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Abstract

The paper presents a comprehensive study for the different
digitml load flow techniques. Through numericmsl avplication on
16-bus power system, a comnarison between the different methods
regarding the computer time taken to obtain the problem final
solution, the number of iterations, the core requirement, and
the time per iteration.
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List of Symbols

A. Complex gquantities at bus P

[*]
= f .

Ep = Ep D ep + J b Nodal voltage
i Nodal injJected current.
Sp = Pp + J Qp Net nodal injected nower,

3 = J Power miamatch .

p Pp 7 9%
Ip Current mismatch .
Ep = Ep 9P Correction to nodal vnltage.
B. Matrices ;

Y=G+ JB ' Nodal admittance matrix .
2 Nodal impedance matrix ,
J Jacobian matrix .

C. General

n Mumber of buses in system .

qu Reactance of branch between
buses p & q .

8 ' Slack bus index .

Introduction :

Load flow { or power flow ) is the solution for the satatiec

operating condition of an electric-nower transmission system,
and is the most frequently performed of roution digital-comnuter
power network calculations,
Over the last 26 years an enormous amount of effort has been
expended in research and develoopment on the numerical calculation
process. The aim is to oresent the underlying princionlee and
techniques of the popularly eccepted approcaches, those more recent
methods that seem to offer particular oromise, and a selection
of other methods thaet contaln idems of practical or theoretical
interest 1
Adopted Methods for Load-Flow Studies :
1. Gauss-Seidel Method Using YBUS 4 , 8

The ¥ ~ matrix iPerative methods of load-flow calculation are
based on the ilterative solution of the linear equation (1) :

I = Y

.
.

E 1)

Busg Bus Bus
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fgsuming values for the voltages at diflerent Lises except the
slack bus, fthen, currents are celculsted from the busg loading

eguation as P ~J =
T — p 33 —_ 1 ?
I, = = P =1, 2y teiveyn (2)
s o
P P ¥£ 8

Selecting the ground as the reference bus, & set of n~l1 simulteneous
gequations can ve written in the form

; n
E = = I - ‘J.’ .:: =1 R
D ?;; ( o 2 pg ~q ) P y 2y y T (3)
: g= p?!S
q#p
From (1)(3): R .
S U Sl z?; v (4)
P :po : ¥ pq 9
& p q:
P#q P =1y 2y cossyn
p ¥ s

It is noted that, the admittance natrix iterstive methods
converge clowly, because of the lems: rathemstical coupling
wetween the buses at each iterciion cvcle.

“cceleration techniques are invariably used in practice <o
speed up the convergence. . Zixed empirically determined
acceleration factor o ( 1 <<f¥ < 2) is applied to each voltage
change reevaluation thus :

. ~HE I -
Ju 0( ../p / Ldp pp (/ )

2. Gause-Seidel lethod Using Z. {1, 7, 4} :
“otween the Ye-rmeirix
thrt in the letter,

The major difference in vrilciple
iterative methiods 2nd the T-matrizx methods

{n

the linesr e~vation(l) is solved directlr Tn- ;1mc in terms of
Ig,e using the inverse of 7. as .
- L T
Bug T TThag Tlus
=7 - (5)

“"3usg ~us
The bus current T _(R#s) Is evalucted from

T = (Psi’ - o) /=® (7)

P ¥ '

where !

Qp = ¢slculated values of resctive power for a PV-pode {equivalent
to setting ézQp = 0 )

The bus voltages are reeveluated by the iterative application of
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-1 n

~k+1 E{; - ~k+1 ; k

f;p = ES + apq ..Lq + zj "o Iq
4= qQFp

q#s Q=1,25e00ey I
where :
ok+1 _ 1:q - Qg
(Ek+1}n

q

3. dewton-taphson Iethod Using Yo - in Rectangular Coordinetes [4]

“he load flow problem can be solved by the Newton-Raphson
method using & set of nonlinear equations t¢o express the specified
real and reective powerz in terms of bus voltages .
Substituting from the network performance eguation (1) for I

