MODIFIED FAST DECOUPLE NEWTON-RAPHSON METHOD

FOR POWER SYSTEM LOAD FLOW ANALYSIS
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ABSTRACT

The development of load-flow solution method derived from the
basic Newton-Raphson algorithm is reviewed in this thesis with the Modi-
fied Fast Decouple Newton-Raphson as the best in terms of reliability
and computation speed. These,and storage requirement,are dependent
on programming techniques, and a versatile programme is developed by
using sparsity prgramming storage method and Linknet Structure method
glong with a compatible, Semi-optimal dynamically ordered matrig
elimination scﬂeme. The same identification vazctors are used to locate
elements of the admittance and Jacobian matrices of the Modified Fast
Decoéble Newton—-Raphson algorithm.

For applications where incore computer storage is at a premium,

a method is derived, which using a single Jacobian matrix for both real

and reactive power mismatch equations. This gives in reliability.
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NOTATION i
l:] - Matrix or Vector.
T .
] - Transpose of matrix or vector.
[ jl - Inverse Matrix
[a] ’ -  Constant Vector
[B] - Coefficient Matrix
[X] - Variable or Solution Vector
a 4 Element of Constant Vector
b = Element of Coefficient Matrix S
X - Element of Variable Vector
£ (x) - Function of Variable X
[J] -  Jacobian Matrix
= + - Nod
SK PK jQK Complex Nodal Power
= + - Complex Nodal Current
IK aK ij mp n
B, = IVKIZBK - Complex Nodal Voltage(polar co-ordinate)
EK =\eK + ij 3 Complex Nodal Voltage
(rectangular co-ordinate)
= + 3 - Branch Impedance
ka m Jka P
= + 4 - Branch Admittance
Ykm ka JBk
APK - Real Power Mismatch.
AQK - Reactive Power Mismatch.
6, =6 -6 -  Voltage Phase Angle Difference
km k m
N - Number of System Buses

-

M - Number of Voltage Controlled Buses



mwk
mek

sp

Slack Bus Index

A Bus m connected to k

as for mwk but includ m=k
Specified Value. (subscript)

Complex Conjugate.
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unut

n1sfnvIntmavaurevszuu Iwinadvlusnizun® (Static Operation)
RBNEIITONIMUATUIALDY voltage uar  power wavszuu1ﬁﬁhuadnﬂuiﬁtﬂau1w
ué:ﬂqqnﬁbwnﬂsﬂﬂﬁz1wﬂﬂ (Load Demand), power flow lusiuay uazszuusy
voltage fl busbar #vifs  component Avqiroagluszuuaas  Aviinas
1% Load-Flow method 6Lﬂﬁﬁ:ﬁ%:UU1Wﬁﬂnﬁﬁﬁtﬂaﬂﬂdvnuwuﬁvﬁ fia

1. fenisravumuvuzavssuu Twiinsas (Power System Planning)
suiownrannnsfindy  Transmission system flu  asfadn generation
unit Iny  waznisifulavev load Lduﬁﬁwavnﬂqﬁ

2. Lﬂaﬂﬂswﬁwﬂuua:nﬂﬁﬂ1Uﬂu (operation / control) #uiflawun
1013 LURsuLUavTATeRSINTeY  System, FiasIznuazAUAUN1S LUBBuLUaY loss
98y generation unit wn%s transmission circuit uazn1s USsunUavnay
A7WNBNA1S consumer load nasmiufusrfiuwey  voltage Tamnqsly  static
capacitor, transformer tap changing uag synchronous condensor

3. D UNLNIUN A LASEFATERS Ln T Ay (economic
operation) (flalediasiznsiauazailasrslunised iiue i Tanlnlaalgauagn
wazla¥uuszlomianluiwanfign saufunns5iasien  cost of generation pag

(anwevUSuanfinustife uwﬁ 2 {un1snanafiviBnisnay numerical
method filylun1s5insizw  load-flow solution Teunis¥ngUuuuzevaunislugy

wow Y o Iterative method, Z Iterative method gz Newton-Raphson

bus

method nAasiaun Load-Flow method Tasufiatsanosla tUSovuases 8oL USougay

unazs8 Inquaulf  convergence speed, computer storage, convergence



characteristic uasdnwasoay algorithm ﬁ15 w%buﬁbqawﬂu Power System
#azln computer Fimsqsw

unfl 3 uH58n13 Normal Newton-Raphson Method uaWeu1iny lny
Rasanavay becouple Relation 4fa%(av1znauniy Decouple Equation pq<suy
power system component ey transformer tap changing, phase shifting
transformer yaz components Suquﬂﬂaﬂsmﬁﬂsznautﬁénqs Modified Decouple
Equation 1®uiny nithi Modified Fast Decouple Newton-Raphson Method. -
TnonasmIn Jacobian Matrix ifhy Constant Matrix Mszneuinain  power sys-
tem component uar admittance matrix 31uﬁ3nﬂsiﬁtnﬂﬂﬂﬁﬂﬁq Lﬁu Sparsity ~
Programming, Triangulation Factorization uas Optimal Ordering Aazarumn-
m programming technique JUszBndnwn

il 4 uhSBnn9nny Network Topology 43un11 Linknet structure
Uﬁﬁtﬂsﬂzﬁuaxﬁautﬁuﬁhqa 43U network iflaan storage wev computer na5ly
Linknet Structure #y Triangulation Method,elimination ygs back substitu
tion uar modified back substitufion Lﬂaﬂ%ﬁﬂiv convergence speed Warn1suI
A1 load-flow solution 1ol single B-matrix method Tﬂuﬁ$1u191 B! uax
B"-matrix u1l7u matrix \AuaMiuaznn9ly integer vector program uhitmasuny
N1IMINUYON single B-matrix

undl 5 1T test system ua:nﬁstmﬁuuﬁéqaaﬁwﬁu computer WIau-
ﬁ%nawav computeriu appendix4 |funaway Normal Newton-~Raphson method g«

Gaussiedel method uar Source Program gy Modified Fast Decouple Newton-

Raphson method
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LOAD~-FLOW METHOD

B.o qwuﬁ
Load flow w%p Power flow methodkﬂuﬁﬁnﬂﬁﬁtﬂsﬂ:ﬁhﬂﬁwﬁvﬁuﬂavszqq

Tvn s tflelgavesue i uazaugunisayIten @ i inlanweanwasvans  n1s
%1As1tn Load-flow solution 1uaﬁﬂﬁdﬁunﬁ15 AC-Calculating board Aou-
1nfn15%Au1 Digital Computerunlodnlanafinituazsani§anin Solution way
Load-flow fias Bus voltage magnitude,bus voltage angle,buspower solution
uas Transmission power flow n25%y Digital computer 35imsnsvnavaaileBei?
A1y Numerical method &vfaauatiusiavivfou ifivude s Udvunas Lo 1 Uou
yovunazdd (Helninuasiy Load flow solution method

-

0.0 Sun¥nvaflld .

Eig= Vi[§_= e + jfi Nodal voltage at bus (i)
Ii = Node injected current at bus (i)

Si = Pi + jQi Net bus-power source
ASi = APi + jAQi Bus-power mismatch

AIi = Current mismatch

AEi = Correction to node voltage

Y =G + jB Node admittance matrix
Z =R+ jX Node impedance matrix
J = Jacobian matrix -

S = Slack bus index



2.3 Input Data for Load-flow Analysis

1., Network parameter and network modelling for power system,

2. Power and Reactive-Power ﬁnﬂq bus nabus 1ﬂqﬁ1ﬁﬁgeneration
1t Po-bus ( load bus )

3. wunuay Yoltage uar real power generate # PV-bus

4, au1n28y voltage uat angle ¥av Slack-bus

5. 9a9nfinvay Reactiye power generation,

6, Tap setting for on-load tap changing transformer

2.4 Load-Flow Output

1, Net real and reactiye power ﬁ slack-bus

2. Reactive power uar yoltgge angle uyy Py-bus

3. Voltage angle uaZ magnitude w98y PO-bus

4, Tap setting fox on-load tap changing tranfformer

5, Power flows in transmission lines

6. Reactive Powey Genexated and comsumed by system reactance

7, Transmission Losses

2.5 Basic analytical formulation of Load-Flow

1unﬂ$%Lﬂﬁﬂ:ﬁhunﬂsﬁ%ﬁﬁ§ﬂuwav Load-flow Wule38n13 Nodal:w.

(1), (2)

analysis uway Nodal admittance matrix equation fa

bus - YbusEbus (2.1)

Touf Ybus 1y square matrix, sparse and symmetrical matrix

ua:qz1ﬂﬁﬂﬁuuawaq Phase shifting w%g mutual coupling elements



s:uu1wﬁ1nﬁﬁﬁﬂad1uan1q:ﬁﬂnﬂswﬁvﬁuﬂnﬂ (static operating -

. . 3 - . ! . b >
condition) (> awnmunanadvlwih  nfen1wey voltage # Bus #vihu Bus Tulwi

nh¥vSvuvveanith 3 ufin

. . sp  sp sp
1. PQ-bus 1y Bus i1 net power nmualn fe Si = Pi + jQi thifie
sp sp $p
si = P, o+ 30 (2.2)
Sp sp sp sp *
= Pg m P, *30Q. -9 ) = EI (2.3)
1 1 il 1

2. pv-bus Ty Bus I Total active power(Pi) amunly  uasnmusulaYey

299 voltage ¢ Bus u1ln ihufle

Sp Sp Sp *
Pl -3 PG. - PL. = Re(EiIi) (2.4)
r il i
2 2. %
v - - . = A=, . .
2 (e + £) v, IEl] (2.5)

3. slack-Bus (swing bus) iffavenTuszuulefandy 157 luswasoflazs

A1 loss wavszul qumA Load-flow problem converge (Munou Taofl swing-
»

bus 1 voltage-~controled bus ﬁﬂ:mavwﬁﬂuﬁﬂwuﬁmwav voltage uar phase

28y voltage Tﬂuﬁqqiu phase 28y voltage ﬁﬁntﬁwﬁuﬂudévﬁﬂ #oiffu slack-bus

voltage angle %vithiphase reference wavsLuy

2.6 Bus Mismatch Equation

n19AYuaN Bus Power Mismatch wupfnasa®wad P waz o wewyng Bus
Sp sp - ) >y
wartUSouiflouu P waz @ Antwmunn aoufl Po-bus  azlaqn
sp * sp sp * %
= - = + 9 - Y..E 2.6
Asi S, E,I, P, 394 Eikéi kFx ( )

[}
annﬁhvm:mawﬂuﬂqsﬁ swnsnuonpantil 2 ®yfie Real power mismatch

Y oo an o s 1 2
Reactive power mismatch equation luamAuAiagzn mlsmatch( Vel )ﬂav-



PQ-bus uaz PVrbus

sp
fp; = Pép’Re [(ei+3fi) KBy (Gpp3Byy) (ek“Jfk’_]
= Pi -Vi kéi(Gikcoseik+Biksiqeik)Vk (2,7)
sp
oy =Q; -Iml(e,+3£,) B (G4, =3B, ) (e, ~if,)
sp .
=9 -V kéi (Giksineik-Bikcoseik)Vk (2.8)

* . . = o .
Tuumar iteration yavnasahulu azuinA APi way AQi tSsu tflsutumrn conver-

gence criterion duflunilyinafu 0.001 MW, MVar

2.7 Numerical Method for Load-Flow Study

Numerical method ﬁﬂuﬁiéﬁuﬁa Gauss method,Gausseidel methoég)
Newton method # 3 5% lu¥nvazNetwork matrix umnsaviusanlyl unf oMy -

1 -~
AUIAINYINY fa

(1) Y iterative method
bus

(2) 2 iterative method 4
bus

(3) Newton method

2,7.1 Y iteratiye method
—bus

Ybus iterative method (thi88n19a uau bus yoltage Taely

2),(4) .
relaxation method‘ Vol )ﬂﬁuquﬁﬁ current mismatch Aumny bus Taof A1i=
Aa, + jAb, il
i i
= - (2.9)
BTy = Tp = oE VB

ﬁaﬂﬂnﬁhﬂﬁuduﬁﬂ Voltage mismatch AEi = AIi/yiiaﬁn bus voltage equa-

tion fo

= - - Y (2.10)
= 5 E . ’ *
E, (Pl J9. )/E, é Yik K / .



