfied.

1) Major synchronous machines must remain stably in synchronism.
2) Voltages must be kept near to their rated values.

Reactive power has been recognized as a signiﬁcant factor in the design
and operation of alternating current elect-nc power systems for a long
time. It has been observed that the impedances of ‘the network
components are predominantly reactive, the transmission of active
power requires a difference in angular phase between the voltages at the
sending and receiving points. The volt'ages a}t all the key points of the
network. This control may be accomplished in large-part by the supply
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5.2

(or) consumption of reactive power at these points._ Reactive power haye
long been recognized they have recently acquired increased 1mporta.nce
for at least two reasons, first the increasing pressures to utilize
transmission capacity as much as possible and second the development
of newer static types of control lebel reactive power compensator.

Thus a direct way of increasing power transfer capaci.ty in transmigsion
systems and of reducing voltage drop in distribution sy'stems s to
compensate part of the series inductive reactance by series 9apc1tor,
Operating problems have been encountered and appl.lcatlons to
distribution systems have become rare, but the series capacitor remains
the best way to increase transmission capacity in many cases. For =
purely sinusoidal single frequency voltages and currents, the concept is
simple reactive current is the component out of phase with the voltage
and there is a simple right triangle relation between active reactive and
apparent power.

The need for adjustable reactive power compensation can be divided into

three basic classes.

1) The need to maintain the stability of synchronous machines.

2) The need to control voltage within acceptable bounds about the
desired steady state value to provide quality service to consumer
loads. ‘

3) The need to regulate voltage profiles in the network to prevent
unnecessary flows of reactive power on transmission lines. '~7
The static controlled reactive power sources almost always produce
harmonics. The simple concept reactive power being the product of
voltage and the out of phase component of current, where the
reactive power by any direct measurement is practically zero, but the
power factor is less than unity. '

Reactive power compensation in transmission systems:

Reactive power flow (Q) is closely related with the voltage control. The
apparent power S(KVA) is given by S=P+jQ
Where S = Apparent power, KVA

P = Real power, KW

Q = Reactive power, KVAr.

The various equipments in the network ‘absorb’ (or) ‘generate’ reactive
power.

They are 1) Synchronous machine,
2) Shunt capacitors.
1) Synchronous machine:

An over excited synchronous motor working on no load, generates

leading reactive power. It is a flexible reactive power source, which can

generate variable amount of reactor power by changing the excitation.
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a) Transmission of reactive power:

Over a long distance havi
| aving additi 5 ¢
and cost of the temperature.g R e s

Synchronous condenser:

Locate the synchronous c ;

. ) onden ar t s :
thedosses.in the systens, ser nearer to load constant, to reduce
Industrial load lagging p.f provides static capacitors at the consumer’s
premises to supply the leading reactive power.

2) Shunt capac1tor§: A fixed capacitor is connected across the load at the
consumers premises.
fv'olt amperes reactive are absorbed by inductive loads and Q for
inductive loads is considered positive. Voltaamperes are supplied by
capacitive loads and Q for capactive load is considered negative.
In complex notations:
Complex power S is the product of voltage V and complex conjugate of 1

» " i.e. S=VI' whereS =P+ jQ.
Power P controls the active power which is converted into
mechanical/heat (or) some other form....... and influence frequency f.

Reactive power Q is exchanged between inductive and capacitive loads in
the network and influences the voltage in the network. Reactive power
flow increases losses. Hence compensation is provided at each bus. The
1 of various bus voltage is achieved by supplying absorbing the

r requirements (KVAr) of respective busbars by means of

contro

reactive powe

series (or) shunt compensation. Compensation of reactive power means

supplying/absorbing reactive vot-amperes.

Effect of reactive power flow on voltage at sending end and receiving end

of transmission line:
p = power transfer watts per phase

Q = reactive power transfer VARs per phase
V, = Sending end voltage volts,
Vg = receiving end voltage
AV = Vs = VR
= Drop in the lin€ voltage
R + jX = Series impedance of line/Ph

The relation between Vs, Vg and P, Q is given by the equation.
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RP + XQ
Vr

If the resistance R is neglected i.e. X >> R, then

AV = Vg - Vg = XQ
R
Hence voltage drop in line dépends mainly on the flow of reactive power
Q. The power angle d between Vg and Vs is proportional to

g JP-RQ _ XP

VR Vi

AV = Vg - Vg =

IF X >> R, angle § depends mainly on P.
Thus,
Voltage is mainly controlled by reactive power flow power angle § is
mainly controlled by real power flow. For voltage control, the flow of
reactive power through the transmission line should be controlled. The

flow of reactive power is controlled by injecting required VAR’s into the
system by means of

- Static shunt capacitors / reactors (SVS)
- Series capacitors
- Synchronous condensers (Compensators)

5.3 Advantages and disadvantages of different types of compensating
equipment for transmission systems:
Comp_e nsating Advantages Disadvantages
equipment
1) | Switched shunt “| Simple in principle Fixed in value
reactor and construction .
2) | Switched shunt ‘| Simple in principle Fixed in value switching
capacitor and construction transients.
3) | Series capacitor | Simple in principle Requires overvoltage _
| performance relatively | protection and subharmonic
insensitive to location | filters, limited overload
capability. ]
4) | Synchronous . | Has useful overload High maintenance
condenser capability, fully requirement, slow control
controllable, low response, performance
harmonics: sensitive to location, ‘
requires strong foundations-
5) | Polyphase Very rugged -Essentially fixed in value
saturated construction, large performance sensitive to
reactor overload capability, No | location, Noisy.
effect on fault level,
' ng harmonics I
M"./
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6)

7) | Thyristor-

]

Thyrismf
controlled
reactor (TCR)

Fast response, Fully
controllable, No effect
on ijault level can be
rapidly repaired

Generates harmonics,
performance sensitive to

location
/

ly

Can pe rapidly
repaired after failures,
No harmonics.

switched
capacitor (TSC)

No inherent absorbing
capability to limit
overvoltages, complex
buswork and controls, Low
frequency resonances with
system, Performance
sensitive to location.

'1) Power factor €

Load compensation:

The compensation in power system is b

(or) generation of reactive power.

compensation.
1) Load compensation
2) Line compensation

Compensator is connecte

compensation.
some suitable location uniform

In an ideal ac power system, the vo
point would be constant an
be unity. These parameters Wou
characteristics of consumer’s loads.

degree to which the phase currents an

be included in the
Load compensation is the managem
quality of supply in an ac pow

used where the reactive power
the compensating equipment usu
own permises near to thel

main objectives- |
1) Power factor correction. |
2) Improvement of voltage regulation

3) Load palancing .
onnection:

utilities also have

ting unnece
to loads,
rks canno

efficiency, and the control
ec

su pply can

The supply '
not transmit

from generators
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d at the terminals of t

Compensator may be located at mi
ly distributed is called line compensation.

itage and frequency at every supply

d free harmonics,
1d be independent of the size
In these — phase systems,
d voltage are balanced must also

er systems. The ter

management is €
ally being installed on the consumer’s

oad. In load compens

good reasons for
ssary reactive power

their generators and
t be used at full \]/

of voltage in the

asically designed for absorption
There

are two methods of

he load is called load
dpoint of the line (or)

and the power factor would
and

the

notion of quality of supply.
ent of reactive power to improve the

m load compensation is
ffected for single load,

ation there are three
Supply

\Y

Iv L
Fig.S.1
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~ differ widely in their range and rate of J{

o _
Load current I; = Vy

= Y(G1 + jB))
= VG + jVB;
L = IR + jlx.
It is an inductive load, where B; is negative (-ve) and 1X is also negative,
(-ve).
Complex power = VI
= V[Ir - jIx]
= VIgr - jVIx
Complex = Pr + jQi
Where, Qi is positive (+ve) when Ix is negative for inductive load.

To provide compensation and improvement in power factor connect
compensator across the load having a suitable reactive admittances
such that over all power factor becomes unity.

2) Improvement of voltage regulation:

Voltage regulation becomes an Supply
important. All loads vgry their demand

for reactive power, although their

Zs=Rs+jXs
L=L+h

variation. The limits may vary from
typically + 5% averaged over a period
of a few minutes (or) hours, to the
much more constraints imposed where y =G, +jB,
large, rapidly varying loads could ¢ompensator
produce voltage dips to the operation
of protective equipment. \b \1’ P +iQ

dv =E -V =ZJI.= (Rs + jXs)IL
VIL = PL + jQ.L

Load

Fig.5.2.

PL +jQy
A"

. dv (or) AV = (Rs + jXs)IL
- (Rs + x5 (12|

=L =

\Y

_ PLRg+jP Xg +jQ Ry + QX5
vV

_ PRy -Q; X +{PLX3 +QLRL)

A4 Vv
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TES LAY

.'\V = AVR s jAV,’(.

wWhere AVg = PLRs - QX
\%

and AV\( - lilxb b .QJAR b]
\%

t% Vpltagel for improving voltage regulation, a
compensation voltage AV | ris dcs:gncd. The votlage change AV was a
R Inphase with voltage and AVx in perpendicular

with voltage. The cha .
of the load i.e. P, + jQ!nge In voltage V' depends on the real and reactive

Load balancing:

ac power syst

opeétion U);bzigs a;e threg-phase, and are designed for balanced

OF . inced operation gives rise to components of current in
e wrong phase-sequence,

5.5 Specifications of load compensator:

5.6 Uncompensate

The parameters and factors need to be considered when specifying a
load compensator are summarized in the following.

1) Maximu_m continuous reactive power requirement, both absorbing and
generating.

2) Over load rating and duration.
3) Rated voltage and limits of voltage between which the reactive power

ratings must not be exceeded.
4) Frequency‘and its variation.
5) Votlage regulation requried.

6) Special control requirements.

of the compens
provision, for future expansion.

7) Response time ator for a specified disturbance

8) Maintenance, sparc parts,
9) Reliability of components o | |
10) Performance with unbalanced supply voltages and / or with

unbalanced load.
d transmission lines:

aracterized by four distributed circuit

A transmission line 18 ch

parameters:
1) Series resistance (r)
2) inductance ()
3) Shunt conductance (g) and
4) capacitance (c) | -

Page 7 of 32
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All four parameters are functions of the line design, of the conducty:;
size, type, spacing, height above ground, frequency and temperature
The characteristic behavior of the line is dominated by the Series
inductance and the shunt capacitance, i

The fundamental equation governing the propagation of energy of ;
transmission line is the wave equation.

%zrzv ............ (5.1)

with I'2 = (r + jwl) (g + jwc)

~

Frequency is assumed fixed, and V is the phasor voltage V ei=t/ 2 at

any point on the line. If the line is assumed lossless, the general
solution of equation (5.1)

V(x) = VicosB(a - x) + jZo I sinB(a - X) ......... (5.2)
_ Receiving end
1(x) Line inductance
> s I
L BRTRR SRR T AL e
V(x) '
1\ = (.9/‘\
| E

T

. : 5 ]

Line capacitance
a

Fig.5.3. Lumped-element representation of a long transmission line

=

1(x) = _](; )sinB(a _x) + I; cosp(a = X).......(5.3)

0
Where B is derived from the propagation constant I' by puttingr=g= 0
r=jp
and p = w+/lc ........ (5.4)

Vv and I are form st_anding waves because of the sinusoidal variation of
hoth their real and imaginary parts of the line.

Velocity of light =u =3 * 108 m/sec

The constant Zo in equation (5.2) is the surge impedance

P
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v e UL

pedance is ,
also calleg the characteristic impedence

For overhead 1j
i .
The surge impedanr:es,‘ the positive - sequence value is 400 Q
. : e is th . '
l n e a : . .
ine, the ratio of voltage to cur'réjria;ter;;;n;g?r?? rallcoeng fitaln infinitely long

V"
If T = Zo, then

r

Z(x) = @
I(x)
V, cos fa—x)+ jZ,I snf(a—-x)
[V .
J(E’—]sm Bla—x)+1, cos f(a-x)

0

_ Zy1, cos fa—x)+ jZ,1, sin f(a—x) _ Zolr[cosB(a—x)+jsinB(a—x)]
JI, sin f(a—x)+1, cos f(a—x) I,[cosB(a—x)+jsinB(a—x)]

The line is said to have a flat voltage profile. While V and I are in phase
with each other all along the line, both are rotated in phase.

The natural load (or) surge Impedance load SIL is

Where Vo is the nominal (or) rated voltage of the line. If Vo is the line'-to
neutral voltage. Therefore, natural load of the ‘uncompensated line
increases with the square of the voltage. An ;advanta_ge of operating the
line at the natural load is that because of the flat voltage profile, the

insulation is uni d at all points.

Voltage and current profi

formly stresse
les: (Uncompensated line on ope

In equation (5.2) with Ir = 0

-'-V(X) = Vr cosp(a— X) ceennans
and in equation (5.3) with Ir = 0

. Ix =j —I{-'r- Sinﬁ (a s X) ......... (5.8)

o Z,

sending end are given by thes
x=0

n-circuit)

e equations with

The voltage and current at the
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1%
I[s = _](E’] sin0. Where 0 = B(a - x)

0

(B e,
= = sino
\ costZ,
[E \t 0 (5.10)
= ] anod .......... .
Z, )

Es and V; are in phase, which is consistent with the fact that there is no
power transfer.

The voltage profile is V(x) = V: cosf(a = x)

& cosP(a - x)
costd

V(:;) - E, cos B(a—x)"
cos

Similarly the current profile is

_ .| Es | sinf(a-x) '
I(x) J(ZJ vy R (5.12)

The terminal voltage are controlled to have the same magnitude, Es = Ey ]
with no power transfer the electrical conditions are the same at both |
ends. Therefore by symmetry Is = - ;.

The reactive power absorption capability of synchronous generators is |
limited for two reasons. First, underexcited operation increases the |
heating of the ends of the stator core. Second, the reduced field current &
reduces the internal emf of the generators, and this impairs stability.

In general, in the absence of compensating equipment, the synchronous
machines must absorb (or) generate the difference between the reactiave ]
power of the line and the line and that of the local load.

5.7 Compensated transmission lines:

The theory of compensation basically related with the following
1) Supply systems |

2) load

3) Compensater.

1) Supply systems:

Is modelled as an equivalent circuit with a voltage source in series with
a series impedance.

2) Load:
Is considered as a constant, impedance (or) admittance.
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3) Compensato
rr Ism
(or) a variable sourc fodelleg as a variable impednace (or) admittance
€ ol reactive power (or) reactive current

A compensation :
) It irrlzproves St:ii'fem ldfaally performs the following functions.
ility by increasing the maximum transmissible power.

2) It helps produce a .
power transmission. SU-bStantla]ly flat VOltage profile at all levels of

3) It provides an eco '
o nomical means for meeti .
requirements of the transmission system eeting the reactive power
g:erg&insgii 11n¢s enable the transmission of the natural load over
B the tc:es,1 and shorter compensated lines can carry loads greater
effectiv natiia load. A flat voltage profile can be achieved if the
e surge impedance of the line is modified so as to have a virtual
2

value, Zo', for which the corresponding virtual natural load E"r is equal
0

to the actual load.