. i p

~n (2; n
P -G = EX v 5 (8)
I P e P9 Q

since G=
2 =e_ + o 7F

T
an "pa T Vpg T Y pe

equetion (8) becomes :

Py~ day = ey = J 1) i (-’.qu - J qu)(e{1 +J 2

Separating the real and i;aginary parsvs

Pp = :g; ep(eq qu + fq qu) + fp (fq qu - 2 qu)
q=

n

Q f +F 3 - 5 - B

p Z p{®q Spo * Tg 3pg) = &%y Spo ~ eq Bpg)
q:

Vewton-Raphson method requires thet = get of linear egustions

(9]

be formed expressing fthe relstionsnip between tne chenges in
real 2nd reactive powvers =nd the conpecnrents of bus voltages as

PNE: (‘1'__02‘\ Ae
= ()

A9 ~ S Jld AT

Equation {9) can be solved forzg_ep and A f

follows
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To reduce the computation time and to increase the rate of the
convergence, a multiplication factor "X\ for the J=-matrix cen be
introduced ( {( 1).

So -
NP Jq 52 Ne
) - -~
VANEY J5 9y _Ar

4, Newton-Raphsgson i'ethod Using YBus in Polar Coordinates [2,5]

The power flow of the general n-node power system can also
be described by a set of n-sinultaneous complex equation(8),
If the voltage vector Ep at ncae p *2 expressed in polar form as:
-Je
P

s« |5 ] e
Then equation {(£) is reduced to a set of 2n real simultaneous
equations ¢

It
= | B E G e_-6 -
= | | Z [ 5] (6,q cos (8,-6 ) + 3, stn(e-6))  (11)
q:
pil
= 3 G 1 e_-8 - L e_~-
Qp IEp( I g (Jpq sin ( » q) Loq cos( . Gq)) (12)
Q"-".

The elemen*s of the Jacobian are cazlculeted from equations(1i&l2).
The equetions relating changes in poer to changes in voltage
magnltudes and nhase angles for the MN-R method is :

T, 7 ’ A o

Alzl

(13)

AP
AQ J

3 “3

Zquation (13) can be solved for ‘C;QP and | E|

In general, for a small change in the magnitude of bus
voltage the real power at the dbus does mot changes appreciably,
Likewlise, for a small change in the phase angle of the bus voltage
the reactive power does not change apprecisdly,.

Therefore, using pol=r coordinates, a =zolution for the load flow
problem can be obtsin assuming the eleme~ts of the submatrices
J2 and J3 to be zero,
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S0y the simplified matrix equation 1is [4] :

S i A
= . (14)
\o ] 34 Al el

5. Decoupled lethods (8] :

An inherent characteristic of any practical electric-power
trenswission system cperating in the steady stete is the strong
interdependance between msctive powers ancd voliage magnitudes,
Correspondingly, the coupling between "P-8" and "Q- |E[ "
components of the problem is relatively weak. In the load-flow
protlem, recent tends fowards this objective by decoupling
(solving separeted) the P=68 and G | EI problems are ¢

S.1: “he Fast Decoupled Load-Plow lethod Uging YBus in Polar
Coordinates ET( 8 ]

The first step in applying the P-0 & Q= |E[ decoupling
principle is to negect the coupling submetrices J2 and J3,
giving two separsted equations

[&P/V] = [8'] [a@] (16)
[aam] = [3] [av] (17)
where:
Bly = ~1/ X4 (p # q)
Bf)p = z; 1/:1:pq and BBQ = -B};q
P74

-2 4 New Decoupled Load Plow (Yoltage Vectors) Method [6]

The two sepsraztes equations are @

apk | n¥ pgktl (1¢)
, . E+1 o
Ak =U A - (19)
where
o7y 2
T = - m - T r
Pq 2 ' “pp > " P¥q
pa / Fpg a=°
U = - 1 U = - Zf: U P ¥ q
Pq > > Tpp pq
2c /=% q=0

pa" PQ
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The relations (18 & 19) represent the new decoupled load~Fflow
metheod for solving the load-flow problem.