IMNIUN15(2,9) uas (2,10) yoltage mismatch ﬂ busi AEi FWrI50-

auAule uaz AEk tutdovutaan busk Suﬁﬁﬂtﬁﬁﬁhgui fuffa  azlen

AE,

1

]

%* *
AL /vy, o= bs;y Ei¥i4

*
Ap, - 3A E .
( i b Qi)/ iYii (2.11)
o it :
M3 108uuutavyay bus voltage a:ﬂhaqﬁhﬂﬁstﬂﬁuuuﬂavwav E;
£ o - oq > \ .
founislaaunisiffiasaen Po-bus v In¥nvuzuey non-linear equation (fhy
linear-equation iwsqzith function ADN Ei ifoedh Lfun 1ﬁﬁhﬁu Ek L
nﬁ1ﬂﬁun11ﬁ%lﬂ1ﬁ:w PV~bus (Bus Voltage Magnitude amunnnn
-~ . L] - . . * (5)
ITADNAUIUNIAT Q. launasnmunaq A £ AE, =(Ap.-jAQ, '
Q; u Q, Tusunas ; =(@r.-3 Ql)/ElYll
”. 0 g o D ° = [
TMﬁﬂqlﬁuﬂuu LRSNIANIIAUIUNA E; uarnmumuuan voltage Intfulunudniwun
UALAUIUAD Q;
LdavﬂﬂnnﬁsLﬁHnﬂ solution éHuﬁn nﬂsU§bU1v convergence speed

Y . . [
w:1ﬂAcceleratlon Factor %14, ﬁﬂ Acceleration Factor ﬁﬁﬂ 1.0-1.6 nI5-

Usudyy  loaums(2.11)  lesed #a
A A* *
Ei = Q Si/EiYii (2.12)
@ = Acceleration Factor Tasfl 1 <a< 2

N13USuUgy speed wuuffazvtinnas iwmantney L5448y uen1quana-
Tuszuulwin i ®eflauau N bus ung  3%nq9nan AEk fl1%un Secondary-adjus-

tment methode)’(s)

2.7.2 Basic Step Calculation for Y-bus Method

Step 1. Assume Initial Bus Voltage,

Step 2, Re-evaluate Bus Voltage according .to. equation above



Step, 3.

Step 4

Step 5.

Test for Yoltage Convergence, If convergence not
achieved, accelerate bus-voltage and return to -
step 2 or else go to step 4

Calculate power mismatch, If these are not satis-
factory, reduce voltage toleéénce and return to

step 2 or else go to step 5

Calculate all required outputs.



START WITH INITIAL
VOLTAGE, BUSBAR, DATA

ITER =0

ITERATION COUNT

-—

P

ITER = ITER + 1

i
i=0

I
-

i=4i+1

SLACK Bus
- ——

CALCULATE Q@ FOR
=PV BUS

1

CALCULATE ALL
BUS VOLTAGE

BUSi FOR PV-BUS

YES ADJUST MAGNITUDE
VOLTAGE FOR PV-BUS
TO SPECIFIED VALUE

J

SOLUTION
CONVERGED?.

MAX, ITERATION

COMPLETE
SOLUTION

7 1 ueny Flow Chart wov Ypus Iteration Method.
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2.7.3 Computationgl Efficiency oﬁvaus Method

Ybus Iteratlive Method diﬂhﬁﬁﬂ Load Flow solution s1aazifu-
Gauss Method n3a Gaussiedel Method Amau ﬂﬁstﬁ%nﬂﬁﬂﬂﬁﬁauiﬂtwsﬂzaﬁuﬁu
Iterations ﬂawn1snﬁu1uﬁhﬂu57ﬂuﬂ1vﬁﬁaﬁudu bus lussuy  uarmn Initial-vVolk

/ age Mo ﬂjdﬁ 2udsznou b

No, of iterations

2. - .
iﬂﬁ Characteristics of Convergence for Ybus Method

aﬁn;ﬂﬁ 3. nsflndsennminiuse ¥, ye iterative method Taans
1#enA1 acceleration factor ﬁﬂﬁﬂtnuﬂ:ﬂuﬁQﬂ 1151 80n193% Successive over
Relaxation Method ifla’lnlnan Optimal Acceleration Value uaxr Update A-

-’\ﬁ/ ‘
voltage u iteration mald #o

-1

p-1
= + —
bus(acceleration) ~bus 0t(}i:f;us E )

bus

’ ] ]
Tnuﬁ o = Acceleration Factor Jarserny 1-2,



No. of iterations

,diverge
to convergence

7

Ng, of acceig%%%ggﬁvg%ggogf o

jﬂﬁ 3 Critical Acteleration Value for Load Flow problems.

9 B A .a ° [
WUIT A1 Acceleration Factor fidarinuizay  «unhinle load-
flow solution 528 énﬂﬂﬁﬂﬁuﬁuﬂﬁﬁﬁ load-flow daaﬂuﬂﬁaxtﬂuﬁﬁdqnﬁbv

> LA ) » 2l o ' a4 L) L2
7Y UALIUIU lterathnSd‘lﬂﬂ"IU’lu"D:‘.ﬂﬂ'lslﬂﬂI.ﬁFJ\‘lﬁU’Q’T\J’)u bus 'ZlE]\'JTﬁJUdYIﬁﬂ"ﬁ

A1AsI9n
2.7.4 2 ITterative Method.
~bus
2, s Method 1TuS8nsuntma Load Flow fnqlalagnsyindeou
Ypus iterative method @w1snifuusnnisfiuzulasel fa
\, 2,14
Ebus ZbusIbus ( )
(Z = Inversion of Y Ta1 iy Y—l )
bus bus bus

aﬁnanﬂ1$(2.l4)Lﬂa1ﬁﬁmuawav slack b&g)ﬁgﬁ%ﬁﬂuUﬂNUﬂﬂﬁﬂﬂﬂlﬁa

MIN1531A593nfA bus i 1nqlagreff

n
= (I.~Y, E. #m¥uan  i= 2,3,....,n (2.15)
By jéi Zij( j 7ij J) " = !
; g
T . 0= X, Z,.I, - m, g m.= constant (2.16)
Tufia B, s 5Ty N ;

aun1sf (2.16) (TuaunisTaol dusy Z, 4 Method F1W15aMIAN solution ladvas

193%uav Gauss method w%p Gaussiedel method 1n

11
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1, 2], (4)
ar, 1, L31FWITaREnENN1saRnu1 L Tudauvey

& M¥u PV-bus
Imaginary Part lafefl #e

n

*
Q = ~Im f} (Ei +m - jgi ZijIj) (2.17)
Z..
11

2.7.5 Basic Step Calculation for Z Method
— C —bus

Step 1. Assume initial bus-voltage,

Step 2, Re~evaluate bus-voltage(s) according to the -
equations above

Step 3, Test for voltage convergence. If not achieved,
return to step 2, or else go to step 4,

Step 4, Calculate power mismatchs, If these are not satig-—
factory reduce voltage tolerance and return to step
2. or else go to step 5.

Step 5. Calculate all required outputs.

2.7.6 Computation Efficiency of Method

Z%:)us

38n1s Zbus method @7u199m1f1 Load Flow solution 17159021

method Ldawaﬁﬂ Z matrix (fu inversion ANV Ybus matrix ﬁvlﬂu

bus bus

* . I . . ' ’
full matrix éanN&ﬁﬂﬂvnﬂsﬂﬂudunﬂn (mathematical coupling) 1oy  w28ly

n13 improve bus-voltage 1a n1m1 load-flow solutions sau58f19 itera-

. 2) . , . N
tionslun1entuau 8-202) iterations un e louszuveuningqfifahuan bus N9

-~ » -~
3xaavly computer starage guuINAaY

* Note Flow~chart wev 2 wvfau Y method
e bus bus
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2.7.7 Newton-Raphson Method

Newton-Raphson method tﬂuﬁﬁnﬂﬁnﬂﬁﬂﬂﬁmauwav non-linear egua-
tions F(x) =0 Tnu¥nykevaunisidy Jacobian matrix Tpefl Jacobian matrix
elements aglujvay Partial-derivative function}7)tﬂaﬁhtnaunﬁﬁhqvqwav
Taylor's series expansionfyaeniln non-linear equation (fiy linear equation

waz 1¥uusglugyu vov Jacobian matrix Equationladraff

F(X) = J(X)Ax (2.18)

( J(x)} = Jacobian Matrix Jik = afi/axk )
IMNAUNI5(2.18) naa1 Ax Tag Inversion %8 Triangulation flauas
update a1 x lu iteration laffife

P = xPTL AP (2.19)

Nnwur Jacobian Matrix (T square matrix $ elements afi/axi

T slope waviqumsvuey  function F(x) g 4

£ (x) tangential to f(x)= Bfi/axi

Ax ‘
Xp-—l

K,[

solution

\' 4

iﬂﬁ 4, upapy slope gy function = afi/axi
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Load Flow equation Lﬂaiﬁ%ﬁnﬁsNewton—Raphson method 3zAhuqU

real uar reactive power mismatch

n
sp .
P, =P, -~ \ ) +, , = .
A i i v, kgi Vk(Gikcoseik BiRSlnelk) 0 (2.20)
4
sp -
AQi =0y - v, kéi Vk(GikSIneik—Bikcoseik) = 0 (2.21)
Toud eik = ei-ek 1GH APi,AQi real uar reactive power mismatch

IINFUN15(2.18) ,{2.20)

1avfida

Taod

AP

AQ

) f
2
A

!
j 1

2.7.8 Basic Step

uaz € 2.21)  Fuulneylujteeviacobian Matrix .equation

L AV (2.22)

— -
= | 9p/36 vectors
= | 9p/0V vectors

& _QQ/Qéﬂ vectors

= FQQ/GV— vectors

Calculation for Newton-Raphson Method

Step 1.
Step 2.

Step 3.

Assume Initial Bus-Voltages.

Calculate Nodal Currents and PowerS.

Calculate Power(and voltage magnitude) mismatch.
If these are less than tolerance limit go to step

6, else go to step 4.



Step 4.

Step’ 5.

Step 6.

15

Calculate the elements of Jacobian Matrix.
Calculate voltage corrections and calcuildte new
bus voltage then go to step 2.

Calculate all required output.