Campensations has divides into four type€s.
1) Passive compensation

. 2) Active compensation

3) Thyristor controlled capacitor
4) Thyristor controlled reactor
Passive compensators include shunt reactors, capacitors and series
capacitors. These devices may be either permenently connected (or)
switched. These compensators are used only for surge impedance
compensation and line length compensation.

Active compensators are synchronous condensers only. These

compensators are usually shunt-connected devices, which have the
property of tending to maintain a substantially constant voltage at their

terminals. o ]
They are usually capable of continuous variation and rapid response.
trated on the static reactive

jvity i en
ipment development, activity is conc . ' e:
gzl\:rg‘:ll:::r:ntroller (or) static compensator, to improve 1ts efficiency,

reliability, and response_characteristics. |
The surge impedance Zo of an uncompensated 18

Zo = C‘ jwe

s can be written as NS

‘/

al frequency thi

- ZO - J% =1’xlxc ........ (5.13)

A fundament
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If a uniformly distributed shunt compensating inductance I, isi
vs

introduced, the effective value of the e ,.
: shunt ca : ,
mile becomes pacitive admittance per

Gwe)! = jwe + —
_]W vsh
= jwe(l = Ken) oo (5.14)
where ksy — is the degree of shunt compensation.

1
wll . ¢

vsh

Ksh =

Substituting for (jwe)' in equation (5.13), the surge impedance has the j
effective (or) virtual value '

Zo! = == ... (5.15)
1-K,

Shunt inductive compensation, therefore, increases the virtual surge"
impedance, whereas shunt capacitive compensation reduces it. In a
similar way the effect of uniformly distributed series capacitance |

Zo =Zo JI-K,, ccoeennen. (5.16)

se

Where Ks. is the degree of series compensation

The parameters Ksh and K. are a useful measure of the reactive power |
ratings required of the compensating equipment.

Combining the effects of shunt and series compensation,
1-K,,

Zo = Zo
1 - Ksh

enn(5.17)

Corresponding to the virtual surge impedance Zo' is a virtual natural
load Po'.

: Vs
Given by —, so that

Z,
,l—'K
Po' = Po . I_KZ ......t.(5.18)

The wave number B is also modified and has the virtual value

B = Bf(1- KA Ki) wooeeee (5.19)
The electrical length 6 is modified according to

G 0 =0,J0-K,)1-K,) oo (5.20)
i Where 6 = af aﬁ.d'Q’ =l ' 4a

St
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5.8 Shunt compensation:

Shunt compensation ‘with reactors increases the virtual surge
impedance and reduces the virtual natural load. In practice, shunt
compensating reactors cannot be uniformly distributed. They are
connected at the ends of the line and at intermediate points — usually at
intermediate switching substations. In the case of very long lines, at
!east some of the shunt reactors are permanently connected to the line
in order to give maximum security against overvoltage in the event of a
sudden rejection of load (or) open circuiting of the line.

If there is a sudden load-rejection (or) open-circuiting of the line, it may

!:)e necessary to disconnect them very quickly, to prevent them from
increasing the voltage.

% % % g Transformers
—{} {1 {1 —

R Generators

‘g T
j
| m ol 3
L L L L‘F\‘@ Circuit breakers
Shunt reactor

Figure 5.4. Arrangement of shunt reactors on a long distance high voltage ac transmission line

| Voltage profile
S i A Current profile

Es
R T B | o \L’/

Figure 5.4. Voltage and current profiles of a shunt ~ compensated line at no load

Consider the simple circuit in figure 5.8 which has a single shunt
reactor of reactance X at the receiving end and a pure voltage source Eg
at the sending end. The receiving end voltage is given by

Ve=jXIr.....(5.21)
From equation (5.2) Es = Vicospa + iZol; sinp a

Z
= Vi[cos0 + —}—("— sinéj ....... (5.22)

E, and V; are, therefore, in phase, which is consistent with the fact
that no real power is being transmitted. The receiving end voltage to be
equal to the sending end voltage, X must be given by

P
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X = Zo——— ,.....(5.23)
| —-cosd
The sending end current is given by equation (5.3)
e
Is = j =2 sin0 + I:cos0 ........ (5.24)
A()
Making use of equations (5.21) (5.22) and (5.23), this can be rearranged
L, 1-cosd
Is = J .
Z, sin0
- j E-"
X
S S (5.25)

5.9

1)

Since Es = V.. This means, that the generator at the sending end behaves
exactly like the shunt reactor at the receiving end in that both absorb
the same amount of reactive power

QS = Qr
E 2
X
2
= [1"_‘:058] ........ (5.26)
Z, | sind

The charging current divides equally between the two halves of the line.

Series compensation:

Series compensation is to cancel part of the reactance of the line by
means of series capacitors. This increases the maximum power, reduces
the transmission angle at a given level of power transfer, and increases
the virtual natural load. Reducing the transfer reactance between the
ends of a line, the series capacitor finds two main classes of application:
It can be used to increase the power transfer on a line of any length.
Sometimes a series capacitor is used to increase the load share on 0n¢
of two (or) more parallel lines

2) It can be used to enable power to be transmitted stably over a greate!

distance than is possible without compensation.

The circuit would also be series resonant at the fundamental frequency’
and it would be difficult to control transient voltages and Cu{'rents
during disturbances. The high voltage and reactive power absarption 2
the ends of the line can be corrected by means of shunt reactors.

The voltage on either side of the series capacitor is nearly 1.0 pu 0"3
practically the whole range of power transfer, implying that the Shr?he
reactors could be permanently connected without disadvantage. b

reactive absorption at the terminals is considerable reduced, and at b

Page 14 of 32 -
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nal power . ’
ause the ; tfaf—tors become lagging, which may be
5.10 Introduction to vo] nternal generator voltages are increased.
G, tage stability problem in power systems:

oltage stability i :

stability may bi. di?f?r?g:jeumes also called load stability. Power system
the synchronous mach; as that property of the system which enables
ines of tt:he system to respond to a disturbance
their operation i ) ion so as to return to a condition where
S again normal. Stability studies are usually classified

into three types d .
the diSturbgrlljce_ epending upon the nature and order of magnitude of

from a normal operating condi

These are 1) Steady state stability
2) Dynamic stability
3) Transient state stability

The terms voltage instability and voltage collapse are often used
interchangable. The voltage instability is a dynamic process where in
contrast to rotor angle stability, voltage dynamics mainly involves loads
and the means for voltage control. Voltage instability limit is not directly
correlated to the network maximum power transfer limit.

The concept of voltage stability is related to transient stability of a power
system. The analysis of voltage stability normally requires simulation of
the system modelled by non-linear differential logebriac equations.
Comparsions of these types of stability is listed below.

Steady state Dynamic Transient
. stability stability stability
1) Oscillations : No Small Large
2) Type of Small, slow and Random load Large, sudden
disturbance gradual fluctuations
ical Non-linear Linear Non-linear
3 Maggmatw algebric differential differential .
Y equation equation equation
Bl 2 Md*$ |
P. l__E_ll__z_l_ sind M: Pa ~——— =Pi-Pnsind
X dt” dt

A . . P - d

mall disturbance voltage stability is related to steady
The concgpl‘ictofaf‘;ld can be analysed using small signal model of the
state stabiity ' is the ability of a system, not only to operate

urit . :
Sys}g?m'bvilt:{gseo Sdeg rerr{ain stable following credible contingencies (or)
stably, bu _

. eS' . ’ .
load increas r system cause problems iri reactive power

. ) . - owe [ ; )
Certain s;;culatlgllz ;,I;rsl:em voltage collapse. Some of the situations that
i ea .
occur are listed and explained below.
can
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1) Long transmission lines
2) Radial transmission lines
3) Shortage of local reactive power

1) Long transmission lines:

In power systems, long lines with voltage uncontrolled buses at the

receiving ends create major voltage problems during light load (or) heav
load conditions. s

2) Radial transmission lines:

In a power system, most of the parallel EHV networks are composed of
radial transmission lines. Any loss of an EHV line in the network causes
an enhancement in system reactance. Under certain conditions the
increases in reactive power delivered by the lines to the load for a given

drop in voltage, is less than the increase in reactive power required by
the load for the same voltage drop.

3) Shortage of local reactive power:

There may occur a disorganised combination of outage and maintenance
schedule that may cause localised reactive power shortage leading to
voltage control problems.

The voltage stability analysis for a given system state involves the
following two aspects

i) Proximity to voltage instability

ii) Mechanism of voltage instability

Proximity of voltage instability: Instability may be measured in terms of
physical quantities, such as load level, real power flow through a critical
interface, and reactive power reserve. Possible contingencies such as a
line outage, loss of a generating unit (or) a reactive power source must
be given due consideration.

ii) Mechanism of voltage instability: The slower forms of voltage instability

are normally analysed as steady state problems -using power flow
simulation as the primary study method. The two methods (i.e. pv

. curves and VQ curves) give steady state load ability limits which are

related to voltage stability. Pv curves are useful for conceptual analysis

- of voltage stability and for study of radial systems.

5.11 Static compensators: ' I

B s

Static compensators are those which have no rotating '
parts and are used for surge impedance compensation g
and for compensation by sectioning a long transmission 7

line. These are also used for load compensation where in
these maintain constant voltage

i) Under slowly varying load changes

ii) Load rejection, outages of generator and line
iii) Under rapidly varying loads.

N

Figure 5.6
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tic reactive power compensator. In actual

3 urrent is limited in both lagging and leadi
L) _ ' g and leading
glons because of thé current carrying capacity of the compensator.

Some of i i
it ' the important compensators used in transmission and
Istribution networks are

i) Thyristor controlled reactor (TCR)
1i) Thyristor switched capacitors (TSC)
iii) Saturated reactors.

/1) Thyristor controlled reactor (TCR): é

18
Practice, the reactive c

L
Reactor

Figure 5.7 shows a basic thyrister controlled
reactor. The controlled element is the reactor and
the controlling element is the thyristor controller
consisting of two oppositely poled thyristors 1 Thysistors
which conduct every alternate half cycles of the
supply frequency. The reactive power absorbed
by the reactor will depend upon the instant of

switching on the vol Fig. 5.7. Basic thyristor controlled
& tage e reactor (TCR)

If the voltage is passing through its peak value at the instant of
switching of thyristor, and as the delay angle increases between 90° to
180°. The fundamental component of current will be maximum when
delay angle is 900 decreases with increase in delay angle between 900

and 18009, .
_ HV compensator
Jql » 49., bus
PT '
’WG MYV compensator
Eé] d] bus
Switching device
—— T_
Veer '
Voltage regulator &
Control system
TCR Fixed Capacitors

Figure 5.8 Thyristor controlled reactor (TCR)
To find the following features in the above Ckt.
t capacitor is parallel with the controlled susceptance. The
i .tors are usually tuned with small reactors to harmonic

fixed cap aSCI to absorb harmonics generated by the controlled
erQuel’igﬁce (or) to avoid harmful resonances.
suscep sformer with significantly affects the perfo‘rmance of the
2) A step down tr:;t‘:cially with respect to losses, harmonics and over

transformer €

voltages.

1) A fixed shun
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Increasing the delay angle (or) reducing the condu.ction angle decreases
the power loss in both the reactors and the thyristors and generators
harmic currents. If both the thyristors are fired at the same angle, all
odd order harmonics are produced.

ii) Thyristor switched capacitors: (TSC)
Figure 5.10. shown the Thyristor switched capacitors (TSC) and figure
5.11 shows the current and voltage wave forms under transient free

switching in and switching out of capacitor.
Assuming the time origin to coincide with a positive going z€ro crossing
of the voltage, the delay angle ‘@’ and the conduction angle ‘p’ so that the
conduction period lies between o and a + P.

i.e. v = Vmsinot
Therefore, instantaneous current i is given as

. [v,sinor d(ot)
Xl o«

where X; is the inductive reactance of the reactor at fundamental frequency
., .
i= —™ [ cosa - cosot] andI1=0 foro+p<ot<a+mn
!
Using Fourier series, the fundamental component of current is given be

_ p-sinp V,

m

X, 2

p is related to a through the relation o + L T

Ih

The above equation can be written as [1 = Bi(p).V
Where Bj(p) — is the rms voltage.

And Bip) — is an adjustable fundamental frequency susceptance
controlled by the conduction angle according to the low

__Sin 1.0
Bl(p) = L__p

X, /‘\ .....

The susceptance is maximum when p = n and X:B;p
its value is given as

e
Bi(n) = =
7EXI X[ 4’-&’
And i i ‘ v
its value is zero when p =0 Fig. 5.9 P

The variation of Bi as a function of p is shown in figure 5.9.
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Increasing th
€ dela
the power loss iny %I;%llme oy
generators harmonic curret};
nts.

» all odd order harmo

ii) Thyristor switched Capacitors (TSC
)

) reducing the conduction angel decreases
e reactors and the thyristors and and
I-f: both the thyristors are fired at the
nics are produced.

PT

HV compensator
bus

MYV compensator

Vrd'
-
Voltage Regulator &
+

Control system

-
T

bus
Switching device

Thyristor switched
capacitors

Figure 5.10 Thrriﬂoi' sy"\tched capacitors (TSC)
1

Veo

V& V¢

VAN

1 i

(a)

AN

(b)

Fig. 5.11. Transient free switching operation
(a) = Switching in (b) » Switching out
Fig 5.10 shown the Thyristor switched capacitors (TSC) and figure 5.11

shows the current and voltage wave forms under transient free switching

in and switching out of capacitor.

Each capacitor always conducts for an integral number of cycles.

Normally the capacitors used are of the same capacity except one of the 'g
capacitors which has its susceptance half the susceptance of other

capacitors. If there are (n — 1) number of equal capacitances and one of

half value, 2n n

to have transient fre

umber of combinations of capacitors is possible. In order
e switching in (or) switching out of capacitor is

charged to either the positive (or) the negative system peak voltage.
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i1} Saturated reactions:

HV compensator-
’T Step down transformer
L"“ S : :L '1, Series capacitor with damping fitter
Controiler ‘ MYV compensator
v Saturated Reactor % Switching device
A Dramping - -
Slope correction " Ser
capacitor
> 1

Shunt Capacitors

Fig. 5.13 Characteristic of 2 saturated
reactor compensator Figure 5.12 Saturated reactors

The plain saturated reactor is unsuitable for use in transmission
systems as the voltage (or) the current contain lot of harmonics. Figure
S5.13 shows a typical volt-amp characteristic of a saturated reactor, the
slope of which depends upon the after-saturation inductance of thé
winding. The slope of the characteristic varies between 5 and 15%. The
characteristic is linear above about 10% of the rated current. The
presence of slope-correction capacitors in series with the saturated
reactor has been recognised as a possible source of ferro-resonant sub-
harmonic oscillations. Therefore, in the design of static reactive
compensators this phenomenon is always suppressed by a sub-
harmonic damping by-pass circuit incorporating an adeqately
dimensioned resistor and a power frequency tuned -rejector circuit as
shown in figure.

5.12 Series capacitors:

Both series and shunt capacitor banks are usuful tools in improving
. p ™ -

system efficiency and power transfer capacity. Shunt capacitors generate
ystel p .
reactive power and help to reduce the amount of reactive power tbat
flows through the network. For maximum effectiveness in reducing line
osses and voltage control, they are ically installed near the load.
1 y typ y

ies capacitors are applied to compensate for the inductive reactance
Ser P urs PP p

transmission line. They may be installed remote from the load.

of the y may
Their benefits are
1) improved system steady state stability
2) im proved system transient stability
3) reduced transmission losses.

4) adjustment of line loadings
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Th ;
€ voltage drop on a transmission line is approximately.

Pro i : .
portional to the inductive reactance X, the reduction of this reactance

S an obviously powerful tool in improving voltage conditions. This is

d . . . . . . < T .
one by prov1d1n'g Capacitors in series with the line and is known as
SC€ries compensation.

In series compensation of the line K = X, 100

Where K = is know as percentage compenation

Xc = capacitive reactance of the series capacitors in series with the line
X = reactance of the transmission line.

Figure 5.14 shows the short radial feeder with series capacitor.

V'l R X Xe 7
lm\ Im\ Il
| LA W
P +jQ.
Fig. 5.14. Radial feeder with series capacitro
. : : PR+(0, X
Voltage drop (without series capacitor) AV = —WT—
2
. . . “_BR+QﬂX_Xd
Voltage drop (with series capacitor) AV’ = A
2

The capacitor raises the voltage = AVc = AV - AV’ = |IQ/2 | Xc
2
The capacitive reactance Xc used is generally less than the inductive
reactance of the transmission line.

5.13 The reactive power balance and its effect on system voltage:

There is a strong inter-relation in the power system between reactive
power flow and the system voltage. I_,et us consider the two bus systefn
shown in figure 5.15. Load P2 + jQ2 is connected to l-aus_, 2 ar}d power is
transferred from bus 1 through a short transmission line having
resistance R and reactance X. Let us consider that the sending end
rei e V) phase to neutral is kept constant by the field control of the
;anfator G, and | or top changing transformer T.

Vi . _Yz
© l Il=I2\2=R+Jx : I@
Pt ,9
> 9P+'
. 2 JQl
P +jQi

Fig. 5.15. Power flow from bus 1 to bus 2
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The transmisb¥on line R < X, neglect the active power loss AP_.
simplifying the problem neglect the reactive power loss. AQL of the line

also.
Above assumption, Sz = P2 + jQ2
=P +jQ
and the Vo=V, - 11 (X)

Vili* = P2 + jQ2
(or) Vi' It = P2 - jQ2
Pz“jQz = Pz"jQZ

=1 =
v 4
(V1" = V1 being the reference vector)
_'. V2 = V _j P_2_1Q—2—x

4

v, )V,

= (V1 - AV) - joV
0

where AV = ==X
V.

1

P,
and 6V = —=X
N
When the reactive component of the load is decreased by connecting a

static capacitor across the load and under this condition the new
reactive load is

Q2! = (Q2- Q) ‘

Where Qc is the reactive power of the static capacitor. A small change in
the magnitude of the bus voltage, the real power at the bus does not
change appreciably and similarly a small change in phase angle of the
bus voltage, the reactive power does not change appreciably.

5.14 Combined use of tap changing transformers and reactive power
injection:

v H O

XP Xs

Q. M

5\;3

Fig 5.16. Equivalent circuit of combined use of
tap changing transformers and reactive power
injection
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and tertiary reactan Tmer in ter
) ces ms of equj .
setting t at the receivi: shown in figl.ms:qg1 lrglem Primary, secondary
Normally, tap setting ar g e‘nd. Vi and V' along with off-nominal
€ Provided in steps f0: t;'fe the phase voltages.
€ range of + 20%

Voltage drop vy = L2R+(Q,-0Q0)x,

| V
where Vn — is the phase voltage at the st | 8
ar p

oint of the equivalent circuit of

the three winding transformer.

Vo (5.27)

—
3

Resistance R of the t

X ransmissi : Y
transformer is neglected. mission line and that of three-winding

--------

Val -
Using equations (5.27) and (5.28)
V1|2 = (|Va] + AV)2 + |8V|2

- s @@L ] k]

Similarly, quadrature voltage drop 3V = hAX, (5.28)

IV"I an|

wipee |l H@-00X, 2+[p2x,, :
A 1V, |

|V1]2 = v |2 [ V]2 + (Q2 - Qc)Xp]? + (P2Xp)?

= IVI |2 [|Val* + ((Q2 - Qc)Xp)2 + 2| Vn|2 + (Q2 — Qc)Xp] + (P2Xp)?

Solving | Vn|

2 V.|

|Val2 = ['—’-’—‘2'——(92 —QC)X,,]J:\F—;}——X,,WI ?©Q-0)-X, P

5.15 Shunt reactors connected in high voltage transmission system:
Shunt capacitance in lines, and particularly in cables, actually have a

surplus of reactive power during light load(or) no load conditions.
During light load and under no load conditions, to connect Q-consuming

elements.

Generally the shunt reactors are used in long EHV t
the practical and economic reasons lead to
compensating elements at a few points along the lin€.

ransmission line and
concentrate these
If the linear shunt
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reactors are switched out umder heavy load conditions, the mammug

P & . . L ‘ . . ’ ’ - )
power transfer capability is considerably increased, but voltage changes
due to sudden load rejection are likely to be unacceptably high. .

5.16 Line compensations:

Incre.:ases t}}e steady state stability limit of the power system network
For increasing steady state stability limits, modify the reactance of the
transmission ne.twork. Series compensation (or) a series capacitor 1,,
reduce the effective reactance of the transmission system.

1) Line length compensation: For any transmission line, three critica
loadings
a) Natural impedance loading
b) Thermal loading
c) Steady state stability limit.
For short lines, it is observed that the steady state stability limit will be
greater than thermal loading limit.

2) Medium lines compensation: For un-compensated lines the voltage
level is the main consideration for limiting the amount of power transfer.

3) Long lines compensation: Steady state stability limits the amount of
power transfer. In the case of long lines it is essential that should try to
employ suitable compensation to increase the steady state stability link.

4) Ferranti effect: In the case of long lines, under no load & light load
conditions, the receiving end voltage is higher than sending end voltage.
Variation in voltage levels for all operating conditions should be within
permissible limit.

5) Flat voltage profile: Under excited operation of synchronous
machines is to be avoided. Reactive power management is to be using

suitable compensates.

5.17. Problems:

1) A load of (66 + j60) MVA at the receiving end is being transmitted via 2
single circuit 220 KV line, having resistance of 21 ohms and reactance of
34 ohms. The sending end voltage is maintained at 220 KV. The
operating conditions of power consumers require that at this lo
voltage drop across the line should not exceed 5 percent. In order to

reduce voltage drop, standard 1 ¢, 0.66 KV, 40 KVAR capacitors ar€ to
be switched in series in each phase of the line. Determine the required

number of capacitors, rated voltage and installed capacitors of the
capacitor link. The losses in the line are neglected.

Solution:
Resistance (R) = 21 Q
Reactance (X) = 34 €
Py = 22 MW
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Q2 = 20 MVAR

|V|=2Q=127Kv
RN

Voltage drop (without serijes capacitor) = AV = LR+ O, X
1V, |
4 IVi] = |y
. 22%21) H20*
fav = :;(7 ) _g.99 kv

Permissible voltage drop AVperm = 5% * 127

5
= *127 = 6.35 KV
100

A X-X
Voltage drop(with series capacitor) = .. AV’ = P2R+(I A )0,
: 2

j"‘t But voltage drop with series capacitor should be equal to the permissible
2 voltage drop. .

SA Vperm = AV’
PBR+(X-X)0,
-'-A V erm —
’ 1A
_ (22*21)£20(34- X)
6.35 = 77

= Xc = 16.65 Q
given rated load, the current in the line is
*J(66) +(60)?
V3*220

1] =2355A

: 40
The rate current of the given capacitors I¢ = 066 " 60.6 A

Therefore, the number of c'apacitors connected in parallel in one-phase must
| ’ 2355
be greater than m = ——— = 3.88 ~ 4

“ 6.6
| .. The number of parallel connected capacitors = 4

: . 660
The reactance of the given capacitor X¢,; = m =109 Q
The reactance of each capacitor and the number of their parallel circuits
s m., determine the number of series connected capacitors n using the
| equation
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cl tn___Xc
m

- !-(-2—.?—*” = 1665

—-n=6.1=7

. The total number of capacitors in all the three phases are

-3+4+7=84

The installed capacity of the capacitor bank is Q=84 *40 = 3360 KVAR

The rated voltage of the capacitors bank is Vcpb = 0.66 * n
=0.66 *7
= 4.62 KV
The rated current of the capacitors bank is Icb = Ic *m
=6.06 * 4
= 242.4 AV
Selected number of capacitors, the actual reactance of the bank is]
Xeb = Xa *n
. m
= —1—%*7 = 19.075 Q

(22*21)+20(34-19.075) _ 6
127
2. With a 100 MVA generator operating at 85% power factor logging

KV

The voltage drop in the line is AV =

(i) How many MVAr will be produced?

(ii) .What‘ mega watt load should the machine be limited so that its MVA
rating will not be exceeded?

Solution:
MVA rating of generator = 100 * 0.85 = 85 MW
¢ = Cos1(0.85) = 31.788
(i) MVAr = 85 * Tan(31.788) = 52.87 MVAr
(ii) MW rating of generator = 85 MW

3. A single circuit three phase 220 KV, line o ;

c se 2 , perates on no load, voltage 2

the receiving end of the line is 205 KV. Find the sending end Zgltzge’ i

the line has t:;sxstance of 21.7 ohms, reactance of 85.2 ohms and th¢

total susceptance as 5.32 * 10-4 mho. The transmission line is to P¢
represe,pted by m method. ©
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Solutiom

R=2179
X =850
Susceptanc = < Q M 4 s
©=5.32%104 mp, -
|Vy] = |V2| ) 'QLX' I, ic; |
|V, |
205
Vol = == < 118 l =4
\/3‘ .35 KV — ==
We
= |Vo|2 2 = 5.32
Qc = | V| 5~ = (118.35)2 » =~ mho = 3.716 MVAr
~ V1] =118.35- 3.716 *85.2
118.35

= 118.35-2.69 = 115.67 KV
Sending end voltage, line - to - line = 4/3 * 115.67 = 200.34 KV

4, The load at the receiving end of a three — phase, over head line is 25
MW, power factor 0.8 lagging, at a line voltage of 33 KV. A synchronous
compensator is situated at the receiving end and the voltage at both
ends of the line is maintained at 33 KV. Calculate the MVAr of the
compensator. The line has resistance 5 ohm per phase and inductive
reactance 20 ohm per phase.

Solution:

The synchronous compensator of Qc MVAr is in parallel with the load,

then
o -Q.)X ) P,X-(Q,-Q,)R ?
[Vi] = \/[l Vy BRH~2) ] [ ( ) }

|V, | |V, |
Total load = 25 MW
P, = %E = 8.33 MW / Phase
Q2 = 8.33 * Tan-1($)
Where ¢ = Cos-1(0.8)

Q. = 8.33 * % = 6.25 MVAr / Phase

33
Vil = [Val = 5= = 19 KV

3
R=5Q [/ Phase
X =20 Q / Phase o
Substituting the above given values, then the above expression 1s
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* _ 2 *9() _ _ 2
9 - \/[19+8.33 5)+(169.25 QG)ZO] +|:8.33 20 l(2.25 Qc)S]

=> Q. = 11.033 MVAr; Total reactive power = 3*11.0333.33.099 MVAr
5. A load of (15 +_]10) MVA is supphed with power from the busbars of
power plant via a three phase 110 KV line, 100 KM lagging. The

transmission line is represented by n - method and has the following
parameters

R=264Q
X=339Q
B =219 *106Q

Voltage across the power plant has bars V; = 116 KV. Find the power
consumed from the power plant bus bars. v, z

Solution:

v,

S2 = P2 + jQ2

ICl lCI
1
= —(15 +j10
O |

= 5+j3.33 MVA

Rated voltage per phase |V;| = m = 63.5 KV

V3

wWC
Qc = | Vr|2 '2_

_ (63.5)**219*10°°
) 2
Power at the receiving end of the line S = S, - Q.
=5 +j3.33 -j0.441 = (5 + j2.89) MVA
|S|°

V. |?

= 0.441 MVAr

*R

Power loss in the line AP, =

_|16+j2.89)%| ,
(63.5)?
= 0.218 MW
ISP
| Vr?

26.4

AQu = *(X)

_ 1(5+j2.89)? |
(63.5)

Power at the sending end of the line S! = S + AP, + AQ,
= (5 +j2.89) + 0.218 + j0.279

]

*33.9 = 0.279 MVAr
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F

~. Total po
wer cons
Su »
med from the power plant bus bars

S: = 38,

= 3(5.22 +
(5.22 + j2.73) = (15.66 +j 8.19) MVA

6. A single circuit th
receiving end of t}::ﬁiggefsc 220 KV line runs at no load. Voltage at the
liné has resistance of 201; 210 KV, Find the sending end voltage, if the
giEceptanice aa 545 4 ; lgil;xms, reactance of 81.3 ohms and the total
represented by 1 - method mho. The transmission. line is to be

Solution:
| 210
|V2| = == = 121.2 KV
3
W -
Qc = |V2|2* —2-9 = (121.2)2 * S_E_*LQ__ = 4 MVAr
2
X =81.3Q
V] = Vel - Ex
|V |
=121.2 - *81.3 = 118.51
121.2
Sending end voltage to line = ﬁ * (V1)
- 43 *118.51
= 205.2 KV

tatic VAR compensator to be installed at a bus with

7.  Find the capacity of s
The short circuit capacity is 5000 MVA.

+ 5 voltage fluctuation.

Solution:

The switching of static shunt compensator,

AV = Voltage fluctuation
AQ = Reactive power variation

S = System short circuit capacity

Then AV = éég-

= AQ=AV*S
= 0.05 * 5000 = 250 MVAr

of a static VAR compensator is (+ 250 MVATr)

The capacity

Page 29 of 32
Scanned by CamScanner



8 A short line having an impedance of (1.5 + j2.5) Q interconnects two
| plants A and B each plant operates at 11 KV and the two voltage are
equal in magnitude and phase. It is proposed to transfer 20 MW power

at 0.8 p.f. from plant A to B. Find the voltage boost needed at plant A to

achieve this power transfer.
Solution:
I = 20*10° =1312.2 £ -36.87°
J3*11%0.8

= (1049.76 - j787.32)A

Voltage drop in the inter connector = (1049.76 - j787.32) (1.5 + j2.5)
= (3542.94 + j1443.42)V

The voltage boost needed at station A(plant A) is

= (3542.94 +j1443.42) V '

9. A load bus is composed of induction motor where the nominal reactive
power is 1 Pu. The shunt compensation is Ksn. Find the reactive power
sensitivity at the bus with respect to change in voltage.

Solution:
dQnet
= 2V - 2V Ksh
dv
V=1.0Pu
Ksh =0.8
dQ l
—~net _ 2 *1 - 2 * *
dv (2*1)-(2*1*0.8)
=2-1.6=0.4 Pu
10.