READ IN NETWORK
AND TERMINAL DATA

I

FO TE VECTORS
NETWORK REPRESENTATION

i

ASSIGN INITIAL BUS
VOLTAGE VKZQK

]

N |

CALCULATE BUS

P P
POWER P AND QF

i

CALCULATE BUS POWEK
MISMATCH AP;,AQi

CONVERGED ?

ouUTPUT

SOLVE JACOBIAN EQR
FOR AOK,AVK

i

UPDATE VECTOR
P+l P P
ABK = AeK + OK

AV e AVE + v

J

quf 5 Flow Diagram of the Basic Newton-Raphson Load-Flow Method
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2.7.9 Computational Efficiency of Newton-Raphson Method

° 1] . -~ ]
38n1suov Newton-Raphson §u150a%uun1a solution leogivsia-

7)

o ¢ . 13 -~ Q -~ L]
157 danmuman Initial L€umuwavnﬂsﬂﬂu1u1natﬁuvﬂﬂmau( Tunne 1 fufu New-

ton-Raphson method 8193 diverge n%s converge niaanneufinle (gufu

£f(x)t

A

unit Axl

Rk\\‘~tangent

normal Axl

-

4

¥

P ———

[ SR T X R R R\ PP e

QP e o e = e -

\

"K\\\\ N 6
X X X
required solufion

4 -
U 6 umavAn initial value finanad8n1sNewton-Raphson Method

L} v B . » 1 o
angUt 6 umavadan Initial  dufiaalnaeinaautTusduwan dessvd
» ° » (%4 . o~ ° » L]
In x e Balduin  viln diverge o1 converge fiaz g mantmeudn  Hofunisnana

(2),(e)

tSununaufias1958n15uey Newton-Raphson Sufluuly ¥ me thod ahuau Ly

bus
nou  1-2 iterations
1ffovean Jacobian Matrix 1O Square Matrix ldaﬁlﬂ513ﬁ$zug
Tivinafvauinnggenly Computer. Storage §V uaz Computing time gumay Tunv
Uﬁﬂﬁtsﬁiﬁﬂmﬂuﬂﬁﬂav Sparsity Network uar Sparse Programing Order Elimination

tﬁaaﬂ Storage uar Computer Time Convergence Criteria Al Test System

flaAn 0.0l MW/Mvar



2.8 Comparison of Load Flow Solution Method.

[ -~ L4 I 4 -3 L] L4 .
ﬂﬁndnaﬁ1u1ua1ﬂﬂvﬁu wWwmunasunthma load-flow solutionsfl
-t L} 4 » ] I3 o~
nawifauiu  unardifuefive tfounnatviusanly  Fefuntstmaulaftazlasglas ands
v o Ay a a
fu  aznevalefivouinvevszuulwina s AT WITONaLTR I nuey Computer &
s2uflvn1s Programming ﬂdutﬁﬁaﬁﬁm nﬂsﬂaﬁsmqﬁﬂ:Lﬁan%STmﬁﬁndvunﬂmnﬁmavﬂﬁﬁv

fvinauarialufuszney e

(1) A detolaavnis l9minaahnay
¥ L]
(2) AW 15228 9N 1 TRIRR IR DY
® &~
(3).n79 LhudayR
.~ 3
(4) M3 TUsunsuaERaINY

(5) n1sUSudgvAtIRtneu

2,8,1 aaufetelavavnis i maaqranay

8113798V THaLey Solution s vsanL5a n3123%n15989 Newton-
Raphson 2z imuizyanflge  uathmafiesn initial voltage 3zsavdailnaifuvifuni-
wauunnﬁQn nﬁﬁuﬁﬂmﬂﬂﬁﬂﬁ Gaussiedel Method a%waunpu '1-2 iterations‘ua:
luﬂm:lﬁu1ﬁutﬂaﬂﬂﬁ1mﬂuaﬂ1v Physical System R/X Ratio AazwquWamn Jacobian
Matrix IMv-osen1s Elimination 1feiUSouifuui®nsvey Y nin 2 -

bus bus

N ~ ] (3 [] L] . “ . -~ ~
Matrix uadgeulaiuZounia LWIIEID Zbus Matrix 1fu Full Matrix aavlyiaan

Tunsauaugenan  wazazdtimauandu e lomussuul wiadgshuay bus uan

18
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2.8.2 anurimiiwevnimasanhasy

7270390 LI lun st Aguanfts i san 31z alnungy
fiu Running-Cost wev Computer ifenadn Load Flow Solution vsvizuulwiinhtie
fwunlng  dudnrtueh i Buflecnovlsv mowuey Iteration usy  48n15upy Newton-

Raphson Method 1ti7aweswau Iteration #and Afnas Ypus W8 Z  method

un Kegud 7
o
v d
7’
P
Solution /"‘*Zb Method
g ~bug —p—-
: 4 L d
time 1/ T e Y Method
i - ~bus ———
-~ ” .“ .
"““- ‘//’K
L Newton~Raphson Method
{ 3

-
No. of buses(size of system)

(1), (2), (3 .
;uﬂ 7 «Wouifluu Speed of Solution Time vovun eI ENuyuinyay

2.8,3 n7sifiunays

n13lY Computer Storage uﬂnnﬁnﬁbuﬁhﬂﬁndﬁyﬁhumzunv Network ~
equation uar sparsity techniques  &#'m3u network LINEWNIIUENNIIS AT IEN
vovuAaz3s  #vfl

Ypus Tterative Method fanwnznny Spaxsity Network geyan thifle

Y Matrix {] Zero-elements yan ﬁhﬁhiunﬁ1tﬁuﬁbua 37321y fluy Nonzero

‘bus

elements xﬁﬁﬁh ﬂvnﬁ1ﬁbomputer Speed ;51#&650

Z, s Method il inverse way Ypus Method  d¥nwnzyil Full-

« 2
matrix Computer Storagesfhimadumvmunuevaszuulmi (n®)  dhiltigmwmanlunas
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vweya idalamuszuufifuuaning '

Newton-Raphson Method tﬂaﬂaﬂsmﬂwawav Physical Property wav
FTUUFIISoNeUn Jacobian-matrix uay 16ﬁmauﬂﬁwav Sparsity programming %
ﬁquaﬂ Computer Storage avdn udﬂhiﬁkComputer Storage gyniﬂ Ybus 134 it H
ﬁzﬁbvlﬁuﬁbya Network Data uar Jacobian Matrix 4 deyeloped 37n Network
Data me

Storage y& 2

Require
eq akment p

Newton-Raphson

-

-y

bus

>
size of system

M 810Fvu vy Computexr Storage vavuAR A UIY9 T Ut oy

2.8.4 naslusunsuasaoveie

Y v oy i -
bus “® Zbus Method Tuvasranis Programming(Fortran-language)

B9una Zbus Matrix vz ity inversion ADN Ybus Matrix ﬁwwuﬂvtswﬁvaﬂuﬂﬁn -

modify Z s 1o ifaan Computer Storage udNewton—Raphson Method ﬁﬁdvuﬂn—

bu

un tdawuﬂaﬁﬂﬁéviﬁ%ﬁnﬂﬁ Order Eliminatiqg_ﬂquiunﬁs eliminate Jacobian Ma-

trix (fenim1 residual vector (AV) uwar (AB) «wavumar iteration.
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2.8.5 nasutudgeantney

' m¥u Load Flow solution wavizuulwiniiednavattylly on load
tap changing tranformer uay Q-limits wevy Generator ﬂvﬂnaTnquwﬁU Conver~

gence Speed ﬂv;daii‘vbus unz 2 szowan Tauenazoaluszunlhnhayd

PV-bus u'flm"\u'mu'm H’H‘i:‘l‘; Newton~Raphsop Method “ﬁﬂ.'l Load Flow Solu-

. ~ 8 []
- tion zlmmq1%59n99un

2.9 uvnaqd

awnﬁnéﬂqu1u551quﬂ‘ sthinnma Basic load-flow equation ﬂTﬁﬁB-
N19AN M wariBn1Tunthmauda s 1nun11;ﬂﬁuqtﬁuqibﬁﬁb1#uuaqudﬂ:73 W AU
77118 Newton-Raphson Method ﬂi%ﬁua:ib\iluﬂuqu1nn41ﬁa Yous W98 2 -
Tnuianazenudaffalmuey solution, Computing Speed of Solution War&NVNzZuBY

n13 v @ouldsunsy Jaly Sparsity Techniques,
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undl 3

Approximation Technique for Modified Fast Decouple Newton-Raphson Method.

3.1 unu

N3 UINLoad~flow Solution ﬂﬂuuﬁuad1vuw%na1uﬁaﬁ%n11ﬂavNewton~
o 8 [l
Raphson method AZn sfifemIan Tinney( Yz Hart Tan'ly Sparsity matrix

technique(g)

o luniataun Taueiuns e Uty wazun4 Joi U5uvyavunaz 8 Moy
sy Computer storage,Speed of Solution,convergence characteristic
uar Reliability of Solution évaqnnﬂ11ﬂ%uutﬁuuamﬁuﬂﬁw1v Physical System
o > o (10) [
n1In B-stott lpwausy Decouple equation MW-8 uar Mumar-V sanasu¥uius

. > . 1 .
28y Decouple equation |auiyaWmus Computer Algorlthm(1 )lﬁauUﬂ Decoupie-

; L o ’ . v >
equation panifudaszannMiiflaninn Load-flow Solution Tai5adu

Tuunflaz Ltunshaua3n159 0y Newton-Raphson method uag Decouple
) - . . ~ [ ] 1 .
equation method iflofv1suimausy Jacobian Matrix wazn1s iy imatianivqeeu

n15WUY Load-flow equation 18ulny TauasanflvBvrals tUfuuuas (fo cUSeu L Sundn

3.2 Basic Equation Newton-Raphson Method

Fun1528v Node equation ﬁad?u;ﬂ Node admittance matrix(l) fo

I, = mék YkmEm FTmTuynganuey k (3.1)
Toedl I, vunszuafl bus k wefuisrawasonaan complex power fl

bus k Tﬁﬁqﬁﬁa

S = Pk + ij = Eka

(3.2)

* *
Ek mék YkmEm
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Anaun1s ( 3.2) swsouanaeniy real equation uay real -

variable lujtev rectangular co-ordinates uar polar co-ordinates 1)+ (2)

Tnofl real powér wuaz reactive power ifuthidunvay voltage uar phase voltage

fia

Pk

P(v,0) n3o 2] © Ple,f)

k

% Q(v,9) n3a o Qe,f)

Tauf P, WAz O (Tt real bus power uar reactive bus power @vaz

ﬂﬁadﬁﬁvoltage uay phase voltage 1 bus ﬁhq A19MIAT P, uas Qk 9lu Appendix 1

k

' 3 . .
#offu 15w sanaAn real power mismatch wuar reactive power mis-

| ] o - » o
match TaoiUSouifisufiuaafl bus nawusunin wasflasnnasa unade

sp

APk = Pk - Pk . (3.3a)
sp

AQk S Qk (3.3b)

INFUNIS5 (3.3a) uar (3.3b) aﬂuﬂﬁﬂﬁﬂ§Uwavaunﬂs1ﬁéd1ujﬂwan -

(l) [4 (2) ’ (8)”

Jacobian matrix equation v  polar co-ordination way rectangu-

lar co-ordination la#vfl fie

Ap _ H N AB (3.4a)

AQ J L Av
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ua

AP S T Ae
AQ = U W . (3.4b)
sz EE FF At

Jacobian Matrix element gavaun1s (3.4a) uaz (3.4b) aglu Appen-
dix 1 feoly rectangular voltage co-ordination ¥pwaraunis (3.4b) azle
ahuanEm¥uyng bus unidu slack bus &an¥u voltage controlled bus arninmum
2Uu1aueNy voltage uﬂTﬁuﬁ real uar imaginary part 9av voltage fin e uar £ Az

LI | ° > o -~ -~ i
Tugaluntseune aznewn’munan t3uauuey voltagelnfio E = 1,0 + §0.0 p.u.