The line is open circuited with a receiving end voltage of 220 KV, find
the rms value and phase angle of the following

a) The u.mic.lent and reflected voltages to neutral at the receiving end.
b) The incident and reflected volt

receiving end. ages to neutral at 200 KM from the
a=0.163 * 10-3

B=1.068*10-3
Solution:

a) At the receiving end

For open circuit Ig = 0
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Incident voltage = Vi + chi._ Ve +7.(0) v

Yy

2 2 -1
_ 220/43.
5 =63.51£00 Kv
Reflected voltage = Vi el = R _
5 5 T 63.51200 KV

b At 200 KM from the receiving end

incident voltage = Ve e e/

x=200 km
= 63.51 exp(0.163 * 103 * 200) * exp(j1.068 * 103 * 200)
=65.62 £12.20 kv

Reflected voltage = Y e e P
2 x=200 km

= 63.51 e-0.0326 ¢-j0.2135

=61.47 £-12.20 KV

11. A load of 30 MW, 45 MVAr is connected to a line where X to R ratio is S
and the short circuit capacity of the load bus is 250 MVA. The supply
voltage is 11 KV and the load is star connected. Determine the load bus

voltage

Solution: -
The load per phase = 10 + j15 MVA

250

Short circuit current = —37—- MVA

11 _
Voltage line — neutral = —\—/—5— KV

(/A3 _ g 4340

e —

The equivalent short circuit impedance = 3

¢SC = Tan“l(S) = 78-690

. R=0.0949 Q
X = 0.4746
2 2 ’
(Y Vcos¢+'I‘)—R) +(Vsin¢+%—X]
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.1 2 ; C\2
=(v*o.5547+10 \:0 *0.0949) (v*o 832+ 3_:@__{/10 “'O4746J

‘ . 2 . 2
121 _ 0.5547V+-1~9-*0.0949) +(O.832V+15 0'4746)
3 v v
= 40. 33V2 =0.3077V4+ 09 + 1.053V2 + 0.69V4 + 50.68 + 11.846 V2

— 0.9977 V4 -27.43 V2 + 51.59 = =0
- V4-27.5V2+51.6=0

27.5+/756.25—206.32

=> V2=
2
_ 27.5+23.45 _15.47
2
V = 5.047 KV
The drop in volts is = 6. 350 - 5.047 = 1.303 KV
3 23 ———(Pcos¢+Qsm¢)+ j —— (P sin¢sc - Qcos¢sc)
V  Ssc Ssc

=-——(3o 0196+45*098)+J—1—(30 0.98 — 45 * 0.196)
250 250

- S {(5.88+44) (294 -8.82)

= §-3—6- = 0.2158
250
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1.1 INTRODUCTION

For many decades, vertically integrated electric utilities monopolized the way they controlled,
sold and distributed electricity to customers in their service territories. In this monopoly, each utility
managed three main components of the system: generation, transmission and distribution. Analogous to
perceived competitions in airline, telephone, and natural gas industries which demonstrated that vertically
integrated monopolies could not provide services as efficiently as competitive firms, the electric power
industry plans to improve its efficiency by providing a more reliable energy at least cost to customers. A
competition is guaranteed by establishing a restructured environment in which customers could choose to
buy from different suppliers and change suppliers as they wish in order to pay market-based rates.

To implement competition, vertically integrated utilities are required to unbundle their retail
services into generation, transmission and distribution; generation utilities will no longer have a
monopoly, small businesses will be free to sign contract for buying power from cheaper sources, and
utilities will be obligated to deliver or wheel power over existing lines for a fee that is the same as the
cost (non-discriminatory) delivering the utility’s own power without power production costs. The
vertically integrated system is steadily restructuring to a more market based system in which competition
will replace the role of regulation in setting the price of electric power.

1.2 RESTRUCTURING MODELS
Three major models are being discussed as alternatives to the current vertically integrated monopoly. The
three models are:

a) PoolCo Model

b) Bilateral Contracts Model

c) Hybrid Model
Elements of a certain electric power industry define the nature of competition and models or institutions
that support the competition process. In adopting a model, the following issues are being debated
regularly:

e Who will maintain the control of transmission grid?

e What types of transactions are allowed?

e What level of competition does a system warrant?

A PoolCo is defined as a centralized marketplace that clears the market for buyers and sellers
where electric power sellers/buyers submit bids and prices into the pool for the amounts of energy that
they are willing to sell/buy. The ISO or similar entities (e.g. PX) will forecast the demand for the
following day and receive bids that will satisfy the demand at the lowest cost and prices for electricity on
the basis of the most expensive generator in operation (marginal generator). On the other hand, in the
second model, bilateral trades are negotiable and terms and conditions of contracts are set by traders
without interference with system operators.

1.2.1 PoolCo Model:

The PoolCo model is comprised of competitive power providers as obligatory members of an
independently owned regional power pool, vertically integrated distribution companies, vertically
integrated transmission companies and a single and separate entity responsible for: establishing bidding
procedures, scheduling and dispatching generation resources, acquiring necessary ancillary services
to assure system reliability, administering the settlements process and ensuring non-discriminatory access
to the transmission grid. PoolCo does not own any generation or transmission components and centrally
dispatches all generating units within the service jurisdiction of the pool. PoolCo controls the
maintenance of transmission grid and encourages an efficient operation by assessing non-discriminatory
fees to generators and distributors to cover its operating expenses.




In a PoolCo, sellers and buyers submit their bids to inject power into and out of the pool. Sellers
compete for the right to inject power into the grid, not for specific customers. If a power provider bids too
high, it may not be able to sell power. On the other hand, buyers compete for buying power and if their
bids are too low, they may not be getting any power. In this market, low cost generators would essentially
be rewarded. Power pools would implement the economic dispatch and produce a single (spot) price for
electricity, giving participants a clear signal for consumption and investment decisions. Winning bidders
are paid the spot price that is equal to the highest bid of the winners. Since the spot price may exceed the
actual running of selected bidders, bidders are encouraged to expand their market share which will force
high cost generators to exit the market. Market dynamics will drive the spot price to a competitive level
that is equal to the marginal cost of most efficient firms.

To give the reader an idea on how price signals could play an important role in a restructured
environment, we consider the following example.

Example 1.1: Impact of Price Signals on Demand Consumption

Figures 1.1 and 1.2 show the idea of price signals and their impact on consumption behavior.
Let’s assume that an Industrial Customer (IndustCo) consumption pattern in a vertically integrated
electric industry, in a certain day, would look like that shown in Figure I.1. In this figure, the price of
electricity in Rs/KWh is fixed, and the IndustCo has no incentives to change its consumption pattern.
While in a competition-based market, when the IndustCo receives a real time price signal, it could change
its consumption pattern in response to the price (See Figure 1.2). In Figure 1.2, the IndustCo reduces its
usage at times high prices. As the price jumps from 6Rs/KWh at 5 a.m. to 8Rs/KWh at 9 a.m. the
IndustCo starts decreasing its consumption. As the price continues to increase from 8Rs/KWh at 9 a.m. to
16Rs/KWh at 6 p.m. the IndustCo continues decreasing its consumption. When the price decreases after
6 p.m. the IndustCo increases its usage of electricity.
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Figure 1.2 Response of a Demand to Price Signals

Although buyers and sellers in a PoolCo are prevented from making individual contracts for
power, participants may hold optional financial instruments called Contracts for Differences (CFDs).
These contracts are long-term price hedging bilateral contracts between generators and distribution
utilities or retail customers. These contracts allow a physical dispatch of individual generating units by
their owners and allow consumers to establish long-term prices. When used, a power seller is paid a fixed
amount over time that is a combination of short-term market price and an adjustment for the difference.
CFDs are established as a mechanism to stabilize power costs to customers and revenues for generators.



These contracts are suggested due to the fact that the spot price set by PoolCo fluctuates over a wide
range and is difficult to forecast over long periods. Using CFDs, any differences between the spot price
and the contract price would be offset by cash payments by generators to customers; in other words, by
holding these contracts, customers gain protection against unexpected spot price increases and generators
could obtain a greater revenue stability.

1.2.2 Bilateral Contracts (Direct Access) Model.

The Bilateral Contracts model has two main characteristics that would distinguish it from the
PoolCo model. These two characteristics are: the ISO’s role is more limited; and buyers and sellers could
negotiate directly it/the marketplace. In this model, small customers’ aggregation is essential to ensure
that they would benefit from competition.

This model permits direct contracts between customers and generators without entering into
pooling arrangements. By establishing non-discriminatory access and pricing rules for transmission and
distribution systems, direct sales of power over a utility’s transmission and distribution systems are
guaranteed. Wholesale suppliers would pay transmission charges to a transmission company to acquire
access to the transmission grid and pays similar charges to a distribution company to acquire access to the
local distribution grid. In this model, a distribution company may function as an aggregator for a large
number of retail customers in supplying a long-term capacity. Also, the generation portion of a former
integrated utility may function as a supplier or other independent generating companies, and transmission
system would serve as a common carrier to contracted parties that would permit mutual benefits and
customer’s choice. Any two contracted parties would agree on contract terms such as price, quantity and
locations, and generation providers would inform the ISO on how its hourly generators would be
dispatched.

1.2.3 Hybrid Model:

The hybrid model combines various features of the previous two models. The hybrid model
differs from the PoolCo model as utilizing the PX is not obligatory and customers are allowed to sign
bilateral contracts and choose suppliers from the pool. The pool would serve all participants (buyers and
sellers) who choose not to sign bilateral contracts. The Califomia model is an example of the hybrid
model. This structure has advantages over a mandatory pool as it provides end-users with the maximum
flexibility to purchase from either the pool or directly from suppliers. A customer who would choose a
PX option with CFDs could acquire the economic equivalent of bilateral contracts.

The existence of the pool can efficiently identify individual customer’s energy requirements and
simplify the balancing process of energy supply. The hybrid model would enable market participants to
choose between the two options based on provided prices and services. The hybrid model is very costly
to set up because of separate entities required for operating the PX and the transmission system. In  the
following, we learn more about the functions of an ISO in a restructured power system.

1.3 INDEPENDENT SYSTEM OPERATOR (1SO)
1.3.1 Background:

In a vertically integrated monopoly, utilities created regional centrally dispatched power pools to
coordinate the operation and planning of generation and transmission among their members in order to
improve operating efficiencies by selecting the least-cost mix of generating and transmission capacity,
coordinating maintenance of units, and sharing operating reserve requirements and thus lowering the cost
to end-use electricity customers. The centrally dispatched power pools are classified as:

e Tight power pools: they have customarily functioned as control areas for their members; perform
functions such as unit commitment, dispatch and transaction scheduling services. Examples of
this kind of pools are New York Power Pool (NYPP), New England Power Pool (NEPOOL),
Pennsylvania, New Jersey, Maryland (PJM) Interconnection, Colorado Power Pool and Texas
Municipal Power Pool.

e Loose power pools: they have generally had more limited roles, and in contrast to tight pools,
have a low level of coordination in operation and planning. The most significant role of these



pools has provided support in emergency conditions. Loose power pools did not provide control

area services.

e Affiliate power pools: in this kind of pools, generated power which was owned by the various
companies was dispatched as a single utility. Pools have had extensive agreements on governing
the cost of generation services and use of transmission systems.

Power pools controlling access to regional transmission systems made it difficult for non-
members to use pool members’ transmission facilities by establishing complex operating rules and
financial arrangements. Also, restrictive membership and governance of pools were practiced
occasionally in a way that large utilities prevented changes in policies and rules of the pool which led to
closing pool membership to outsiders. Unfair industry practices generally impacted the growth of a
competitive generation market and were motive forces for the FERC to order transmission owners to
provide other parties an open access to transmission grids.

A competitive generation market and retail direct access necessitated an independent operational
control of the grid. However, the independent operation of the grid was not guaranteed without an
independent entity, the so-called Independent System Operator (ISO). An ISO is independent of
individual market participants such as transmission owners, generators, distribution companies and end-
users. The basic purpose of an ISO is to ensure a fair and non-discriminatory access to transmission
services and ancillary services, maintain the real-time operation of the system and facilitate its reliability
requirements.

1.3.2 The Role of ISO:

The primary objective of the ISO is not dispatching or re-dispatching generation, but matching
electricity supply with demand as necessary to ensure reliability. ISO should control generation to the
extent necessary to maintain reliability and optimize transmission efficiency. The ISO would continually
evaluate the condition of transmission system and either approve or deny requests for transmission
service.

In its Order No. 888, FERC developed eleven principles as guidelines to the electric industry
restructuring to form a properly constituted ISO, through which public utilities could comply with
FERC’s non-discriminatory transmission tariff requirements. The eleven principles for ISOs are:

1) The ISO’s governance should be structured in a fair and non- discriminatory manner.

2) An ISO and its employees should have no financial interest in the economic performance of any
power market participant. An ISO should adopt and enforce strict conflict of interest standards.

3) An ISO should provide open access to the transmission system and all services under its control at
non-pancaked rates pursuant to a single, unbundled, grid-wide tariff that applies to all eligible
users in a non-discriminatory manner.

4) An 1ISO should have the primary responsibility in ensuring short-term reliability of grid
operations. Its role in this responsibility should be well defined and comply with applicable
standards set by NERC and the regional reliability council.

5) An ISO should have control over the operation of interconnected transmission facilities within its
region.

6) An ISO should identify constraints on the system and be able take operational actions to relieve
those constraints within the trading rules established by the governing body. These rules should
promote efficient trading.

7) An ISO should have appropriate incentives for efficient management and administration and
should procure services needed for such management and administration in an open market.

8) An ISO’s transmission and ancillary services pricing policies should promote the efficient use of
and investment in generation, transmission, and consumption. An 1SO or a Regional Transmission
Group (RTG) of which the I1SO is a member should conduct such studies as may be necessary to
identify operational problems or appropriate expansions.



9) An ISO should make transmission system information publicly available on a timely basis via an

electronic information network consistent with the Commission’s requirements.

10) An ISO should develop mechanisms to coordinate its activities with neighboring control areas.

11) An ISO should establish an Alternative Dispute Resolution (ADR) process to resolve disputes in

the first instance.

According to the FERC Order 888, the ISO is authorized to maintain transmission system
reliability in real-time. To comply with the FERC Order 888, each ISO may take one of the following
structures:

The first structure is mainly concerned with maintaining the transmission reliability by operating the
power market to the extent that the 1ISO would schedule transfers in a constrained transmission system.
An example of this proposal is the Midwest ISO.

The second proposal for an ISO includes a PX that is integral to the ISO’s operation. In some
proposals such as those of the UK and the PIJM interconnection, the PX would function within the same
organization and under the control of the 1SO; the 1SO is responsible for dispatching all generators and
would set the price of energy at each hour based on the highest price bid in the market.

In its Order 888, FERC also defined six ancillary services that must be provided by or made available
through transmission providers. These ancillary services include:

1) Scheduling, Control and Dispatch Services

2) Reactive Supply and Voltage Control

3) Regulation and Frequency Response Services

4) Energy Imbalance Service

5) Operating Reserve, Spinning and Supplemental Reserve Services

6) Transmission Constraint Mitigation

As Order 888 implies, transmission customers may self-provide these services or buy them through
one of the following methods.

(i) Providers of these services advertise their availability via the OASIS or commercial exchanges
(if) The I1SO provides these services in real-time and charges transmission users.