¥nwaiswey polar co-ordination w@unns( 3,4a) fQuulalun1Iaineuan
' J o g e
na1 flevaan real power mismatch equation TwAs0ATUINLAYN bus BN slack
bus luwnizfl reactive power mismatch equation Taat s msu non-voltage -

controlled bus

nFUA 5 (3.4a) Jacobian Matrix T%nwas it Sparsity matrix
uAwawnwnumerical value laifh symmetric matrix #wiuluniva’dy Jacobian
matrixfauani® (T Symmetric matrix Tﬂunﬂsﬁhiﬂwanaupqs1ﬁbd1ujﬂwav -
[bG,Av/j]T(lo)'(ll)ﬁVLﬁu variable voltage vector aznin Jacobian matrix

element (thi function @av (v,0)

n13U¥uUgv reactive power mismatch AQ lu Jacobian Matrix

. 0 q , . 11 »
equation launisnas V &AQ/V arvin iinnawsy lineax equatlon( ) Fudvle
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Tunsaiunulafinaaquns (3.4b) thufls  anaunas (3.4b) a2 lagn

- Sp _ oy,
AQk/Vk = (gk ‘Qk){Vk (3.5a)
Tuntuov ifiuafy  Ap/v ﬂuaﬁbuuﬂn(2{dava1nnﬁstﬂﬁuuuUavﬂav

F 4
Tusussunifunis L Ulsuwdavaay voltage

= (pSP _
Apk/vk L Pk)/Vk (3.5b)

3.3 Techniques which make Newton-Raphson method competitive in

load flow

szuuliant i Taeih i admittance matrix 1y Sparsity Matrix
luwar 1fuaffu Jacobian Matrix fitfly Sparsity Matrix  #otiumafafhuiunle ey
uﬁﬁmnﬁwav Newton-Raphson Method fis Sparsity Programming,Triangular -

Factorization uar Optimal Ordering

3.3.1 Sparsity Programming

TAs9a351vPav Computer Programming Tmuﬁhq1ﬂnﬂatﬁu§auaﬂav

matrix azifivaglujikey Double Subscript Array 1fele Sparsity Programming( 2)

ﬂ:tﬁuﬁﬁqaﬂav matrix 1u§U Single Subscript Array 1nafl Integer Vector

tTutuenatiumiveey row u matrix  wazazifudeyafily  ugud inafu (non-zero element)
Lﬂaqg.Sparsity Programming Lﬁuibqaﬂav Admittance Matrix

Azan storage sV computer av Taoly storage RN 6b+3n(%3£= branch of

system, n=v%u7u buswav system ) umonly Double Subscript Array iy -

storage = n?.
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3.3.2 Triangular factorization

naun 59 (3.4a) ®wnsowaAn A0 uar AV TauS@
Inversion matrix laumain®nwuzusy Jacobian matrix i sparsity
matrix fevtin1s Inversion Jacobian matrix evinifu  Full-matrix
ﬁ -~ . . 3 F A [}
indu azly computer storage wyanfusn Jatimafiu n MU ASNIAN
. ®), (9, 12)
(46, &) Sefloyly Triangulation factorization Tmwn1s eliminate

Jacobian matrix lau$8 row-operation uarly sparsity programming

1] L4
dIWAIWILRN  computer storage avdn

3.3.3 Optimal ordering

(8), (9

Tuvasd Triangulation Jacobian matrix <%uju non-
zero term avsoufuifu  upper triangle term uar diagonal term J:ifin
round-of f -error wuan iy Fznev tBannisnssnt row-operation Aazntindn
round-off error ﬁéuﬁqm it optimal ordering <8y row-operation

(14),(15)

wuveanifh 2 fumeu #a  pre-ordering’ war dynamic ordering (Sunin Semi-

optimal ordering ¢ Appendix 3

3.3.4 Starting effect

(7)
78n1susy  Newton Raphson method armevfl initial voltage
(16)

filA11na 1Moy solution iWsaza61An  initial voltage lifweazwaln diverge

n3s converge iamafAala nrsuntmaflaely Y4 lterative metnod

Aauamneu  1-2 iterations uaafivlu58n1swsw Newton Raphson method
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3.4 Decouple load flow equation

Tunaufio?inaa cudouudavaunneey  voltage Suaveusmanis iU
wew real power wasni3iulipuuday voltage phase angle fuausuuinfuns
vvuutaveay  reactive power sanaunisflusmvaruBiusuas P = P(V,0)

(17)
ws Q-= Q(V, 8) wwisminn AP usz AQ laef

aP P

AP - EE-AO + WV AV (3.6a)
h e 3Q
AQ 59 A8 + o AV (3.6b)

Naun13  (3.6a) uwazr  (3.6b) @wrIntBouithi  Decouple
(10),(18)
Equation o

ne
o
g

A? 5—6-A9 ' (3.7a)
aq X g%Av (3.7b)

LRUETLRET) (3-7a) uaz (3.7b) aﬁuﬂsntﬂuuadTugﬂmav

Jacobian matrix equation lad#efl

AP H 0 iC
- (3.8)
8Q o | L AV

) = 9Q
Toud H = TR W

nﬂ1dﬁuﬂ1vaunﬁsﬂ (3.8) flavsn  load flow equation 1thi non-

linear equation nn3udnllgmiweny  non-linear equation wavaunis (3.8) lnu



. 10),(11) _
nisnsniguuiddoy  voltage <:zlaan

[ AP/VJ [H/V:] [Ae] (3.92)
] - [

naun 51 (3.9a) uaz (3.9b) azumneviu (3.4a) favean

38n15uev  Decouple equation aewawey non-linear equation aviflavainnas
» a & > . [ - °
AlUAUTAYENY  voltage magnitude wWwmavwvzavaunis vwhIndatu Fefela idavhiun
. (19), (20) |

unflypmn  ill condition problem  ueananddnly  computer storage uaunqn
Normal Newton Raphson (favandanayay  Sub-matrix [Nj]ua: [J] v s
191 load flow solution ffvi$aninan waifdalas tasaens suulnnaaeid
transformer tap/ phase shifter uan a:ﬂﬂmnﬂL?avnﬂsLﬁﬁnﬁﬁﬂﬂﬁﬁauﬁﬁuﬁﬂua:
araanaudadtuaann tafeuuinluunay  iteration 2ANN1IAUSN [?/é] WAy lL/;]

At Louudavegmaen e 1Bu LAy Andunns (3.4a), (3.9a) uaz (3.9b) wwaIn

Woulnaglugia q Tulasn

Ap/ H/ eN/ A8

v v .
< (3.10)

AQ/V EJ/V L/y ' AV

Tnufl € = 0 Fast Decouple Newton Raphson method

1 Normal Newton Raphson method

m
L]

3.5 Modified Fast Decouple Newton Raphson method

f15 Modified Fast Decouple Newton Raphson method an#fy

r
AuguTfueae  physical system TeewsrouWaun  Jacobjan matrix lF/V] wag



29

L/y  Ineqlujvuay  constant matrix iWorszTumilunas  triangulation

uaz Elimination «7n Appendix 1 i31@1wr<omana P waz Q. laked

Pk - Vk mék Vm(Gkm cos ekm‘+ Bkm sin ekm) (3.11a)
Qk = Vk mgk vm(ka sin Bkm - Bkm cos ekm) (3.11b)
Tnut o, 775 <&
inaun13 (3.11a) uaz (3.11b) fpi41ly series expan-
sion d#miu  sin ekm uaz  cos 6 2z laan
sin 6 = 8 - 9?+ QF (3.12a)
6 5!" ........ BN TR AN . a
2 4

L . S 41

cos 0 1 2V RRENIAION . C o N i (3.12b)

ndnvazYeNannis (3.12a) uaz (3.12b) dakminey  power
series gu q fiv azlan sim 8 « 8 uaz cos 8 = 1 Tuffo t31@ w190 L uuauna 3

(3-11a) wuaz (3.11b) lujtwey  simplified matrix lafig

[P] = [A][e] ' (2.3.13a)
[Q] - [c][v] (3.13b)

Tnofl [PJ uaL '[Q] 1ty term wav real uwar reactive

power uas -

A T Ve mik Yo Bin
(3.14a)

Akm = -Vk Vm Bkm damiunn m # k
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-

transmission line q:n7in | fanazoy

voltage A

kk

km

modified decouple equation Lﬁaﬂﬁhﬂiv

matrix

Faffu wwsountesunis (3.13a) uazr (3.14a)

[A)0e]
An

~

ke

O

Py

fuaun1s (3.16) uaz (3.17)

Tugazfauns

- mék Bkm

. (3.14b)
= - B Fm¥uar m # k
arlussuuludinnded  transformer tap changing eglu

reactive power flow uazuUfuuguAtaav

Foifu aqnaunasf (3.14b) azlaan

L.t B
mek km “km (3.15)

- Bk @miuan m # k
m

p! ty, = tap ratio wev transformer floglu  line

RNEUN1S (3.14a) uazsuns (3.13a)  ituinauavevns

Jacobian matrix Aviflu constant

(3.14b) uaz (3.15) ffu constant matrix uan
Tasred
% [ﬁ] (3.16)
= - N
Bkm
= T B
mek km (3.17)
= O % ¢
= P .
k/Vk )

& . . . ~
s sazdu  Jacobian matrix 3¢ 1thi constant matrix [A]

goffu aansunns (3.9a) waz (3.9b)

an Jacobian matrix element [?/VJ was [}/Q] Taevt da

LTSN

30
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aansun1s (3.11la) Diagonal element wav [%/Q] fio

9P
k 2
B = 3, kT Pk Vi
. % 3.18)
¢« o = - .- B 3'1
Hhete/v,, v, " Pk
off~diagonal element %av [F/V] fio
BPk
Hkm = 56;' = Vk Vm(Gkm sin Okm - Bkm cos ekm)
em/ v, g Gy B e B YO R ) (3.19)
aqnaun1s (3.11b) Diagonal element @y [%/i] fia
k 3Vk Vk kk 'k
= &(- - B (3.20)
Lo, = 727 B :
k Vk

off-diagonal element %av [%/V] Ao

BQk
Mm T W T TG 510 P T By €08 O
Yo, = G S % T Pam €05 O (3.20)

wsazanifu 3 naunis (3.14a), (3.14b) waz (3.15) fv
(3.17) «w1savhwfaun Jacobian matrix [?/V] uaz {i/V] Initu constant

matrix Tagfsasanaunts (3.18) fiv (3.21) #vazlan  constant matrix fiusznau

11910 Network element wovszuulwiinhadv tufe
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(1) n v war vV garwiatfu 1.0 £0° per-unit

(2) W transmission line system (R/X ratio)<x 1  #wfu
Ciem << By A1 G faln

(3)  aelaaanaznmiviutnfyevszuu liviinh s voltage phase

angle ek = ek— 6 flanasuin  dufia cos(ek-e Y= 1.0 ua:sin(ek—e ) = 0.0
. & . 2
) . =
(&) dwlu Gk sin << B, Wazr  Q << Byy Vi

sfufe aange (1) v (4) dws0i8ou Jacobian matrix equation

aylugUuey  constant matrix w38 B-matrix ediife .

o] = [o]fi] .20
G o

oo [Bi]matrix uauzay imaginary part %89 admittance

matrix Y

Ykk = Gkk & jBkk Wy Ykm &= ka + jBkm

(Hovan inauaevauns (3.14a), (3.14b), (3.15) uaz (3.17) wlwun

flarsaaunis (3.22a) war (3.22b) navf’ns aHaue powér system component

fag iy transformer tap, shunt reactance ua:_phase shift transformer
(5) =naun1s (3.17) waz (3.22a) adanavey  reactive power

flow ‘lu shunt reactance uaz off nominal transformer tap uar 1line

resistance LASYEIINYUDY B matrix A9UsTnsuuien reactance 99N tran-—

mission line iy Yufie

@P/;J = [B'][Ae] (3.23a)
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1 - - o '
Taofl B 1/Xkm Fmium k £ m

. n

Bue = u2; MVE da k=1, 2,....,n

mutual reactance w89 transmission line

m

(6) =nauns (3.14b), (3.15) war (3.22b) iJofnuavev reactive
power flow %u transmission line uaz power system component asvhin

B -matrix Jsznsuuasan imaginary part «opy  admittance matrix gqgy

[AQ/VJ T [:B"][AV] (3.23b)

Tavd  B" - B TMuAl m # k
km km

"

n
4 e Wk = cuyn
Bk il < Py ARG P R o |

fufia  element «opy B"-matrix (fugquwew imaginary part
9y admittance matrix Ef]

AN P Sin N AR 61 R 15

foffu n1sfnen load flow solution fymavfianswinawey B' =B"-matrix
TN LNAHIVDITUAIS (3.14b) uar (3.17) (USwetfloudu  B' # B"-matrix -an
imguayevaunis (3.17)uaz (3.15)#uflovu1an  power system component lag
n1s1USuuiflou  characteristic of convergence, ‘wawew load flow solution/
maximum mismatch (4P, 2AQ) uwarmdqudefialauey  solution aqnfvmevnsal

idﬁ 9 uwsny Flow-chaxt- g4 w%uy Modified Fast Decouple Newton Raphson

method
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)
READ INPUT DATA
FORM ADMITTANCE

i

CALCULATE JACOBIAN
ELEMENTS

t

TRIANGULATE B', B"
SEPARATELY

CALCULATE BUS POWER
MISMATCH,

<~

P-Q

y

—QPQ?

e e YES
<Z_CONVERGED ? P
> o
\\ I
[ NO
A gt 2l
- MAX. e
~. _ ITERATION?
&
-
NO
Q-v

FORWARD REDUCTION AP/V

BACKSUBSTITUTION FORAS

[FORWARD REDUCTION AQ/V

[BACKSUBSTITUTION FORAS

UPDATE

E = v/8

|

U8 9 uwny Flow-chart weov Modified Fast Decouple Newton-Raphson Method
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3.6 wnagd

n19faun  Normal Newton Raphson ({fiy Fast Decouple Newton-
Raphson Tauntiufuuqumavey  Jacobian matrix  sangul 5 «ziiuan 18naa
Normal Newton Raphson Jatobian matrix element sz ifountawn q
iteration Avhnisntuaw tdatd!uUtﬂuuﬁh;Uﬁ 9 Jacobian matrix element
1dunnefinaon ianiuounantuae nrafaun Jacobian matrix niflu  censtant
matrix e fonusud®nay  physical system uaz decouple equation ysznpy
(¥¥9 3.5) n1sudutqe Algorithm amsugud 5 ua:idﬁ 9 1¥wavev solution
speed uunmvfuaenly ifevsan  Normal Newton Raphson  @nwur 1iteration
loop q:nd1u;dmav (8P, 4Q) co-ordination wilnuewew solution speed
7037 131297 nas ufuutavees Jacobian matrix element wavwumar iteration
wzviln (AP, AQ) co-ordination iuffuuwdavemomiiat  luwwsd Modified Fast
Decouple Newton-Raphson method 1 1iteration -loop ﬁAP, A8) uas

-

(4Q, AV) co-ordination n45iuwma golution wunsrnfulnosase (Extra-
(11)

iteration) waz 1 1USuu L fluutu Flow-chart w¢pvw B. Stott dufinnsniun

extra iteration loop #Huwsufiu Tusznanefeunamann AP/V uay AQ/v N3

Wann algorithm  zwasluntsifuulasvaivuey  computer program ‘1nviuns

nsnaakazduneuntsahuaaligesan
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Unﬂ 4

Improved Programming Technique.

4.1 unyh

\Hﬂ”ﬁktﬁﬂﬂ11ﬂﬁu1.Network Topology Znuﬂihmauﬂﬂuav node
uaz branch yevizuulwhnhsdnquee Linknet Structure iffoldam computer -
storage uazinjuU computer program 37n Double Subscript Ar;ay 1tht Single
Subscript Array n14lY Semi Optimal Ordering Tmuuunsanifu Pre-ordering
ust  Dynamic Ordering 1flalvlunts Eliminatioﬂ usz ‘Triangulation Jacobian
Matrix nasfmuILaRsUYulgeSpeed of Convergence lmuna9 update variables
uszniufnnas Back Substitutionuashasfirma B'-matrix usz B"-matrix in-
vt Single B~matrix lﬂaiiﬁﬁuﬂu real'ua: reactive power cquation tdﬂﬂﬂ
Computer Storage uaz 1y Convergence Speed

4.2 linknet Storage of Sparse Matrices

(22) ,(23)

Linknet Structure qniuuﬁﬂhu1a1n Network.Topology
TrueAunuamd® uazaauduNusyey node uaz branch 1y network nvuzeoy
Linknet Structure (unisnmunlnsvainwuey Network Infiu Computer Truin
Computer LﬁuﬁbqaﬂavNetwork Tujﬂuav One-dimensional vectors Tnuflumas
ahunuvuey vector srgnnimunleu node uar branch  uszTuwmifie ¥hulunas iy

iauavav Self wwr mutual admittance matrix iujﬂwav One-dimentional uwy

v tanzvayafifawandyieslas iasasntigmr vy wansand tedaotunaany -
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computer program wwm¥u Elimination matrix,Triangulation matrix uag
Back-substitution matrix Tau¥n matrices Lﬂﬁﬁﬁﬁﬁﬁdﬂu Computer Storage
Ruatula

npuIudfysy Network Topology uumar branch azyUsznsu
#78 branch end 2 9% (branch end number) thuialn ENDA wae ENDB 1fu branch

end number war BRANCH (flu branch number

ENDA 2 .BRANCH -1 (4.1)

]

ENDB = 2.BRANCH (4.2)

Tpufl .ENDA,ENDB yaz BRANCH {l integer number unqwn
FORTRAN PROGRAMMING a1naa nfufusuavaunts (4.1) §iuisonaan BRANCH la

fia

BRANCH = (ENDA + 1)/2 (4,3)

Ina R Seev (4.3)  1Tmuenfiyvatiuaubranch  fmesy
ffu node AW WA ladi I muarIs 1aad g ly network  azmaveylu

JUuavA G (4,1), (4.2)  uaz(4.3) 13141500 Network Pointer #3910

LIST(NODE) FAR(END)

;uﬁ 10- UWan §AYNS “NODE|-28Y NETWORK.. 4 82 END ANnATHINUS (442 0402)7, (4. 3)



BRANCH branch numbey)

LIST(NODE) ,NEXT(END)ua® FAR (END)4dvs1vA 1T branch end numberflauanlasin

uaz Network Pointer LIST(NODE) ,NEXT (END) ,FAR(END) uag

IMFnvnzuavilfl 10 sznmusdetwork Pointer fe
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A mMuMus (4,11, (4,21 uaz (4,3) branch Fannefidaagtiunode 199 iy computer

3

ffunay Computer # node 2

NODE LIST (NOCE)
1 1
2 P2 e =
3 8
4 4

¥ 11 usavn1atiufinode (2)

gl 11 wleinvuzaey al

4.2.1 Algorithm #wm¥y branches flWsayfiunode finvnode (fiua

naziﬂﬁtﬂa Network pointer NEXT(END) = O ¢ivqifl 11 (fusnwuzniawiviundanis

END NEXT (END) FAR (END)
1 3 2
R e 1
4
//
3 2£2¢1 0 4
V4
//
4 /7 6 1
n,l
5—e—7 4
’/
e A o e 2
I,,
75 0 ¥
8 0 2

gorithm 1a 2 duneu fe

Initialize END = L
set BRANCH =(
and END = N

4,2,2 Algorithm ghwn3u

IST(NODE)
END + 1) /2
EXT (END) ,until NEXT (END)= O

node fluq finangiiu node finhiiteity

Initialize END =
set NODE B = F
and END = N

LIST(NODE A)

AR (END)

EXT (END) ,until NEXT(END)= O
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« 3
Linknet Structure a:ﬁhitﬁﬁtﬁa Network data' gniuauialy uaz¥ngu
¥9Y bus admittance matrix 4w Tﬂﬂﬂxtﬁhﬁhqa Self admittance (funode data

uay mutual admittance (i branch data

4,3 Triangulation of Jacobain matrices for nodal elimination

4.3.1 Solution of general matrix equation

970 matrix equation [A] = [g][x] ————————— (4,4)
ﬂﬁﬂﬂuﬂﬂ?ﬁ (4.4)aﬁu1ﬁnnﬁdﬂ X Tnons Triangulated matrix B
usr A  uwamiinidback substitution Wonaan X Avifusinsunns (4.408outh

matrix (fulagef]
— v T [

1 1 1 L

aj by bPyge--- bin Xy

1 { 1 1

2 | T R Papreees By aaat s 11 (4.5)
4 - & 4 7

a, bnl bn2""' bnn *n _

U1 (4.5) Elimination X137AYALOW Uanan row usn (row

operation)
1 1 1 1
ul Pla Prpreese Bp *
2 2 2
AANNTs9 Bogreree By Xy | T (4.6)
¥ ' <2 2
an 0 bnzcv'tv bnn Xn
L. 5 _ JL N
Tauft a, = ai - bilai Nﬂw?ﬁ k=2, n
1
bll
pim = bim bilbi s k=2, n
1
b
11 =2, ¢ .40

. . >~
Quvtiuev tivafu e eliminate Koyrees X azlann
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1 Fgl 1 bl—_ ]
2 11 12ttt Pin | | %

2 2 2 |
%2 |7 Pagviee Pop || ¥5 |mmmmmmmm(4D)
an bn %

n nn n

nFuns (4,7) fwasanidr X 1pu5s back-substitution lagvyil

fia
n n
x = an/brm
! S\ VR (4.8)
_ e K k
x U Lo obeXal/ Py

9 Appendix 2 Usinau

ndnvuzYey Triangulation 98y network i1funqsanshuau rode

T network av  w1iMifn branch ndiAedu . Tufnwuzwey equiyalent network

fuguifn  #gud 12 1funs eliminate f node k

Actual network

mO— k

eliminate node k

S\
puil

jﬂﬁlz Elimination node k. %70 network’ §1R38viiM . equivalent
) network
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s 12 dowinas Elimination Node k  azniinan branch admittance fl

agagiu node m (Ufuwly fe

) = -
Py b~ PoxPrn’ Prk (4,9)

Tuane 1Huqiu a_ fidoudeqe #a

! - - .
al a (bmk/bkk) a (4.10)
wazA1 mutual term B #angszn71v node m MU node j az4ddund iy
b!. - - b, . 4.1
|2 bm] (bmk/bkk) bk] ( 1)
MNFUA15A(4.11) 9187 mutual term 5zma1v node m War node jftanfh

qud (luf transmission maey) wzniinifin.branch lmiduna fa

-{(b . b

B T gy e byno 12

3

31nn15 Modified Fast Decouple Newton—dehsoh Tasueun Jacobian -
Matrix (T B' uaz B'"matrix 4$187w013n  triangulate B! yar B"-matrix
Wavaduifion dwhn /v uar  o/v 1U8undnluaneluansd Triangulation
luudas iteration 2evn1satway B' waz B azaviaasninat demimana
back substitution nadq A8 wa¥ AV lunn9n® Forward Reduction APSY Qaz AQ/Y
azly row operation fli{l Semioptimal Ordering qzgn oxdeér lap integer -
vector warazminis back substitution may order fin“mun y Appendix 2 ia:

3 Ysznou



42

4.3.2 Linknet Structure #M%U admittance matrices Way Jacobian *

~Matrix (B! ,B")