To make these services available, the 1SO contracts with service providers so that the services are
available under the ISO’s request. When a service provider is called by the ISO, the provider is paid extra
to cover its operating costs. Capacity resources are contracted seasonally by the ISO and providers send
their bids to an auction operated by the 1SO. The ISO chooses successful providers based on a least-cost
bid basis. When determining the winners, the ISO takes into account factors such as time and locational
constraints and the expected use of resources. If the 1ISO finds that spot market services are less expensive
than contracted ones, the ISO experiences its authority by acquiring these services from the energy spot
market.

The following example illustrates the role of ISO in providing operating reserves.

Example 1.2: (Operating Reserves)

Assume that a hydroelectric generator, which has a 30 MW capacity and can be brought up and
running in 4 minutes, offers its 30 MW capacity in the operating reserve market. It submits a reserve
price offer of $2.5/MW for each hour of the entire next day, along with an energy offer price of
$42.5/MWh. Also, assume that there are two customers, C1 and C2 that can cut back quickly their usage
of electricity. C can cut up to 15 MW in 5 minutes, so it decides to submit a bid to the operating reserve
market of 15 MW at $1.5/MW for each hour of the entire next day and a maximum energy bid price of
$55/MWh. C2 can cut up to 10 MW in 5 minutes, so it decides to submit a bid to the operating reserve
market of 10 MW at $2/MW for each hour of the entire next day and a maximum energy bid price of
$70/MWh.

The 1SO anticipates that it will need a large operating reserve, say 55 MW, so it accepts the
generator’s offer and the customers’ bids. Assume that the MCP of the operating reserves is $2.5/MW/h.
Each winning participant in the operating reserve market will be paid the MCP to stand by in case of



contingency. The generator will be paid $1800 (or $2.5/MW/hx30MWx24h), C will be paid $900 (or
$2.5/MW/hx15MWx24h), and C2 will be paid $600 (or $2.5/MW/hx10 MWx24 h).

In the next day, say at 1:00 p.m., let’s assume that supply and demand equilibrium is initially
established at 230 MW (in the spot market). The spot market price of electricity at this point is
$35/MWh.

The net supply curve of all generating units is as shown in Figure 1.3. The supply segment of
$20/MWh is offered by a single generating unit that has a capacity of 50 MW. As segment) that is
dispatched last (in of its total capacity of 50 MW, and shown in Figure 1.3, the unit (supply the spot
market) is producing 30 MW has available capacity of 20 MW.

Now suppose the generating unit that is producing 50 MW at $20/MWh tripped out due to severe
weather conditions at 1:10 p.m. which disconnected the line joining this generating unit to the system.
The supply curve after the unit outage is shown in Figure 1.4. At 1:10 p.m., demand is still 230 MW, and
the supply has a shortage of 50 MW. At this point, the ISO has to replace the sudden loss of capacity in
the remainder of the hour (from 1:10-2:00 p.m.), before more capacity can be dispatched in the spot
market. So the ISO has to reduce the demand if possible or/and provide the required power from
operating reserves.
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The ISO dispatches the 30 MW generator (see Figure 1.5), and the generator is paid $42.5/MWh.
To restore the balance, the 1SO also dispatches off 15 MW from C1 and 5 MW from C2 (See Figure 1.6).
The I1SO pays $20/MWh (or $55/MWh-$35/MWh) to C~ and $35/MWh (or $70/MWh-$35/MWh) to C2



for the electricity that it has dispatched off. The payments to the three participants (generator, C1 and C2)
continue until replacement energy can be provided from the spot market.

1.4 POWER EXCHANGE (PX)

Even though short-term and long-term financial energy transactions could be in bilateral forms in
the electricity industry where contracted parties agree individually for certain terms such as price,
availability and quality of products, industry restructuring proposals have concluded the necessity of
creating a new marketplace to trade energy and other services in a competitive manner. This marketplace
is termed Power Exchange (PX) or, as sometimes called, spot price pool. This marketplace permits
different participants to sell and buy energy and other services in a competitive way based on quantity
bids and prices. Participants include utilities, power marketers, brokers, load aggregators, retailers, large
industrial customers and co-generators.

PX is a new independent, non-government and non-profit entity which accept schedules for loads
and generation resources. It provides a competitive marketplace by running an electronic auction where
market participants buy and sell electricity and can do business quickly and easily. Through an electronic
auction, PX establishes an MCP for each hour of the following day for trades between buyers (demands)
and sellers (supplies). In this marketplace, PX does not deal with small consumers. Add to that, PX
manages settlement and credit arrangements for scheduling and balancing of loads and generation
resources. As a main objective in its work, PX guarantees an equal and non-discriminatory access and
competitive opportunity to all participants. It is claimed that participants entering the PX get more cost-
effectiveness by removing the complexities of arranging generation, transmission and energy purchases.

In general, the PX includes a day-ahead market and an hour-ahead market. Here we discuss these
markets in general, and later we elaborate on them when we discuss some market models in the United
States.
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1.4.1 Market Clearing Price (MCP):



PX accepts supply and demand bids to determine a MCP for each of the 24 periods in the trading
day. Computers aggregate all valid (approved) supply bids and demand bids into an energy supply curve
and an energy demand curve. MCP is determined at the intersection of the two curves and all trades are
executed at the MCP, in other words, the MCP is the balance price at the market equilibrium for the
aggregated supply and demand graphs. Figure 1.7 shows the determination of MCPs for certain hours
when demand (Di) varies. Generators are encouraged to bid according to their operating costs because
bidding lower would lead to financial losses if MCP is lower than the operating cost and bidding higher
could cause units to run less frequently or not run at all.

1.5 MARKET OPERATIONS:
1.5.1 Day-Ahead and Hour-Ahead Markets:

In the day-ahead market and for each hour of the 24-hour scheduling day, sellers bid a schedule of
supply at various prices, buyers bid a schedule of demand at various prices, and MCP is determined for
each hour. Then, sellers specify the resources for the sold power, and buyers specify the delivery points
for the purchased power. PX schedules supply and demand with the ISO for delivery. Supply and
demand are adjusted to account for congestion and ancillary services and then PX finalizes the schedules.
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Figure 1.7 Process of Determining MCP in PoolCo

The hour-ahead market is similar to day-ahead, except trades are for 1 hour, and the available
transfer capability (ATC) is reduced to include day-ahead trades, and bids are not iterative in this market.
Once the MCP is determined in the PX, market participants submit additional data to the PX. The data
would include individual schedules by generating unit; take out point for demand, adjustment bids for
congestion management and ancillary service bids. After this stage, the ISO and the PX know the
injection points of individual generating units to the transmission system. A schedule may include
imports and/or exports. To account for transmission losses, generator’s schedules are adjusted where real
losses are only known after all metered data are processed.

1.5.2 Elastic and Inelastic Markets.

An inelastic market does not provide sufficient signals or incentives to a consumer to adjust its
demand in response to the price, i.e., the consumer does not have any motivation to adjust its demand for
electrical energy to adapt to market conditions. In a market that has a demand; MCP for energy is
determined by the price structure of supply offers. The concept of inelastic demand is directly related to
the concept of firm load, which formed the basis of the electricity industry for many decades before the
introduction of open access and energy markets. Customers use the concept of elastic demand when they
are exposed to and aware of the price of energy and arrange their affairs in such a fashion as to reduce
their demand as the price of the next available offer exceeds a certain level.

The following example illustrates how the elasticity of demand in a market has some serious
impacts on the energy market and the power system itself, and demonstrates how the pool price cap
(price ceiling) energy markets with inelastic and elastic demand may play important role. The example
also illustrates the need for capacity reserves.

1.6 MARKET POWER:



One of the main anti-competitive practices or difficulties that may prevent competition in the
electric power industry, especially in generation, is market power. When an owner of a generation facility
in a restructured industry is able to exert significant influences (monopoly) on pricing or availability of
electricity, we say that market power exists, and if so it prevents both competition and customer choice.
Market power may be defined as owning the ability by a seller, or a group of sellers, to drive price over a
competitive level, control the total output or exclude competitors from a relevant market for a significant
period of time. Other than price, any entity that exercises market power would reduce competition in
power production, service quality and technological innovation. The net result of practicing market
power is a transfer of wealth from buyers to sellers or a misallocation of resources.

There are two types of market power:

1-Vertical Market Power: It arises from a single-firm’s or affiliate’s ownership of two or more steps in
a production and market delivery process where one of the steps provides the firm with a control of a
bottleneck in the process. The bottleneck facility is a point on the system, such as a transmission line,
through which electricity must pass to get to its intended buyers. A control of a bottleneck process
enables the firm to give preference to itself or its affiliate over competitive firms.

2- Horizontal Market Power: It is the ability of a dominant firm or group of firms to control production
to restrict output and thereby raise prices. It arises from a firm’s local control or ownership
concentration of a single process step in productive assets within a defined market area. If such
concentration is sufficient with respect to certain other market conditions, the firm can influence the
supply-demand equilibrium, and hence prices, simply by withholding production. This type of market
power cannot be resolved by the ISO.

Concentration in a market measures the market dominance (degree of monopoly experienced by a firm
in a competitive market) using market share data, i.e., how many firms exist in the market, and what are
their relative sizes determine the market dominance.

Example 1.6: (How is Market Power Exercised?)

(A) Exercising Market Power when a Power Supply has a Large Market Share,

Figure 1.14 shows a 3-bus system with three generating companies, one at each bus. The three

generating companies are GenCoy with a maximum capacity of 120 MW, GenCo, with a maximum

capacity of 250 MW, and GenCoz with a maximum capacity of 630 MW.

GenCoz

250 MW @ 814/MWh
0~ 250 MW

GenCou
12 0MW @ $8MWh
0~ 120MW 130 MW 140 MW

Li=600 MW
GenCos

330 MW @ $23MWh
0~ 630 MW

Figure 1.14 Exercising Market Power when a Power Supply has
Large Market Share



The HHI for this situation is

3
- 2 _ 120 2 250 ;2 630 2
HHI—ZS, _(mua) +(JUOG‘) +(moa)
I
=0.0144+0.0625+0.3969 = (.4738 (in per unit basis)
or,

3
HHI =Y 87 = (420 100) +(-22 x 100)° +(-BL x 100)
1

=144 +625+3969 = 4738 (in percent basis)

Note that GenCos owns the maximum share of the total generation capacity (=630MW/1000MW=63%).
By ignoring the limitation transmission lines, GenCoz monopolizes the market, because L3 needs much
more than the total capacity of the other cheaper resources (GenCo; can generate up to 120 MW at
$8/MWh and GenCo> can generate up to 250 MW at $14/MWh). It means when GenCoz wants to
exercise its market power, it can ask for any price for its electric power production to fulfill Ls’s need.
(B) Exercising Market Power when Transmission System is Congested
Figure 1.15 shows a 3-bus system with three generating companies, one at each bus. The three
generating companies are GenCo; with a maximum capacity of 250 MW, GenCo. with a
maximum capacity of 350 MW, and GenCoz with a maximum capacity of 400 MW. The HHI for
this situation is

3
HHI =" 87
1

_ 7250 42 350 2 400 2
_(1000) +(1000J +(J'UGG)

=0.0625+0.1225+0.1600 = 0.345 (in per unit basis)

3

= 2 .. 0250 2,350 2 (400 )2

HHI =) 87 = (%% 100)° + (330 100)° + (5 100)
)

or,
=625+1225+ 1600 = 3450 (in percent basis)

In this case GenCoi, GenCoz and GenCos own, respectively, 25%, 35%, and 40% of the total generation
capacity. Transmission line limits are imposed on the system in this case, as shown in Figure 1.15. Even
though the cheapest resources (GenCoiand GenCo») have a total capacity of 600 MW, which is adequate
to cover the 600 MW required by Ls, the limitations of the transmission lines do not permit L3 to use
GenCO0; and GenCO0,. This situation may lead to exercising market power by GenCos by imposing a
higher than competitive price.

GenCo;

100 MW @ 815/MWh
0 - 350 MW

GenCoy

100 MW @ $20/MWh
0- 250 MW

line Limit
1-2 100 MW
100 MW

L:=600 MW 1-3
2-3 100 MW

GenCos

400 MW @ 330/MWh
0 — 400 MW

Figure 1.15 Exercising Market Power when Transmission is Congested

1.7 STRANDED COSTS:

A major and a debatable issue associated with the electric utility restructuring is the issue of
stranded costs; how to be determined, how to be recovered and who pays for recovery. Stranded cost is a
terminology created under restructuring process. Multiplicity of definitions and interpretations of
stranded costs confused people working on restructuring, but in general this term refers to the difference



between costs that are expected to be recovered under the rate regulation and those recoverable in a
competitive market.

In a vertically integrated monopoly, utilities are used to cover their costs of doing business in
rates charged to customers. Costs include operating costs and invested capital costs, where utilities cover
these costs and considerable returns on their capitals through rates imposed on customers. But when
restructuring is proposed to open market-based competition, and due to the fact that market-based prices
are uncertain and sometimes less than vertically integrated rates, financial obligations of vertically
integrated utilities may become unrecoverable in a competitive market and the level of revenue earned by
a utility may no longer be adequate to cover its costs. If market prices are lower than vertically integrated
rates, as many expect, utilities could be faced with investments that are unrecoverable in the competitive
market.

Stranded costs still need a more clear definition (what costs should be strandable? what costs are
unrecoverable? and to what extent (totally or partially) should be recovered?) and quantification. On the
other hand, the duration of recovery or who will pay for recovery is not clear yet and varies from model
to model in the United States. In this regard, the big question is whether different participants should pay
for uneconomical previous investments.

1.8 TRANSMISSION PRICING

FERC recognized that transmission grid is the key issue to competition, and issued guidelines to
price the transmission. The guidelines are summarized such that the transmission pricing would:

(i) Meet traditional revenue requirements of transmission owners

(ii) Reflect comparability: i.e. a transmission owner would charge itself on the same basis that it

would charge others for the same service

(iii) Promote economic efficiency

(iv) Promote fairness

(v) Be practical

Even though transmission costs are small as compared to power production expenses and
represent a small percent of major investor owned utilities operating expenses, a transmission system is
the most important key to competition because it would provide price signals that can create efficiencies
in the power generation market. The true price signals are used as criteria for adding transmission
capacity, generation capacity, or future loads. Adding transmission capacity to relieve transmission
constraints could allow high-cost generation to be replaced by less expensive generation, which would
result in additional savings to consumers.

1.8.1 Contract Path Method:

It has been used between transacted parties to price transmission where power flows are assumed
to flow over a predefined path(s). Despite its ease, this technique was claimed be a bad implementation of
true transmission pricing as power flows would very seldom correspond to predefined paths. Physically,
electrons could flow in a network over parallel paths25 (loop flows) owned several utilities that may not
be on the contract path. As a result, transmission owners may not be compensated for the actual use of
their facilities. Added to parallel flows, the pancakin~6 of transmission rates is another shortcoming of
this method.

As a solution to the pancaking effect, zonal pricing schemes have been proposed by most ISOs.
Using a zonal scheme, the 1ISO-controlled transmission system is divided into zones and a transmission
user would pay rates based on energy prices in zones where power is injected or withdrawn. When the
zonal approach is used, rates are calculated regardless of paths between the two zones or how many other
zones are crossed.