-

Jacobian Matrixes B' war B"-matrix ﬁhﬁhiuuﬂnqn network
elements 2sv admittance matrix ﬂwﬁ\mﬁtmﬂwa:f{wa\m' warB'~matrix azgn
tﬁuad1u§1MQvupper triangular term u’y diagonal term Toust diagonal term
\fy node data uwaz off-diagonal term 41l branck data ﬁNﬁh Linknet Stru-
cture swsoflaz¥agteey B' uar B'-matrix "lr'fv;ﬁa\m'm Jacobian Matrixes 41y
Sparsity ¢avy admittance matrix n'ﬂﬁ Linknet Styngture 1ﬁmﬁuﬁ FWITOUNY
matrix fvswlaiaufia  uvw B',B" uar admittance matrix tiwiayqi

qqm’f’rﬁ'a 4,3,1 ,;ija Triangulated B' uwaz Bi';matrix i):'n"l'lﬁ
\fim off-diagonal term 1ﬂﬁ%ﬁ ﬁwlﬁuﬂ1$a;3v branch 1ﬂﬁ1u equiyalent network
fazvnnifn  branch end number (END) #ulnisn 2 dAx Rvfiaquan Muflszaav-
AfiuAn LIST pointers waw network ifu4enla  usinmugdn LISTP pointer wmiy
B'-matrix waz LISTQ pointer & m¥%u.B"-matrix Iml  Tpodl NEXT uaz FAR -

pointer infouify v 13
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(o) LIST -pointers 98V Original network 2u1m N
( a) LIST P -pointers ¥®v B'-matrix n¥v3nn Triangulation
UuInm N
(b)) LIST Q -pointers 98V B"-matrix w¥v31n Triangulation
2u1n N
NEXT (o) (a) ( b))
FAR (o) (a) (b))
Tnufl ( o) - pointer ¥eN original network
( a ) - pointer 9ev branch 1wy n&wsn triangulation B'
( b ) - pointer wav branch lwy n#v3an triangulation B"
L]
N - 3%u7u bus eV power system

jdﬂ 13 u@mv Linknet structure storage & WU admittance matrix, B' uar B"-

matrix luows furtuininas (iugeysas®miy computer
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aﬁniﬂﬁ 11 uazjuﬁ 13 NEXT uaz FAR pointer asfauinifh 2 inwav

LIST, LISTP uas LISTQ pointer thufa

Total Storage pointer @ n%u admittance, B' way B"-matrix {an

iy
LIST + LISTP + LISTQ + NEXT + FAR pointers
Total Storage for Computer = 3N + 6N + 6N = 15N (4.13)
o, N = 2huau Bus 289 Power System
1Je (USou (AuiuiBniseen Normal Newton-Raphson laufl Jacobian Matrix
2 » ] [ 4
flounn 4N azfdtagmun e lotussuvsunaing  usz (e ldnsuntimauwy Inver—

sion Matrix azmavifivgayatszunn 3N° #vild storage shumwwandniguiu  1dely
Linknet Structure walupyan Computer Storage avln LWSﬂxaﬁUﬂintﬁuﬁbqa
¥DY matrix ¥uEIu matrix w%éuqﬁu \Wovunly Linknet pointer iiuuanahunuy
vava1n1vqlu matrix lusunis (4.13) iy &nwazlasvdsveey program  vg-
nmuAniy NEXT(END)  pointer faaunisatuqu 93U 14 Tusnwazesy Flow -

diagram wev Linknet Structure #lulunasifiugeysvevszuulwidfounning
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1 14

READ BRANCH,

NODEA[NODEB

Y

ENDA = £ (BRANCH)
ENDB = g (BRANCH)

'

ADD ENDA TO THE TOP OF THE LIST FROM NODEA :

NEXT(ENDA) = LIST (NODEA)
LIST(NODEA)= ENDA

FAR(ENDA) = NODEB

ADD ENDB TO THE TOP OF THE LIST FROM NODEB:

NEXT(ENDB) = LIST (NODEB)
LIST (NODEB)= ENDB 3

FAR(ENDB) = NODEA

LINKNET STRUCTURE
IS COMPLETED

LINKNET STRUCTURE 114 (fum1upy Admittance matrix, B'-matrix

W8S B"-matrix

45



46

4.3.3 Row Ordering foxr Modified Fast Decouple Newton-Raphson Method

’ L) . » . .
usznivfintinas Triangulation Jacobian Matrix azfinasiufouudav
a1lu matrix Taunsifuauuuasaudfuivauntsfd (4.7) leisaly semi-optimal

14), (15 ot o
(14), (15) 21 unsanan nsuanazauindatnagn Trouoneeniihu 2 fu

ordering
fou fin dynamic ordering Lﬁatﬁan row fiffahuauguenesdunn eliminate nou
- e 1Ug0u fiuuiu Preordering #vifunasiBandusiuneundflazninas elimination
Jacobian asgqoan computer time av gAppendix 3 a1 Thinasuanvwnis Triang-
ulation wuay Algorithm Step #l¥lunis eliminated

lu Jacobian Matrix B' slack bus Tulaunun Triangulated
uwazlu B"-matrix 3¢ Triangulated iawnz non-voltage control bus e ian
19 Linknet Structure azifiu matrix Yivuawseuqiuity matrix (fen  deffunns

tﬂﬁuujdwav matrix Tunasaiuuazaevlyadelaas 131 5undadlfian Integer Vector

Tauln NSTATE $u Integer Vector tufie

NSTATE = O  node m%a bus gn eliminated

NSTATE = 1 node n3a bus qnﬁavﬁunﬁnnﬂﬁ eliminated

Taevly NSTATE «fusmmuqunas eliminated matrix Taulusulaan
azifl B' w¥e B"-matrix lu¥nwaztduflstuqu branch fignasieiulnglu B"uax B"
ATUBUANYIN emannas Triangulation Jacobian Matrix TR

29laiUSuuyey dynamic ordering Sneuwilvia Yaun1sdnaadiu For-
ward Reducetion way AP/V uaz AQ/V wsaufiuninis back substitution Taufiansun

91n Off-diagonal term ¥ev Jacobian Matrix wivain Trianguletion uan us

%o 13y 1USsusey Dynamic Ordering n5ln Forward Reduction uat Back Subst-
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k] . 2 o
itution LﬁutdaﬂLdavwﬂntﬂuﬁhﬁauTnuﬂsvﬁh N { N = 3%u7u bus 28y System )
un1dely Linknet pointer 97t o NEXT uae FAR pointer ninum working vec-

tor ( =) ﬂﬁﬂLﬁﬂﬁbaﬁuduﬁﬂuwnﬂqaﬁﬁaadﬁh node y%e bus Tnufl dimension =

] o .\ s ' .
=N szv2ulun19mn Dynamic Ordering ‘Inu 135715071 Dynamic Simulation -

. M .
technique ﬂ:ﬂdﬂﬂﬂﬁh Computer time uwar Computer storage

4.4 Modified Method for Residual Vector and Back-Substitution

anauef. 4.3.1 (flun1s Triangulation Taoitaqly lueefaz
n1$15ﬂmﬂnﬂﬁ Sparsity Techniques uaf Optimal Ordering Triangular Factor-
ization 728lun1s modified naaa residual vector [gP/V:]uaz [;Q/i] sy

A5 Back Substitution naaa (A9,AV) nFunsf (4.4) #s

[2] = [B][x] (4.14)

residual vector

ula [a]
[x]
[2]

naun13f(4.14) . Hanhans Triangulation [b] Tt 1Y row-operation

]

variable vector

matrix coefficient

method w4 [h]— matrix 1wy fo

B teevoos e
B11 12 Bis Bn
0 Byy  Byy seeceener By
0 0 B cesesesess B

33 3n
(4.15)

b |
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39 order matrix ﬁa:lﬁ{?]3x3 fo
B 12 B3
0 22 Bys .
0 Byy

Initial Vector Solution [x] [x X, X

o o7
3
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(4.16)

IMNTUNTT (4.14) Way (4.16)NWUﬁ$nnﬂﬁﬁ residual vector [A]Wﬁfvﬁ fio

(a)

fufle

(b)
fuda

uas

(c)

fufe

7 wn’o t—-P< = l-?’o

<
HNo N

> > o
W O

>
H W W

Al(xg,xg,xo)

0
X) + A /B

L (o /¢
A, (X1 /X, X.)

’

0
+ A2/522

0
2
0 1 0

X 7 By (X5 =X)) = Aj)/Bg,

A, (X2, X3 %)
Xg + A3/B33
X) - (323(x§ - X)) -29)/B,,
X2 = (B, (2 - x3) 4B, 5 (%3 xg ~AJ) /B,

210 (a), () waz (¢l x:'le Solution Vector ﬁiﬁhﬁuqu iteration

fio
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1 - Baedag]

ndinvazuey (a), (b) war (c) ey wnlaffussuu Power System Tnosuud
[B] fie Jacobian Matrix auns 3X3 matrix Jensnqs Triangulation uafl Resi-

dual Vector #a lAﬂ uarvector variable fia [AS] 2z lan

[ae] - [5] [ 6] (4.17)

MIMNI5A(4.17) ﬂﬁu1$ﬂﬂﬂﬁﬁ[A9] lagreiaa

(@) ) = p2P pl(eg,eg,eg)
fufie Ael = AP?/B11
uay 6% = 62 + Ael

R\ a0 w1 2\ CB- P, (81,05,69)
dufio A6, = (8P] =B A6.)/B
wag 6; = eg +A62

o7 = o +18,
@ A P = PP - e c02,07,00)
fufia 48, = (ae) - B, A0.)/B,,
86, = (68 ~ B, 00, - B, ,00,)/B,,

0
uas 6 = 93 +Ae3
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It

+ A62

08

Hw N
= O N O

+ Ael

Solution Vector[ej fio [éi,ez,eﬁjT

mszaziuaintd. 14) , (4.15) awren 1 9ouneyluguig lulasedse

0

A -7 Byy (nteseniiBy
0 3

A :
2 B,s :

a2 1E

n nn

0 k-1 k-2 k-n
Taudl A A X TS ) St - X ]
WAy % e Xoaﬁnﬁﬁ k-m< 0
m m
h i=m+j 3 '
j ~ 0 i-k .0
i N oL [k§m+1Bmk()ﬁ< Xk)
B
e

L9191 50 LUSBu L lsuaunn A (4.18) Auaunasi(4.8)  la

fiadgusanaan

50

(4.18)

Solution Vector [k] 171530717 1aun® Forward Reduction wev Residual Vector[A]

a2t (LUSou flesudu Appendix 2 A20)
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4.5 Solution Technique for Single B-Matrix Method

9MMn15WBMA  Jacobian matrix element iy constant matrix
Tnon15 approximation wawsy coupling elements i Decouple Equation P-©
uar Q-V ffiu initial voltage profile uarnisWaunfumui®niy physical eavszuu
Transmission system lujtwey Sinf uaz Cos® iflafiarswna R/X ratio ®ausoma

FUN15  real uar reactive power mismatch asnuqla 2 wun1s Feaunisf(3.21) fe

[ap/v] ; [3][a6] (4.19)
[2o/v] (2] [av] (4.19)

AnFUNIS (4.19) ¥nwnzuey B' war B'-matrix luwmfeutu  ideisn

1 Linknet Structure ¥mjikav matrix Inifu matrix ifvadu  luvaszdln computer
ivwayafitenl?r  wazideutwnlelunnsatuau Tavly Semi-optimal Ordering method
won matrix apnunifananis order wnq bus Tuszuu (Helzshuau Reactive power =
mismatch & m¥uynq bus vt non~voltage controlled bus uar Reactive power -
mismatch ﬁﬁﬁtﬁﬂﬁﬁﬂuﬁ.aﬁn§u Voltage Controlled bus ﬁhﬁhiunﬁsﬁﬂjﬂwaw B' uaz
B"-matrix luznsfiloatusu (et Single B-matrix %vaas order qﬁ'Pon—voltage
controlled bus nsu nas¥aduduilis1ly Dynamic Ordering groffuannaunisfi (4.19)

o e . . ~ & o
Fusnn U reactive power mismatch equation Taseil o
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1 1 1 1
(AQ{V)J. Bllun-e'--Bl,N__lel"ls!R'IBl’N_'l
o1 1 1
(BQ/V) BNy, 17 'BN—M,N-—M
1
B/ i1
y4 1 T
AQ/VN-‘]_ BN"‘l,l".'....""'..'."'!BN"J-'N"J-

Av

N-M+1

(4.20)




Taodl N

™u7uU Bus usruu power system

M

3huau Voltage Controlled bus,

Matrix equation(4,20) 1lnsqunawey  Slack bus

53

21naun15(4.20)  +denn1s Triangulation B-matrix uazn™ Forward reduction

[AQ/V:] azlaqn

.
1 1 1 1
. Non-voltage (AQ/V)l B11 "'Bl,N-M """"" Bl,N—l Ayl
ntrolled bus 1 y Y : .
N-M N-M
L (BO/VY BN-M, N-u . AVym
| N-M+l |
(AQ/V)N-M+1 f AVN—M+l
} : 0 ST :
: ey N-1 N-1 ;
(B/V)\_1 BN-1,N-1 A1
(4.21)

I nEUn17 (4.21) Sub-triangle matrix N-M L Thigug ayNDA Voltage -

controlled bus fldwisousnsanuila fo

[AQ/V] = [B“] [Av] amiu  N-M fufie
1 1 1
(d/v) | Bly rreermeeneenns BY e Av,
N-M N-M
B/ g PN-M, N-M AVy-n

(4.22),
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nSnwnzyevauni15(4.19) 89 (4.22)  swasanadr AV 1o indoutiu Aey

un11 (a1l voltage Controlled bus Ap=0 dﬂﬁaﬂ1ﬁ qun13(4,21) nadn
v T

VAT N
n-1
AV, = 1[ V). + L. B,.Av]:l
3 B (he/ )3 1§J+l jii
33
Wy AVN_l = . 0 = 0
N-1,N-1
N-1
\ = - '
AIN—M+1 1_3_____3__”______ [(AQ/V) N-M+1 jgN-M.;Z BN—M+1,iAVi]
N-M+1,N-M+1
= 0
N-1
AV
N-M = 1 N,
SR [‘AQ/ Vn-n 7 5Enewer Byem,i8Vs ]
N-M,N-M
= d 1 [([SQ/V) N_M:l
N-M,N-M
UKy
N-M N-1
vy 72 I:(AQ/ Via =ik By B 7 dwewa Bl,kAVk:‘
11 k“—"‘V’““—J . n
~N T
» Load Bus Generator Bus
N-M

1 (AQ/V) . A
L [; oy ik, By Vé]
11

nFUn1T(4.21)  uaz(4.22) azrinan [;i] ifauiuife voltage -

Controlled B us f#n [AQ/\a = 0
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4.6 unayy

n1sNAUIUSEMBA N 28y Load Flow Programming flelatu -
Digital Computer fii  asmavaiflvly Computer Storage uaz Computer Time
L H tﬁu%m-sﬁbmﬁﬁﬂ'm{wqﬁ'l‘z’fﬁu Modified Fast Decouple Newto;n-w‘R,aphson method
o1MuRuaulflaey Network Topology ﬁ4€un41 Linknet Structure 4ﬂadQUtﬁuﬂbgﬁ
299 Network data ,Jacobian Matrix Tﬁ%dQuéhumzﬂav Low array storage
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CASE STUDY NUMBER 4

MAXIMUM NUMBER OF ITERATIONS 50
POWER TOLERANCE 0.0060100
PRINT OUT INDICATOR 000000000
SYSTEM MVA BASE 100,00
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AAR138 BBEB cce DDBI38
® S
B halG <~ “— -
)AAA69 ?—r “?
ge T o F%%
- Y S—
__{ ; DDDBS |, _T@
222 I’F ¢ EEE
[ GGG
BT om
<] (O RATT I @ @tﬁ‘%g
©) T x4 ®
- J33138 T ’ - ’ " FrRI38



BUS -0 ATA

LOAD

CAP/REAC
MVAR

ANCE

SHUNTY
SUSCEPT

MAXIMUM
MVAR

GENERATION

MW

MVAR

voLTS

NAME TYPE

BUS

O00COOO0OOOO0000
jeielelelaleletelalolelelwla)
OOOOOODCO"‘QODD

O I O O]

DD DOOCDITODIODO00O

COODOOOOOD0000
O0D0O0OCO0ROOD0
ODOO0DOO0DC000

® 6 8 oo 0o e P e
[=l=l-tol-tatofalaTal ol Tt

jololel=olalelalelelele{s]e]
[ajalelelolalele/alnlelelele]
[=l=lalelelolelelolalslelals]
N AR O

[olalelalwlelelalatalalalal)
o oo
- —

CO2D02002DDVDD
DOOOOODLODOO00
teialalwisleloletalolele el ]
s ¢ P o0 O BRI ED S

felalelelelelalalalslel=lela]

S00TTODDO0D0000
[=lolelelolelolelelelelatels]
OCONOOOOOO00000
s o0 sssossesen s

POOVOD0IDOOOODO
Ll

[minlelelelelolalelelelalel=]
fajalelolelololalelololels ol
[wlelelelelolslelelslololoele]
Se 0o s eBe Ve e
OODOOOOODODOOD
o O O

~NON N

jelnlelololelolelelelelelole]
COO0DO0DODOCOO0
D00V DIVODOD
[ I N N AN A A B ]
ODOOOOOOU‘\V\DDV‘\U\

AN

CODOCOO0OCOO00O00
QCOOCDODORDOOOOOC
COOODODOO0O0OO0
“erovooeevaans
OO00COoOOOCOVWICO
0O O O O VNN
- - - -

[=lsl=lalaloTololalolel o Tt
DODOO0OONO WO
NOOONDIOMOMNDO
OOS000TORT00O
cessssveesasen
————— e O O D

~OOrrOrOrOrreO

@ e ©
MO N0 OO
QO O—0
o OO 3 DUNIUW XY
CLOOU S DONMWI O
AL QAO UM IDHSDUNWIO

NN NO PO D NP e
——re-r—

83



- 0D ATA

LI NE

LINE=RATED

RESISTANCE REACTANCE SUSCEPTANCE

NAME 8uUs NAME

BUS

DODOCOODTODOOT
[olalolelelelolelelelelele]=]
[e]wlololelolelalelnlelole =l
[wlalmlelalololeloelelelalela)
jalelatolalelelslolalotelole]
¢ s e P oo B0 0o s
OOCODDOOODOCODD
[l lalolelolnle oo o lola -]

DSOCOQUODODODD
OO 00000000000
DN A O AN M- P
WO 2O 2O-2 0NN
COOCOO00000COOD
R N N N

DODDIIDDIDDDODDD

DODODODDDODDODD

[olwlelwloleolnlelolalelelals]

[=laltelelotels o lolelelele o)

DONOCONDONONOO

NN NI O IO
..

P O O
(elelolatolalslelslale telele]

jalalolalolelelslelelelelelel
COOO00000000000

DOMODDOMIIODMOMDD
s e s ssncecesssa
[olelele/olelvle sl lelslelo]

[ 0
4] Lal
[od -

SIOMEOUWIBITINGOO
S ONL VUWDIOWI NOWY
SOMNLVOWOOWINUY

MO N O ORI N~

- e ————————

Om ) e o
IO O IO
OO Or-0
A LCLOODO U iL IO
A LOCOO R DX
AL LOOOD U A D X

e OIS NVYOP-00 O M
-~

84



DATA
RESISTANCE

TRANSFORMER

LINE~RATED

CODE

TAP

REARCTANCE

NAME

BUS

NAME

8Us

L0000
Lalalal gl
g
«<OoOu =y
< OW =
-« Oy

—IW-

OO0
0000
£ O~y
“<Ou
L -1 Y

~NTO0

sam,

85



-

NUMBER OF BUSSES
NUMBER OF LINES
NO OF TRANFORMERS

14
14

REAL POWER ERROR  REACTIVE POWER ERHOR

1P-Q AND

059627 T TTUTTUEDSS2? T T
-0.081 0,105
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S0 AO\K DY X0 Y\ o
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-0.081 AL D222 )
o TN ONINNY .
~03576 - -07623
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~0.386 T <0.007 o
0,476 n «0.319
§0~V ITERATION
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PR .0'0646.... —— PR 0'009_—.——. —— v mmw e ——
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0.005 -—- = ——-- 0,005 = =
-0.039 . _.=0,010___
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- 0.002_.,__.———_.' ——— .—_._0..012 [PURESUI S N -
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AFTER 2P-Q AND 20-V ITERATION

1 0.005 ~0,417

2 0.005 0.001

3 0.001 0.001

4 0.009 0.059

s 0.004 ~0.750 7

6 0.004 0.002

8 -0.008 -0.001 -

9 -0.013 vV =0.241
10 0,007 ' 0.002
1" 0.001 ~0.011

12 -0.,012 ~0,063

13 «0.012 e 0y 199 - —iees oo

A;#ER 3P-0 AND 03393 ITERATION Sree

1 0,001 ~0.415

2 0.001 0.000

3 0.000 T T gm00 -
L 0.003 0.062

5 0.000 -0.747 7

6 0.002 | T 0001
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10 0.000 0,000 —
1 . 0.000 AV STErtRONN o
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13 T =05001" . AR SRz | ~* AT

KiTer  4p-a ano 2920 ITERATION REy/
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2 0.000 _  _ ._.. 0,000
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5 e e Q3000 T e w0 PG e o
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7 P=b AND"

ITERATION
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~0,415
0.000
0,000
0.062
-0.745,,
0.000
0,000
=0.239
0.000
-0,011

~0.066
-0,200

0.000
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speed wav lAleaX uInnda ]AP[max Sunqn [AP/Q] uay [?Q/Y] az1fy function
wav[Q]ua:[V]ﬁﬂﬁu Tunuftiaan [AP/Y] edaalavnseiiu 6 (Transmission
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Appendix 1

Derivation of the Jacobian elements of Newton's Method. When bus

voltage represehted in Polar-Co~ordination.

The complex power equations are given as.

* * .
Pk +'ij ¢ Ek mék Ykm Em . (1)

From equation (1) divided in real and imaginary parts,

Pp = mgk Vka(ka cosekm + B sinakm) (2)
Q = 2 VkV (ka sinekm - B cosakm) (3)
where ekm = Bk - Bm'

Linear relationships are detained for small variations in the

variables 6 and V by forming the total differentials.

apk apk
= — A
APk _mgk 30 ABm + Ek 3V Vm
m m
= %
mE€k HkmA m + mEk NkmAv
3Q, 3Q
6 = g 36 _ 880 * mik 3V 8V
. m
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Note. APk is present for all buses except the slack bus.

AQk is present for non-voltage controlled buses only.

The values of the coefficients of the partial derivatives

which are the Jacobian elements, for off-diagonal terms are

P
L

H 56;- = VvV (G singy, - B €080y )
BPk

YT 5 T GOS0y * By sintyy)

J Pk

km = —a-—é—; = -Vka(kacosekm + BkmSinekm)
BQk

Lkm Y EV;' b Vk(kas;nekm I Bkmcosekm)

The diagonal element term.

o, )
By o= 3 =02 BV
5p P
K K
N . S L
5V K
Kk K 7, " ik
oQ
_ Ko 2
ek = L P~ CracVk
aQ Q
K k '
Lk = % = v - Bk
K A%

The elements areé -better calculated in rectangular co-or-

dinates to avoid slow sine and cosine functions. The diagonal terms

are the same but the off-diagonal (m # k) become.



km
km
km
where §m+jbm

of current
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amfk - bmek

(amek+ bmfk)/Vm

- (amek + bmfk)

(amfk - bmek)/vm

(ka + jBkm)(em + jfm) are the rectangular form

admittance X voltage



B. Derivation of the Jacobian elements when bus voltages are

represented in rectangular co-ordination.