1.8.2 The MW-Mile Method:
We illustrate this method by an example.

Several I1SOs are using a MW-Mile approach to price transmission. The MW-Mile rate is
basically based on the distance between transacted parties (from the generating source to the load) and



flow in each line resulted from the transaction. This approach takes into account parallel power flows and
eliminates the previous problem that transmission owners were not compensated for using their facilities.
This approach does not give credit for counter-flows on transmission lines. The method is complicated
because every change in transmission lines or transmission equipment requires a recalculation of flows

and charges in all lines.

Example 1.8: (WMW-Mile Charges)

Figure 1.19 illustrates a 3-bus swstem and a situation of five
transactions between generating units and loads. Table 1.8 shows the
system data. Let wvariable L.; refer to a load that exists at bus n and
supplied by generator j. Assume that a load of 150 MW exists at bus 2
which is supplied by generator 1 (L2,=60 MW) and gencrator 3 (L2 ;=90
MW, Also another load of 600 WMIW exists at bus 3, which is supplied by
the three generators, 240 from generator 1, 200 MW from Generator 2,
and 180 MW from generator 3 (or L3;=240 MW, L;.=200 NW,.

L3 :=160 NMW).

! 2 poe2000w
( >_' 12.5MW Q] i
> L.,- sorw Table 1.8 System Data of the Example
Line  Resistance  Reactance Length R
Ly Lue2orew (0] [Q  [Mie]  [SMile]
o) T LemdMw 1-2 0.0 030 200 5.0
i -3 00 010 100 230
2-3 0.0 0.40 40.0 100

Figure 1.19 3-bus System with Five Transactions

We assume the system is lossless and we use dc-load flow equations.
Furthermore, bus 3 is the reference bus (53; =0.0) and P; is the net
injection (net generation - net load) at bus i. For this system, we find
voltage angles as follows:

/ 03 Té,] [P 8, [ 133333 -33333\7[p) 1 [58333 333337 m
1oswibd -1 H=t! §,| |-33333 58333| |P| 666666|3.3333 13.3333| P,
-103  1/03+104)6,] | Py [0_0875 00500 .p,] @)

or 0.0500 0.200014 P,



Let x,,, refer to the reactance of a line connecting buses m and n,
and f,,, refer to the flow from m to n. Then,

(b)

After finding voltage angles, we calculate line flows using Equation
b. The net line flows are shown in Figure 1.19.

If fin-nis the loading of line m-n due to transaction j, D,,_, is the

length of line m-n in miles, and R,,_, is the required revenue per unit
length of line m-n ($/mile), the MW-Mile method uses the following
equation to find charges for line m-n corresponding to transaction j (i.e.
Cﬂl"ﬂ.j ):

- fm—n.j DM—II Rm—n fm—n.l zm—n

men; =
J fm—n fm—n

where =z, , is the required revenue of line m-n in §, ie,

C

Zypen = Dy Rypep »

Line flows due to each transaction are shown in Figures 1.20-1.22
and detailed in Table 1.9. Note that the total flow in each line given in
Table 1.9 is equal to the total flow in each line given in Figure 1.19.
Table 1.9 shows MW-Mile charges for each transaction's contributions to
line flows as well as the total charges paid by each transaction for its
contributions. The table also shows charges paid by all transactions in
cach line,

L™

[ 140 MW

a. PGJ aﬂdL;J b. PG, ﬂﬂdLgJ

Figure 1.20 Transactions of PG,
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Figure 1.21 Transaction of PG; and L3 ; Figure 1,22 Transactions of PG;
Table 1.9 Impact of each Transaction on Line Flows
Jray Cost Jry Cost [y Cost  Total

Transaction J (192 [3) (193) (5] (23 [ [3]

1. 6OMW : PG, 9L;, 375 300. 22.5 18. -22.5 144. 199.5
2.  240MW:PG; 2Ly, 300 240. 210. 168 30. 192. 600.0
3. 200MW:PG;2L,, -100. 800. 100. 80 100. 640. 1,520.
4. QOMW : PGy 2Ly, 450 360. -45.0 36 -45. 288. 684.0
5. 160MW : PGy 2Ly, 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 12.5 $1,700 2875 $302 625 1,264. $3,003.

MW MW MW

1.9 CONGESTION PRICING:

The condition where overloads in transmission lines or transformers occur is called congestion.
Congestion could prevent system operators from dispatching additional power from a specific generator.
Congestion could be caused for various reasons, such as transmission line outages, generator outages,
changes in energy demand and uncoordinated transactions. Congestion may result in preventing new
contracts, infeasibility in existing and new contracts, additional outages, monopoly of prices in some
regions of power systems and damages to system components. Congestion may be prevented to some
extent (preventive actions) by means of reservations, rights and congestion pricing. Also, congestion can
be corrected by applying controls (corrective actions) such as phase shifters, tap transformers, reactive
power control, re-dispatch of generation and curtailment of loads.

FERC has set guidelines for a workable market approach to mange congestion, which are:

(1) The approach should establish clear and trade able rights for transmission usage,

(2) The approach should promote efficient regional dispatch,

(3) The approach should support the emergence of secondary markets for transmission rights,

(4) The approach should provide market participants with the opportunity to hedge locational differences
in energy prices,

(5) Congestion pricing method should seek to ensure that the generators that are dispatched in the
presence of transmission constraints are those that can serve system loads at least cost, and

(6) The method should ensure that the transmission capacity is used by market participants who value
that use most highly.

As such, FERC declares that some approaches appear to have more advantages than others. Even
though LMP scan be costly and difficult to implement, especially by entities that have not previously
operated as tight power pools, FERC suggests that markets that are based on LMP and financial rights for



firm transmission service will provide an efficient congestion management framework, and this is due to
the following facts:

I- LMP assigns congestion charges directly to transmission customers in a fashion that agrees with each
customer’s actual use of the system and the actual dispatch that its transactions cause.

II- LMP facilitates the creation of financial transmission rights, which enable customers to pay known
transmission rates and to hedge against congestion charges.

I11- Financial rights entitles their holders to receive a share of congestion revenues, and consequently the
availability of such rights congestion pricing resolve the problem of the over recovery of transmission
costs.

To solve the congestion problem, several alternatives could be considered such as re-dispatching
existing generators or dispatching generators outside the congested area to supply power. The latter
alternative is referred to as out-of-merit dispatch. In both alternatives, congestion has costs based on
differences in energy prices between locations. In a vertically integrated monopoly, congestion costs
were either ignored or hidden as bundled into the transmission charges that in turn were considered as a
shortcoming in previous transmission pricing schemes. It was considered a shortcoming because it did
not provide a true price signal for efficient allocation of transmission resources or allocated congestion
costs to transmission customers who were not causing the congestion.

1.9.1 Congestion Pricing Methods:

All new restructuring proposals are taking congestion costs into account by developing appropriate
approaches to measure congestion costs and allocate these costs to transmission system users in a fair
way that reflects actual use of the transmission system. These approach evolved in three basic methods
based on:

1- Costs of out-of-merit dispatch: This is appropriate to systems with less significant transmission
congestion problems. In this approach, congestion costs are allocated to each load on the
transmission system based on its load ratio share (i.e., individual load expressed as a percent of
total load).

2- Locational Marginal Prices (LMPs): This technique is based the cost of supplying energy to the
next increment of load at a specific location on the transmission grid. It determines the price that
buyers would pay for energy in a competitive market at specific locations and measures
congestion costs by considering the difference in LMPsb etween two locations. In this approach
LMPsa re calculated at all nodes of the transmission system based on bids provided to the PX.

3- Usage charges of inter-zonal lines: In this approach, the 1SO region is divided into congestion
zones based on the historical behavior of constrained transmission paths. Violations of
transmission lines between zones (inter-zonal lines) are severe while in the congestion zone
transmission constraints are small.

All transmission users who use the inter-zonal pay usage charges. These charges will be determined from
bids submitted voluntarily by market participants to decrease or increase (adjust) power generation.
Adjustment bids reflect a participant’s willingness to increase or decrease power generation at a specified
cost. An example of this approach is the case of California.

1.9.2 Transmission Rights:

These rights are used to guarantee an efficient use of transmission system capacity and to allocate
transmission capacity to users who value it the most. These rights are tradable rights referred to as the
right to use transmission capacity and represent a claim on the physical usage of the transmission system.
Moreover, these rights enable utilities to purchase existing transmission rights more cheaply than
expanding the system, thereby avoiding unneeded investments. Efficient usage of the transmission can be
improved by willingness to offer capacity reservations to those who value them more.

Another form of these rights is the concept of financial rights (some times called Fixed
Transmission Right), which is equivalent to the physical rights. This form is proposed because it is easier
for trading and less costly because the usage of a transmission system need not be tied to ownership



rights. A financial right is defined for two points on the transmission grid: injection and withdrawal
oints.
2.10 MANAGEMENT OF INTER-ZONAL/INTRAZONAL CONGESTION

Transmission network plays a major role in the open access restructured power market. It is
perceived that phase-shifters and tap transformers play vital preventive and corrective roles in congestion
management. These control devices help the 1SO mitigate congestion without re-dispatching generation
away from preferred schedules. In this market, transmission congestion problems could be handled more
easily when an inter-zonal/intra-zonal scheme is implemented.

Existing approaches to manage congestion are based on issuing orders by the ISO to various
parties to re-schedule their contracts, redispatch generators, cancel some of the contracts that will lead to
congestion, use various control devices, or shed loads. Other solutions are based on finding new contracts
that re-direct flows on congested lines. Phase shifters, tap transformers and FACTS devices may play an
important role in a restructured environment where line flows can be controlled to relieve congestion and
real power losses can be minimized.

1.10.1 Solution Procedure:

Once the 1SO receives preferred schedules from the PX, it performs contingency analysis by
identifying the worst contingency for modeling in the congestion management. To rank the severity of
different contingencies, the ISO may use a Performance Index (Pl) to list and rank different
contingencies. Pl is a scalar function of the network variables such as voltage magnitude, real and
reactive power flows. Pl has essentially two functions, namely, differentiation between critical and non-
critical outages, and prediction of relative severity of critical outages. There are available criteria in the
literature to decide how many cases on the contingency list ought to be chosen for additional studies. A
few critical contingencies at the top of the list will have the major impact on system security and should
be used by the ISO during congestion management.

Economically, these price-quantity values represent what each SC is willing to pay to or receive
from the ISO to remove congestion. Each schedule coordinator may trade transactions with others before
submitting preferred schedules to the ISO; these parties may trade power again when preferred schedules
are returned to them for revision. The preferred schedules submitted to the 1ISO by SC and PX are optimal
schedules determined by the market clearing price, and schedules submitted by schedule coordinators are
basically bilateral contracts that take into consideration the benefits of contracted parties. In this process,
adjustment bids (incremental and decremental) represent the economic reformation on which the 1SO will
base its decisions to relieve congestion. Adjustment bids include suggested deviations from preferred
loads and generation schedules provided by SCs. At each bus, ranges of power deviations along with
deviations in price are submitted to the 1SO. Incremental bids may be different from decremental bids for
adjusting the preferred schedule.

The ISO uses incremental/decremental (inc/dec) bids to relieve congestion. Since inter-zonal
congestion is more frequent than intrazonal congestion with system-wide effects, the ISO first solves
interzonal congestion while ignoring intra-zonal constraints. In the inter-zonal congestion management,
primary controls are zonal real power generation and loads at both ends of congested inter-zonal lines.
Instead of changing preferred schedules in these zones, the ISO starts by adjusting generations and loads
at buses directly connected or in proximity of these inter-zonal lines. If these controls do not accomplish
the task, it is perceived that other controls away from these lines will probably not be able to mitigate
inter-zonal congestion either. Then the ISO looks for other control devices (such as phase shifters, tap
transformers and FACT devices) close to inter-zonal lines, however, this option requires an AC-OPF
model for inter-zonal congestion management.

If no congestion is detected in any zone or on inter-zonal lines, then the submitted preferred
schedules are accepted as final real time schedules.

1.10.2 Formulation of Inter-Zonal Congestion Subproblem:



The objective of the inter-zonal subproblem is represented by a modified dc load flow for
adjusting preferred schedules, where the ISO minimizes the net cost of re-dispatch as determined by the "
SC’s submitted incremental/decremental price bids. In this case, the objective is equivalent to the net
power generation cost used in a conventional OPF.

For each deviation from the associated preferred schedule, a price function is provided, i.e.,
adjusting a generation (inc/dec) at a certain point may have a different price than that of other generators.
Also, adjusting a load (dec) may present a price different from that generation or other load. These prices
may represent a linear or nonlinear function of deviations, and price coefficients associated with
deviations from preferred schedules reflect the SCs desire to be economically compensated for any
increase or reduction in their preferred schedules. If a SC does not provide the ISO with inc/dec bids, the
ISO will use inc/dec bids of other SCs for congestion management, and the SC who did not submit
inc/dec bids would be automatically forced to pay congestion charges calculated according to other
inc/dec bids. The formulation of this subproblem is given as follows:

Objective
e Modified dc power flow to adjust preferred schedules
e Minimize the net cost of re-dispatch as determined by incremental/decremental price bids
e Objective is equivalent to the net power generation cost used in a conventional OPF
Control variables
e SC’s power generation in all congestion zones. For each generator a set of generation quantities
with associated adjustments for incremental/decremental bids are submitted by SCs
e SCs’ curtailable (adjustable) loads. For each load, a set of load quantities with associated
adjustments for deeremental .bids are submitted by SCs. These adjustments are implicit bids for
transmission across congested lines
Constraints
e Limits on control variables
e Nodal active power flow balance equations
e Inter-zonal line flow inequality constraints
e Market separation between SCs
1.10.3 Formulation of Intra-Zonal Congestion Subproblem: At each congested zone, the
ISO will use a modified AC-OPF to adjust preferred schedules. The main goal is to minimize the
absolute MW of re-dispatch by taking into account the net cost of redispatch as determined by the SC’s
submitted incremental/decremental price bids. This objective is equivalent to the MW security re-
dispatch with incremental and decremental cost-based MW weighting factors to ensure that less
expensive generators are incremented first and more expensive generators are decremented first during
the adjustment process. For loads, most expensive loads will be decremented first.

In each zone, congestion management is performed separately while inter-zonal constraints are
preserved. The formulation may assume that loads in each zone (at each bus) can contribute to the
congestion relief.any generator or load at any zonal bus is not involved in congestion management and
would not submit inc/dec bids, then its minimum and maximum limits are set to preferred schedule
values. The formulation of this subproblem is given as follows:

Objective
¢ Modified AC-OPF To adjust preferred schedules
¢ Minimizet he MW re -dispatch by taking into account the net cost of re-dispatch as determined by
the SC’s submitted incremental/decremental price bids

e The objective is equivalent to the MW security re-dispatch with incremental/decremental cost-
based weighting factors to ensure that less expensive generators are incremented first and more



expensive generators are decremented first during the adjustment process. For loads, the moste
xpensive ones will be decremented first.
Control variables
e SCs’ power generation in congested zones. For each generator a set of generation quantities with
associated adjustments for incremental/decremental bids are submitted by SCs
e SCs’ curtailable (adjustable) loads in the congested zone. For each load, a set of load quantities
with associated adjustments for decremental bids are submitted by SCs
Reactive power controls including:
Bus voltages
Reactive power injection
Phase shifters
4. Tap-transformers
Constraints
e Limits on control variables
Nodal active and reactive power flow balance equations
Intra-zonal MVA, MW, and MVAR line flow limits (inequality constraints)
Active power flow inequality constraints of inter-zonal lines connected to the congested zone
Voltage limits
Stability limits
Contingency imposed limits
Equality constraints represent the net injection of real and reactive power at each bus in the zone.
Inequality constraints reflect real power flows between buses, and stability and thermal limits define line
limits. If the MVA flow limit on lines is of interest, then the MV A in equality constraint is included.