The complex power equations are given as

% %
Pk + JQk = Ek mék Ykm ;m

™ £g) mék Gy ~ jBkm)(e.m - j%m)

and these are divided into real and imaginary parts

c
I

2B f ) > £

= (G e
k €k mek _mEk(kafm + Bkmeng
Q= f B Cnfn = Brafn) ~ %k ik Cenn T B

At a voltage controlled bus the voltage magnitude is

fixed but not the phase angle. Hence both ep and-fk vary each

jteration. It is necessary to provide another equation.

2 2 2
Vk = ek + fk

to be solved with the real power equation for these buses.

relationships are obtained for small variations in e and f, by

forming the total differentials.

3P BPk

k
APk - mek 3 Aem + mgk of Afm
m

L}

I Skt + ik Tkm

for all buses except slack bus
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2 ;%
AQk B mgk aem Aem + mek 3f Afm
m

= mgk UkmAem + mék wkmAfm

for all non-voltage controlled buses; and

) vy V.
aVE = e aeekege
k de, "%t oE,

= EEkAek + FFkAfk

for voltage control bus
The values of the partial differentials, which are the

Jacobian elements, are given by,

Skm =7 ~ ka = kaek + Bkmfk for m # k
Tkm = Ukm = kafk - Bkmek for m # k
S T A B Saeq Tt B S

e T % T Sk T Bk

Te = By 7 Bt G fy

Uge = 7 by = Bl + G fy

EEk = 2ek

FF, = 2f

k k
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Appendix 2

GAUSSTAN-ELIMINATION AND BACK-SUBSTITUTION

. r .
Consider the 3 d order matrix equation

1 jp——

Ay P11 B1g Bis %
7, RSN\N\I

A 1= Byp Bap Byg -] %
1 NG R1

Ay By1 B3g Bay X4

a) Eliminating the elements below the leading diagonal in

the first column results in

A
Z 61N & 21 .1
for row 2: BZZ = 322 = "'-i'— Blz
B
11
1
B
2 1 2 1
¢ B3 ST AN /
11
1
B
2 1 Bor
A2 = A2 - ;T-.A
11
1
B
2 1 31 .1
for row 3: B32 = B32 - Bl 312
11
1
B
2 1 31 .1
Bag = By - ) 313
11
1
B
2 . .1 B3y
Ay =y -3bag

ev]
b
H



b) Eliminating the elements below the leading diagonal

in the second column of the reduced matrix

B2
2 3 - 2 32 .2
for row 3: B33 B33 -——B2 }323
22
2
B
3 = 2 32 .2
Ay 13 21112
22

1 i~ |19\

Al B11 B2 B3 X
2 | 2 2

Ay 111 Byy Bys X,
3 3

A, e A

For solution vector is obtained by back-substituting for

Ve 3,03

2,2 2 2
Xy = Ay/Byy = (By3/By))X,

1,.1

Sl 1]
X = A/Bpy = (Br/BIX) = (Bia/B )X,

e

For use in power system load flow, we apply Gaussian-

Elimination to solve the Jacobian matrix equations.

Consider [APJ = LA] [AB?]
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T
Let the initial solution vector be [9] = [éi, 9;, 9;]

for a four bius system (node 4 is thé slack bus), then the residual

vector AP is given by

g

T

1 .1 .1
[API,APZ,APé]

1 _ sp ) G N

where, AP1 = P1 - Pl(el, 62, 63)
1 - Sp _ 1 1 1

AP, = B,P -P (8,8,,07)

1 _ sp/. Ta L Yoo I

ARy~ [= B0 S Bi(0];,6,, 85)

The matrix A is triangulated and the residual vector
reduced, using the column operations described in the first part of
this appendix

The increments of'—éj are then obtained by back substitution

RSy W2
88, = AP3/AL,
N Paa 2V %
1,1 1 1 1 1

The solution vector‘[e] is upgraded to

2 1

81 = 61 + Ael )
2 1

62 = 62 + AGZ

2

6, + A®

D
]
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Appendix 3

SEMI-OPTIMAL DYNAMIC ORDERING OF SYMMETRIC MATRIX B

Algorithm

1, Store diagonal terms of B as node data and off-diaponal
term as branch data

2. Initialize the iteration count 1 = 1

3. 1Initialize elements of vector NCONN equal to the number
of branches connecged to each node

4. Find the node k for which NCONNK is a minimum among
the uneliminated nodes |

5. If NCONNk = 0, all nodes except k have been eliminated

6. Eliminate node k from the equivalent network.

Step 1 Modify diagonal terms of B, of each node m adjacent to k

o\~
141 A e
B - N
mm mm Bi
Kk

set. NCONN = NCONN_ - 1
m m

Step 2 Modify the off-diagondl terms between each palr of nodes m
and j which are adjacent to node k

If a branch exists between nodes m and j then

Bi Bi
Bi+1 - Bi+1 - Bi. _ _mk” ki
m] jm mj Bi
kk



is created

redemand j

120

If no branch exists between nodes m and j, a new branch

i i

] B . 3

Blfl _ Bi..+1 - _ _mk BkJ
mj jm Bi
kk

NCONN must be updated for the addition of this branch to

(]

NCONN NCONN  + 1
m m

NCONNj NCONNj + 1

Record the order in which the nodes are eliminated by
setting
NORDERi = k

Increment the elimination count, i = 1 + 1 and return

to step: 4.
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Appendix 4




TANLE, Total storage requitemants for the admittance matrix and
suluh(pn of the Jacoblan matrix equations in the fast
dacoupled loadflow method, unlag the Linknet pointoers

‘n

Admittance

Matelx B [ Dimcngion.
Scelf admittance

G
of a node G, ph N
Mutual atnittance
of a branch Comb N
Pointer to first hranch .
end connacted to a node VST LIste LISTQ N
Location of next branch °

: NE

end connected to a node el 6N
Nades at far end of .
branches connccted FAR (1.

to a node

Jacobian matrix’
diagonal clements g DDU\G{P . RDIAGY g

Jacoblan matrix =
off-diagonal elements HOFDGP BOFDGQ o

Residual and
0 ———— .
solution vector PLLIp o

Number of branches
“ o —f—————ramiy.

connected to a node JICONN N
s Node pivotal sequence \ ’ NORDRP NORORQ N

Working vector indicating

noddes to be eliminared in NSTATE —f——s N

n* and 8"

Working vectors for NTAD

YTAD ~———— g

climination of nodes

is the qreatest mmber of off-diagonal terms expected during
triangulation of D' and B", in any one row
N - tha number of system nodes

Nn - the number of system branches
‘Total vector storage is JON + 2NMD + 20 % JAN for large systems,

allowing NB = 2N

where” a -,
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NUMBER OF BUSSES 9
NUMBER OF LINES 18
NO OF TRANFORMERS 0

BUS REAL POWER ERROR REACTIVE POWER ERROR

2 0,000 0,272
3 0.000 ~0,009
4 0.000 =0.,007
5 0.300 -0,002
6 0.000 0,000
7 0.000 =0.012
8 0.000 -0.008
AFTER  1PeQ ano~ 14%0 freratIon o JAk
2 0.034 0.006
3 0.004 0.000
4 0.003 0.000
5 0.000 0,066
6 0.000 0,00V
7 0.004 0,000
8 0,001 0,000
AFTER  2P-0 AND 03293 rreration Y
2 -0.002 0.00U
3 0.000 0.00U
4 0000 0.00V
5 0.000 0.068
6 0.000 0.000
7 0.000 0,000
8 0.000 0,000
arver  3poo ano 3920 rveration 75
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BUS

NAME
AAA138

AAAGY

po0138

oDD6Y

FFF138

FFF69

JJJ138

JJJ69

[:1:3:}

LINE OVER=LOAD SUMMARY

sus NAME L1Y] MVAR MVA
T S T R S s e e e am -—Jc-——.—o---—-----bu-
2 ARAGY 40.004 15,355 42.850
2 ARAGY 40.004 15,355 42,850
1 AAA1I3g -40.004 =10,359 41,323
1 AAA13g =40.004  =10,559 414323
3 ppb138 21721 6,039 224545
3 pop13a 21.721 6,039 224545
7 JJJ138 364556 8,641 37564
2 AAAGY 214721 5,543 224417
2 AAAGY =21¢721 54543 22,497
4 DDD&Y 21,721 SeShb 224418
4 DDD69 21.721 5S.544 22,418
iataiaddeiebe bt el D DL TR ROy S LU
3 obd138 =21.721 5,147 22,323
3 ppd138 =21,721 ~5.147 224323
S FFF138 2.130 2.183 3.050
S FFF138 24130 2.183 3.050
8 JJJ69 224291 4,068 224659
9  @8BB 164891 1.863 164993
D U N
4 DDD69 =2.130 -2.172 3.042
4 DDDGY 2,130 2,172 3.042
B JJ4i69 17130 1,212 17173
8 JJJ69 174130 -1,212 17,173
--.-‘----.-—-_------_------—-.---------~¢--—--p.-¢--
7 JiJ138 0.000 0.000 0.000
2 AAAGYG =364556 «7.265 37,277
6 FFF69 0,000 v,000 0,000
8 JJ4J69 64882 2.093 7.193
9 w8e8 29.675 5.176 30,123
e e e b L L Ty
4 0obeo =22,291 =3.812 22,615
S FFF138 “17.130 1,359 17,184
S FFF138  =17.130 1,359 17.184
7 139138 ~64882 1,991 7164
9 n8e 31,717 1.537 314754
9 BRB 31e717 1.537 314754
4 DOD6Y ~16.891 -1,403 16¢949

7 349138 294675 4,277 29.981
8 JJJb69 31717 -1,034 31.736
8 JJ4J69 31,717 ~1,U034 31.734
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7 JJJ138 53.553  =26,716 59.847

9 888 27.066 12,196 29.687

2 AAAGY 19.381 6,058 20,306

11 2 19.381 5,243 20,077

1 AAAt3g -19,381 ~5,243 20,077

S FFF138 9.888 ~13,434 164722

10 ccc 37.886 3,989 38,005

10 ccc 37.886 3,989 384095

4 DDD6Y 14,339 11,708 18,512
—emoeoe eRvenspovrenee

12 EEE 144336 5,068 15,204

3 ‘obbiss =164+339  =11,308 184261

3 0dD138 9,737 9.635 13,699

14 666 48.718 2.824 48.799

14 GGG 48.718 2.824 48,799

6 FFF69 12.302 9,234 15.382

12  EEE 12.300 8,961 15.218

S FFF138 =12.302 8,961 15.220
et T S s S U ST

1 AAA13S =51.319 28,929 58.911

13 HHH 6.884 22,664 23,495

8 JyJeo9 8.018 15,524 174472
-a--------------------o--—------'.n---o----on-.------

11 222 8.018 15,184 17.171

7 J3J138 =8.018  =15,185 : 17,172
s LTy C L S

1 AAA13g =264461  =146,572 30,208

10 cc¢ ~23.539 13,520 27.145

3 obD138 =36.906 ~5.151 374264

3 bo0138 -36.906  =5,151 370264

9 888 23.812  «14,699 27.984

2 AAAGY -18.008 4,262 18,505

8 JUJ69 64992  =14,623 164209
e et E e et . n e .- .. ———a oo

4 DDD6Y “13.514 4,730 144318

6 FFF69 “11.482 “B,637 14:348

7 JJ4138 64476  =25,567 264374

14 GGG 43,525 20,524 43.121

S FFF133 -47.173 2,426 474235

5 FFF138 47,173 2,426 47,235

13 HHH 460366,  =20,146 48,708
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