The effect of phase-shifters and tap-transformers may be seen as injections of active power and
reactive power at two ends of a line between nodes where phase-shifters and tap transformers are
connected. Phase-shifters and tap-transformers could also be included in the formulation by modifying
the network admittance matrix.

During the intra-zonal congestion management inter-zonal line flows to the zone under study are
modeled as constant loads or generations (depending on the direction of flows in inter-zonal lines) buses
connected to inter-zonal lines. This modeling has two advantages:

(1) It disregards inter-zonal line constraints that should be added to intra zonal constraints, and
(2) It cancels interactions between inter-zonal and intra-zonal congestion subproblems while solving

the intra-zonal congestion subproblem. The schedules which will be adjusted in the intra-zonal
subproblems are the schedules obtained from the inter-zonal congestion subproblem.

In the intra-zonal congestion management the incremental cost coefficient of a generator at a
certain node in a zone is the same as the incremental bid price. The decremental cost coefficient of a
generator at a certain node in a zone is anti-symmetric with the decremental bid price with respect to the
average of decremental bids in that zone. This assumption is for economical consideration, where less
expensive generators would be incremented first to relieve congestion, and more expensive generators
would be decremented first when generation reduction is needed.

For example, if we have two generators with decremental price bids of $10/MWh for generator Ga and
$16/MWh for generator GB then the average decremental price bid is (10+16)/2=$13/MWh. The
decremental cost coefficients of these generators are $16/MWh for Ga( or 2x13- 10) and $10/MWh(or
2x13 - 16) for GB. The same argument is made for load reduction where more expensive loads in a zone
are adjusted (decremented) first, where load increment is not considered. For the case that we have more
than one provider at each bus or more than one demand, in other words, we have more than one SC at
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one bus, we would index different providers at different locations in each zone. For that reason, we set
three different indices in our formulation that would refer to SC, zone and bus.

Example 1.9

(a) Inter-zonal congestion management

Figure 1.23 shows a simple 2-bus, 2-zone system in a certain hour,
with two scheduling coordinators (SCs), where G,,, G,», refer to
gencration of SC, in zonc I(bus 1) and zonc 2 (bus 2), respectively, and
D, and D, ; refer to load of SC; in zone land zone 2, respectively. Also,
G3.1, Gz 2, refer to gencration of SC; in zonc 1 and zone 2, respectively,
and D2, and D2 refer to load of SC,; in zone 1 and zone 2, respectively.
The figure shows the preferred (initial) schedules of both SCs. Submitted
incremental and decremental bids are given next to cach gencration in
this figure. Incremental/deccremental bids of any SC represent its
implicit bids for congested paths.

Scheduled Flow = $00 MW
/
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.
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Figure 1.23 Preferred Schedules (before Congestion
Management) of Example 1.19

As shown from Figure 1.23, preferred schedules would result in a
100 MW violation on the inter-zonal line between zone 1 and zone 2.
SC, produces 500 MW in zone 1, where 100 MW goes to its demand in
this zone, and the rest (400 MW) crosses the inter-zonal line. Also, SC;
produces 400 MW in zone 1, where 100 MW goes to its demand in this
zone, and the rest (300 MW) crosses the inter-zonal line. For both SCs
the flow from 1 to 2 would be 700 MW.

SC, places an implicit bid of $10/MWh, and SC; places an implicit
bid of $30/MWh for the congested line between the two zones. Since the
bid of SC,; is higher than that of SC,, usage of the congested path will be
allocated to SC; first, then to SC,. That means scheduled flow of 300
MW of SC; will not be altered, while the scheduled flow of SC, will be
decreased until the line limit is not violated, i.e., scheduled flow of 400
MW for SC,; will be decreased to 300 MW to make the actual total flow
of both SCs equal to 600 MW. The solution after this step is shown in
Figure 1.24. To make the required decrecase in the inter-zonal path, G,,
reduces its output from 500 MW to 400 MW, and G, increases its
output from 0 MW to 100 MW. After this step, note that G, ; + G,; =
D, + Dz and Gy ; + G2 = D;,; + D . This is a separation of markets,
i.e. an increase (a decrease) in a certain SC’s portfolio is compensated by
a decrease (an increase) from the same SC.



Congestion charges:

SC, is the marginal user of the congested inter-zonal line. Therefore, SC,
sets the price of the congested line at $10/MWh. The congestion charges
for one hour are calculated as follows:

SC1 pays: 300 MWh x S10/MWh = 53,000
SC2 pays: 300 MWh x S10/MWh = $3.000
Total = $6,000

The ISO receives $6,000 congestion charges from both SCs and then
allocates the money to the transmission owner(s) and/or transmission
right holder(s) on the path.

(b) Intra-zonal congestion management:

Let’s assume that the 2-bus system shown in Figure 1.25 represents a
certain congestion zone, and the values shown in the figure represent the
schedules after the inter-zonal congestion management. We notice that
the intra-zonal line connecting buses 1 and 2 is congested.

Gy = 500 MW Gus =~ 0 MW
@ SIAWA Dy = 100 MW @ S20MWh Dz = 400 MW

Flow limit = 600 MW

Figure 1.25 Schedules inside a Zone before Intra-zonal Congestion
Management
The generator that has the highest decremental bid at bus 1 is G, so
this generator will be decremented first. Also, the generator that has the
lowest decremental bid at bus 2 is G,;3, so this generator will be
incremented first. We nced to decrecase the flow in the intra-zonal line by

100 MW, so G, ; is decreased by 100 MW and G, ; is increcased by 100
MW. The solution is shown in Figure 1.26.

Intra-zonal congestion settlement:

G;,; which belongs to SC; decreased its output by 100 MW.
Payment by SC,; to the ISO for G, is

100 MWh x $30/MWh = $3,000

G2 which belongs to SC, increased its output by 100 MW,
Payment by [SO to SC, for G,, is

100 MWh x $20/MWh = $2,000



G,,. = 300 MW Gj; =100 MW

@ SI0AWh t Dy, = 100 MW @ S2AWh t Dz o= 400 MW

Flow limut = 600 MW
Bus I > Bus 2 Zone

CS.j Actual Flow = 600 MW 41
Gae = 3OO MW Dy = 100 MW Gz ~O MW Dy = 300 MW

@ SIVMWh @ S6AMWh

Figure 1.26 Schedules inside a Zone after Intra-zonal Congestion
Management

Total balance of the ISO = 33,000 - $2.000 = 31.000 (The [50
has a net of $1,000). The balance (1,000} is located as a zonal
uplift to SCs according to their load in and exports frem the
Fuln ] [ =

SC, gets : $1.000 = 500 MW /900 MW= $555.56
SCygets : 1,000 = 400 MW / 900 MW= %444 44

2.1 INTRODUCTION:

The demand for electricity could vary significantly according to the time of day. Electricity
demand is generally higher during day-time hours, known as the peak period and lower during night-time
hours, known as the off-peak period.

2.2 ELECTRICITY PRICE VOLATILITY:

In the restructured electric power industry, it is common to read or hear expressions such as "the
volatility of electricity prices has been high during the period o f January and February % "the PX market
will create an environment with volatile pricing - very low at times of low demand, high at times of high
demand, and very high at times of high demand and limited supply ", "annualized volatility of on-peak
prices ", "annualized volatility of off-peak prices ’; "electricity markets are highly volatile", and similar
expressions which point out the volatility of electricity market. This section provides a detailed
explanation of volatility and its impact on electricity pricing. In addition, the section gives a brief
mathematical background on volatility, shows some examples and discusses the main motive forces for
causing volatility in electricity markets.

The fact that the cost of generating electricity is based mainly on the cost and the availability of
the fuel used in generation does not change by switching from regulated monopoly to open access
restructured markets. Utilities used to average their fluctuating hourly costs of electricity (which were
based on economic dispatch) and come up with a single cost-based rate, and users on the other side were
mandated to accept this rate. Some large customers were buying electricity on an hourly-based price. In a
restructured environment, hourly prices are expected to swing as they used to, with a main difference that
a competitor should be competing with a large number of other competitors. In this environment,
competitors bid into the market, not necessarily based on their costs but on anticipated price that takes
into account movements of other competitors, market situation and supply-demand condition. This
behavior would cause increased price volatility and motivates customers to take proper actions.

In order to reduce price volatility in the energy market, a trading system may allow customers to
sell electric energy back through the trading system in certain hours. In the following, we further discuss
the factors which could contribute to volatility in electricity markets.

2.2.1 Factors in Volatility:



Every electricity market is expected to have variable price patterns while proceeding from one
stage to the next. This .procession could be due to many factors such as entry of new players to the
market, destructive gaming, bidding behavior, and availability of generation units and transmission
components. As time passes, the market could correct itself to reach a final phase where prices would be
predictable to a large extent and adequate rules could be implemented in modeling the whole marketing
process.

During transient stages of restructuring in Britain, the electricity market experienced less price
volatility due to the existence of what is called vesting contracts, but market participants suffered
considerably from increasing uplift costs associated with ancillary services. As time passed, market rules
were modified to correct the market behavior and stabilize prices. The Nordic Power Exchange (Nord
Pool) has large price volatility because of its dependence on hydroelectric generation, which is in turn
dependent on weather conditions, whether it is dry or rainy.

Various factors resulting in volatility include:

e Load Uncertainty: The power generation required to meet the load is directly correlated with weather
conditions, which are sometimes unpredictable. Due to unexpected temperature changes, especially
from low to high, the actual load could be at times very different from the forecasted load. If the
weather forecast is uncertain, the load forecast could be uncertain.

e Fuel Prices: The fuel used by generating units to produce electricity is a volatile commodity with its
price depending on market conditions such as demand-supply convergence conditions, transportation,
storage expenses and other factors. Fossil fuel, hydro, nuclear and unconventional sources of energy
could be used in generating electricity, with different costs, which are reflected on electricity prices.
When marginal generating units use a certain type of fuel with fluctuating price, the electricity price
could fluctuate as well.

e Irregularity in Hydro-Electricity Production: In some regions, hydro-electricity is produced rather
inexpensively in certain times of the year due to the availability of water resources; in the remaining
times of the year, thermal units are used when water quantity is reduced, which could impact
electricity prices.

e Unplanned Outages: The imbalance between the supply and demand could cause large fluctuations in
prices: When supply is less than demand or when demand is changing rapidly, price spikes could arise
and when this is accompanied by a generation outage at peak hours, price spikes could be very high.

e Constrained Transmission (Congestion): When transmission capability is insufficient to withstand
scheduled flows, the price of electricity on the load side of a congested path could be increasingly
volatile and uncertain because smaller low-cost generation cannot be transmitted to loads during hours
when transmission congestion exists.

e Market Power: Exercising market power by electricity market participants could manipulate prices
and cause price volatility. In California, the PX monitors market operations, and trading rules would
be altered to prevent market manipulation when these practices could arise. Market participants may
use financial contracts to hedge price volatility risks. At the same time that the volatility in prices
could cause large losses, it could also cause large profits if predicted earlier.

e Market Participant: Market participants themselves may cause price volatility in one of two ways:
either by misrepresenting the actual amount of their loads or by performing gaming practices. In the
first type, participants either under-schedule or over-schedule their loads. Both cases would require a
response from the I1SO in the imbalance energy market. Under-scheduled load may significantly
change the price of energy in the imbalance market when reserves are inadequate.

2.2.2 Measuring Volatility:

Historical volatility is defined as the annualized standard deviation of percent changes in futures
prices over a specific period. It is an indication of past volatility in the marketplace. In historical
volatility, a financial variable’s volatility is directly estimated from recent historical data for the



variable’s value. Historical volatility gives an indication of how volatile the variable has been in the
recent past for which historical data is tracked. Implied volatility is a measurement of the market’s
expected price range of the underlying commodity futures based on market-traded options premiums3.
Implied volatility is a timely measure, which reflects the market’s perceptions today. Implied volatility
can be biased, especially if they are based upon options that are thinly traded.

We use standard deviation (o), which measures the uncertainty or dispersal of a random variable.
When a financial variable (random variable) such as electric energy price is described as highly volatile,
it means that it has a high standard deviation. In other words, standard deviation is a measure of the
volatility of a random variable such as spot price. Figure 7.2 illustrates how standard deviation would
measure the high volatility (Figure 7.2.a) and low volatility (Figure 7.2.b). Probability distribution
functions in both cases are given in Figures 7.2.c and 7.2.d.

As shown in Figure 7.2, standard deviation for a specific range of a random variable X is a
measure of the width of the probability distribution of the variable X. Standard deviation (i.e., square root
of variance) is a measure of risk. On the other hand, the variance (expected value of squared deviations
from the mean) is a measure of the dispersion of a probability distribution. As we all know,

Standard deviation =

& =y Expected vatue of [ X2 | - { Expected value af [ X J)°
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Volatility' = v = o /4t ; t=11252°
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&, Random variable with high velatility b Rordom variahle with low valaility
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o High stendard deviafion d. Low standard deviation

Figure 7.2 Volariligy-Standard Deviatton Relations

2.3 ELECTRICITY PRICE INDEXES:



To analyze price volatility, Dow Jones (D J) price indexes are used. Dow Jones publishes volume-
weighted price indexes for the following locations (as was available on January 13, 2001):

e California Oregon Border: The Dow Jones California Oregon Border (D J-COB) Electricity
Index is the weighted average price electric energy traded at the California-Oregon and Nevada-
Oregon Borders, quoted in dollars per megawatt hour. Volume is in megawatt hours.

e Palo Verde: The Dow Jones Palo Verde (DJ-PV) Electricity Index the weighted average price of
electric energy traded at Palo Verde and West Wing, Arizona, quoted in dollars per megawatt
hour. Volume is in megawatt hours.

e PJM Sellers’ Choice: The Dow Jones Pennsylvania-New Jersey- Maryland (DJ-PJM) Sellers’
Choice Electricity Index is the weighted average price of electric energy traded for delivery in the
Pennsylvania, New Jersey, Maryland market, quoted in dollars per megawatt hour. Volume is in
megawatt hours.

e PJM Western Hub: The Dow Jones Western Hub Electricity Index is the weighted average price
of electric energy traded at PJIM Western Hub quoted in dollars per megawatt hour. VVolume is in
megawatt hours.

e Mid-Columbia: The Dow Jones Mid-Columbia Electricity Index is the weighted average price of
electric energy traded for delivery at Mid-Columbia quoted in dollars per megawatt hour. Volume
is in megawatt hours.

e Four corners (4C): The Dow Jones Four Corners (DJ-4C) Electricity Index is the weighted
average price of electricity traded for delivery at Four Corners, Ship rock and San Juan, New
Mexico, quoted in dollars per megawatt hour. Volume is in megawatt hours.

e NP-15: The Dow Jones NP-15 Electricity Index is the weighted average price of electric energy
traded for delivery at NP- 15 quoted in dollars per megawatt hour. Volume in megawatt hours.

e SP-15: The Dow Jones SP-15 Electricity Index is the weighted average price of electricity traded
for delivery at SP-15 quoted in dollars per megawatt hour. Volume is in megawatt hours.

e Cinergy: The Dow Jones Cinergy Electricity Index is the weighted average price of electricity
traded into the Cinergy Control Area quoted in dollars per megawatt hour. VVolume is in megawatt
hours.

e Mead/Market P lace: The Dow Jones Mead/Market Place Electricity Index is average price of
electric energy traded for delivery at Mead, Market Place, McCullough and Eldorado quoted in
dollars per megawatt hour. VVolume is in megawatt hours.

DJ on-peak price index for COB may be compared with the on-peak PX day-ahead prices.
Likewise, DJ on-peak price index for the Palo Verde (PV) may be compared with the on-peak PX day-
ahead prices. Analyzing different trade operations, some specific factors are compared such as average
prices, volumes of trades and volatility. The analysis can give an indication of price stability during a
time period, trends in prices either declining or inclining and comparisons of volumes of trade between
different locations. For example, in California, a comparison could be made for volumes traded on PX,
COB and PV.

2.3.1 Basis Risk: The difference between the electricity spot price and the price of the nearest futures
contract for the electricity at any given time is called basis. Basis risk represents the uncertainty as to
whether the cash-futures spread will widen between the times a hedge position is implemented and
liquidated.

2.4 CHALLENGEST O ELECTRICITY PRICING:

2.4.1 Pricing Models: One of the major problems facing market participants, especially hedgers, in
restructured electricity markets in the U.S. is the problem of large errors caused by using unsophisticated
versions of the Black-Scholesl® model to price physical power options. This model was originally
derived as a pricing model to value European securities options and futures options. In addition to other
assumptions, this model assumes that the price volatility is constant and the price series is continuous.



Some alternatives to pricing physical power options have been proposed based on this model to take into
consideration the nature of electricity that is different from other commodities.

Some market participants insist on utilizing pricing models other than the Black-Scholes model. It
is claimed that using the Black-Scholes model to price electricity options would result in large errors due
to the assumptions that this model applies to electricity without taking into account the market’s special
circumstances. The Black-Scholes proposes the following price dynamics.

dF{f,T]

- = #dWth
Fle,T)
where,
Fie,T Price at time t for future delivery of power al time T
& Constant ¥Yolatility
dWit) Standard Brownian motion" falso known as Wiener
Process)

When this model is used to price the hourly or daily delivery of electric power, some problems could
arise. These problems are:

(1) Customer loads are following complex daily patterns and are sensitive to weather fluctuations which
implies high volatility: The classical Black-Scholes model assumes a constant volatility, does not take
into account the weather impact on volatility over the period of the option and does not discriminate
between on-peak and off-peak conditions.

(2) Electricity is a non-storable commodity: The short-term supply is largely affected by physical system
dynamics such as generation and transmission outages that would result in large price spikes. The Black-
Scholes model assumes smooth price changes under these circumstances.

(3) Generating units could be forced out in unplanned manner during peak-demand summer months.
Unplanned outages cause electricity prices to increase dramatically in the market due to the fact that more
expensive units will be needed to serve the load.

In a nutshell, any frame work to price physical power options should take some factors into
consideration. These factors include the physical nature of electricity, generation availability, dynamic
volatility, transmission limitations and changeable load.

2.4.2 Reliable Forward Curves:

A forward curve of electricity presents a set of forward prices for electricity, i.e. it determines a
set of current market prices for the sale of electricity at specified times in the future; the curve determines
the present value of electricity to be delivered in the future. For other commodities that have been traded
for a long time, forward curves are readily established, but for electricity in a restructured environment,
much of the appropriate market information is not yet available due to the short experience. The
challenge is to construct and use forward curves based on limited available data.

Forward curves in electricity markets work as bench mark or index of value. When the curve
shows higher future prices, current values of production facilities and purchase agreements will increase.
On the other hand, a decreasing forward curve means that the value of existing sales agreements and a
utility’s customer base are decreasing. In the next section, we will elaborate on forward curves.

Constructing forward curves should take the risk explicitly into account: incorporate estimates of
market uncertainty in ways that will be most useful for decision-making and integrate forward curves into
participants’ own analytical models. To build a forward curve for midterm prices, futures and options
prices should be analyzed coupled with the probabilistic system modeling. Even though the load growth
and fuel price shifts affect long-term electricity prices considerably, long-term electricity prices are
driven by performance improvements such as improvements in new generation technology. For long-
term prices, market data provide little guidance in constructing forward curves and building the curve is
mainly based on the probabilistic system modeling, asset investment and retirement analysis.



2.5 CONSTRUCTIONO F FORWARDP RICE CURVES:

2.5.1 Time Frame for Price Curves: Constructing a forward curve depends mainly on a time
frame, which may be for a few months (short-term), a few years (medium-term) or over several years
(long-term). In short-term, the price of electricity changes mainly with changes in weather conditions,
supply outages, and interregional power flows. In short-term, guidance is offered by historical spot price
data coupled with deterministic system modeling. Load growth, shifts in fuel price, and customer
response to retail price changes would determine medium-term price fluctuations.

2.5.2 Types of Forward Price Curves:

As was mentioned in the preceding section, one of the major challenges facing market
participants is the lack of reliable long-dated forward prices. In restructured power markets, suppliers are
competing to reach end-use customers with the lowest possible price that would guarantee profits.
Wining a customer’s contract is generally based on pricing strategies that would take into account
electricity market trends and the information on the true cost of serving customers. The forward price of
electricity is the key in pricing retail and wholesale electricity. Forward curves represent a good starting
criterion to price electricity and, if utilized with experience in knowing variations in customer
characteristics and supply/demands situations, they produce hedging strategies for different market
participants such as suppliers, marketers, independent power suppliers and others. In this section, we
highlight this topic which is very important in restructured electricity markets and the resources on this
topic are very rare.

@) Forward curves take on three behaviors: Backwardation, Contango, and a combination of the two.

e Backwardation: It. is a market situation in which futures prices are lower in each succeeding
delivery month. In other words, backwardation refers to markets where shorter-dated contracts are
traded at a higher price than that of longer-dated contracts. Backwardation is also called the inverted
market, and it is expressed by plotting the price variation with time as shown in Figure 7.8, where
electricity price curve slops downwards as time increases. Backwardation gives a forward/spot
market relationship in which the forward price is lower than the spot price. The cause of
backwardation in electricity markets is that it is necessary for forward prices to trend upward
towards the expected spot price in order to attract speculators (buyers) to enter into trades with
hedgers (sellers). The opposite of backwardation is contango.

Price [SWh]
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Figare 7.8 llusiration of Backwardarion (Tnvertaed Marker)

o Contango: Opposite to the case of backwardation, contango is a term often used to refer to
electricity markets where shorter-dated contracts traded at a lower price than longer-dated
contracts in futures markets. Whena market situation exists such that prices are higher in the
succeeding delivery months than in the nearest delivery month, we say contango exists. It is
expressed by plotting the prices of contracts against time, where electricity price curve slops
upwards as time increases as shown in Figure 7.9. contango gives a forward]spot market
relationship in which the forward price is greater than the spot price. Often, the forward price
exceeds the spot price by approximately the net cost to carry/finance the spot electricity or
security until the settlement date of the forward contract.



o Combination: Figure 7.10 shows a combination of the two previously mentioned behaviors of
forward curves. This is an example of a situation when the forward curve takes a backwardation
form in the short-term part of the curve and a combination of two in the long-term part of the
curve. The behavior of the curve depends on expectations regarding the supply/demand balance in
the market in addition to other seasonal factors that drive prices. In the following, we will discuss
the forecasting process for the short-term price of electricity.
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2.6 SHORT-TERM PRICE FORECASTING:

There are many physical factors that would impact short-term electricity price. In practice, it
would be impossible to include all these factors in price forecasting, because either the factors are
unknown or the related data are unavailable. The sensitivity analysis is a good way of selecting the
prominent factors in price forecasting. Given a factor, if the price is insensitive to this factor, we could
claim that the factor is not impacting the price and could be ignored with minute error in price
forecasting.

2.6.1 Factors Impacting Electricity Price:. An analysis of price movements presents a
conceptual understanding of how factors could affect the price. For simplicity, we only discuss variations
of spot price, or market clearing price (MCP) in this section.

After an auctioneer (ISO or PX) receives supply and demand bids, aggregates the supply bids into
a supply curve (S) and aggregates the demand bids into a demand curve (D). The intersection (S) and
represents the MCP, as is illustrated in Figure 7.11.

According to this figure, we would present the following discussions.

(1) Basic Analysis of Price Movements

e Case BI: S curve is shifted upward: MCP increases and quantity decreases.
Case B2: S curve is shifted downward: MCP decreases and quantity increases.
Case B3: D curve is shifted upward: MCP increases and quantity increases.
Case B4: D curve is shifted downward: MCP decreases and quantity decreases.
Case B5: S curve is shifted to the left: MCP increases and quantity decreases.
Case B6: S curve is shifted to the right: MCP decreases and quantity increases.
Case B7: D curve is shifted to left: MCP decreases and quantity decreases.
Case B8: D curve is shifted to right: MCP increases and quantity increases.
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(2) Actual Cases Pertaining To The Above Price Movements

Case Al: Supplier would decrease the price. This is case B2.

Case A2: Demand would increase the price. This is case B3.

Case A3: A generator would be force-outaged (or a bid is withdrawn). This is case B5.

Case A4: A new supplier would enter the market. This is case B6.

Case A5: A generator would be restored. This is case B6.

Case A6: A new demand would enter the market. This is case B8.

Case A7: Gas (or oil) price would decrease. Suppliers would then decrease their prices. So, it is
case B2.

Case A8: Gas (or oil) price would increase. Suppliers would then increase their price. So, it is
case B1.

It is vital to perform the above seemingly simple analysis, as it would exhibit the variation of price in
practical markets. For example, we would learn, from the above analysis, that the price of gas (or oil)
could affect MCP.

2.6.2 Forecasting Methods:

Simulation Method: Usually the analysis of price volatility is based on the probability
distribution for each of a series of key drivers. The users can determine the distribution of input
variables using historical data. For example providers could use a beta distribution, which
requires the estimation of the maximum, minimum and the most likely value of input variables.
To capture the effects of uncertainty, samples are drawn from the distribution of the input
variables using Monte Carlo methods and a scenario is created. For each scenario the tool is used
to simulate the market prices. Running a sufficient number of scenarios then produces a stable
distribution of long-term market prices.

Artificial Neural Network Method: The artificial neural network method has received more
attention in the field of forecasting because of its clear model, easy implementation and good
performance. The method was applied before to load forecasting in electric power systems. Here,
we use the MATLAB for training the artificial neural network in short-term price forecasting,
which provides a very powerful tool for analyzing factors that could impact electricity prices.

2.6.3 ANALYZING FORECASTING ERRORS:



Let ¥, be the actual value and If'_, the forecast value, Then, Percentage
Emror (PE) is defined as

PE =¥y =V, }/ ¥, wil0% (7.6)
and the Absolute Percentage Emmor (APE) is

APE = |PE| (7.7)

then, the Mean Absolute Percentage Ermor (MAPE) 15 given as
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MAPE is widely used to evaluate the performance of load forecasting. However in price,
forecasting, MAPE is not a reasonable criterion as it may lead to inaccurate representation. The problem
with this MAPE is that if the actual value is large and the forecasted value is small, then APE will be
close to 100%.1 n addition, if the actual value is small, APE could be very large if the difference between
actual and forecasted values is small. For instance, when the actual value is zero APE could reach infinity
if the forecast is not zero. So, there is a problem with using APE for price forecasting. It should be noted
that this problem does arise in load forecasting, since actual values are rather large, while price could be
very small or even zero.

Alternate Definition of MAPE: On e proposed alternative is as follows. First we define the average
value for a variable V:
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Then, we redefine PE, APE and MAPE as follows:

Percentage Emor (PE):
FE:(PI-Fﬂ)fomrﬁ-ﬁ (T.10)

Absolute Percentage Error (APE):

APE =|PE| (7.11)

Mean Absolute Percentage Ermor (MAPE):
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The point here is that we would use the average value as the basis to avoid the volatility problem.

2.6.4 Practical Data Study: In this section, we use artificial neural networks to study price
forecasting based on the practical data. We will study the impact of data pre-processing, quantities of
training vectors, quantities of impacting factors, and adaptive forecasting on price forecasting. We will
also compare the artificial neural network method with alternative methods. The new definition of MAPE
is illustrated with practical data and its advantages are discussed.
2.6.4.1 Impact of Data Pre-Processing:

The improvement in training MAPE is due to the disappearance of price spikes (excluded or
limited). Consequently, without price spikes, network training can find a more general mapping between
input and output. Thus, testing MAPE will also be improved.



Since price spikes are the indicative of abnormality in the system, we do not intend to delete them
from the training process. Hence, we adhere to the option of limiting the magnitude of spikes, rather than
eliminating them totally.
2.6.4.2 Impact of Training Vectors:

At first, by introducing more training vectors, we present a more diverse set of training samples,
which would result in a more general input-output mapping. Thus, the forecasting performance,
measured by the testing MAPE, would improve. However, as we keep increasing the number of training
vectors, the diversity of training samples would no longer expand and the additional training would not
improve the forecasting results. Thus, the forecasting performance would remain fiat. We should point
out that by further increasing the number of training vectors, the artificial neural network could be over
trained. In other words, the artificial neural network would have to adjust its weights to accommodate the
input-output mapping of a large number of training vectors that may not be similar to the testing data to a
large extent. Thus, the forecasting performance could get worse with further increasing the number of
training vectors.

2.6.4.3 Impact of Adaptive Forecasting: We can either use the fixed training weights or upgrade
the weights frequently and adaptively according to the test results. We refer to the latter case as our
adaptive forecasting method. Studying the profile of price curves, we would expect that the adaptive
modification of network weights would provide a better forecast.

2.7 CONCLUSIONS:

The demand for price transparency increased ever since the restructuring process began and the
number of participants and marketing operations increased. This is due to the need to enhance the
financial stability of electricity markets, which is in turn due to changes in strategies or approaches to buy
and sell electricity, which is completely different from the traditional methods under the regulated
monopoly. Add to that is mergers of new financial tools and entry of non-electricity participants in
electricity markets. All these facts motivated participants to demand efficient tools for price discovery in
order to hedge their risks and survive in a competitive market. In this chapter, we have reviewed some
basic concepts in electricity price forecasting, such as price calculation and price volatility. Because of its
importance, we also discussed the issue on factors impacting electricity price forecasting, including time
factors, load factors, historical price factor, etc. We used the artificial neural network method to study the
relationship between these factors and price. We proposed a more reasonable definition on MAPE to
avoid the demerits of traditional methods on measuring forecasting in the context of electricity price
forecasting. Practical data study showed that a good data pre-processing was helpful, i.e., using too many
training vectors or considering too many factors is not good for price forecasting. Practical data study
also showed adaptive forecasting could improve forecasting accuracy. We concluded that the artificial
neural network method is a good tool for price forecasting as compared to other methods in terms of
accuracy as well as convenience.
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