6., Fast Load-Flow Hethod Retaining Nonlinearity [10]

The Taylor series expansion of quadratic equations
corresponding to the load flow equationsg is given by

£xx1 A;xl
(1] - [xm0] + [dlax] v [o] |any ax,| o
AN FANR ¢
n n
viere -
- ~ ™\ Py 2
e} 4 ] ! o
0Z- bzn 5x16x2 ¥dx_ dx
JE a0 [ IR R ,]’_{E aae & T e . son
v 2
2 Ta >y o
>3 an 1 _ Bxl Bxl ox, 9z, .
X=X,

1

“he west ivrortsat fact iz thet no terms above third, or
the second derivetive, exist Leczmuse *the original ecuation is
guadratic, Tt is =cen thet *tle thaird term which is complicated
and of high dimensionsality cen e expresged as o vector =s :

r -y 3 I i 'ir?r . “\-
{‘:s 1 = [-‘ze.- ' _J-Jtsx] : J&x)] (21}
ewriting {21), e have :

J A;x(k+lj = Y =¥z -V iax )

t-
and definin- AT 2s bolow

1 e
aY® = v - Y(x)) - YAax)
the 7inzl numericel expressica can he written as @
- {1+ ,
.l FAD 4 1/- ! = &1_&

Tn orcer 1o zolve the equation Zor A X, the natrix J is triangular
factorizeﬂ to produce the triangalated metrix J' =nd new vector
AL"”‘ ’t e 81gn ' denotes triangular-factorized meirix).

j': J [Ax(k+l)J - E’_\,V)’k;

/,z_"

and A is obtained by the back substitution,
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Humerical Applicetion @

The different mentioned techniques are applied to have the
load flow solution for the power system shown in Fig, 1 which
is the 220 KV part of Egyptian unified electric power system and
with gystem data as mentioned in tables 1 & 2 ,

Results

The problem solution using the fast load~flow method
retaining nonlinearity[lO] ig given in tables 3-1 & 3=2,
Table 4 illustrates & comparison between the different
techniques for heving the problem sclution. The results obtained
are from computer programes on ICL computer [12}.
gomments

Gaugs-Seidel method using YBus is an efficient and simple
method. It requies smaller computer storage (6.72 K) and small
time to obtain tne final solution {18 Sec), although it uses the
larges® numbder of fterations (13), so trhat the convergence is

low but the time per iteration is very smell (1.4 Sec),

Gauss~Seidel method using ZBus uses small space in the
computer (11.712 K), small number of iterations(3) and small
time to obtain the final solution (20 Sec). The time per iteration
is large (6,6 Sec) comparing with the last method, but the
convergence is high,

=3 method sing YBus in rectanguler coordinates is a .
conplex method and uses large space in the memory of the computer
(24,576 X), the oversll time which is used to obtain the final
solution is large (27 Sec) but the number of iterstions is small
(3), the time per iteration is large (9 Sec) comparing with other
methods.

7-R method using ?Bus in polar corrdinetes ig nearly similar
to lest method (in rectengular coordinstes) but the main difference
is that, the voltage magnitude for polar coordinates (1.07 P,U)
is higher than that for rectangular coordinates (1.04 P,U) for
the second iterstion in each bus E12] . Although the convergence
region obtained with polar coordinates may be wider than one
obtained with rectangular co-rdinetes and the convergence with
poler coordinates is less o*nble than thaot with rectangular
cocrdinates.
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The relations (18 & 19) represent the new decoupled load-flow
method for solving the load-flow problem,

6., TFast Load-Flow lethod Retaining Wonlinearity [ld]

The Taylor series expansion of quadratic equations
corresponding to the lcad flow equaticns is given by 3

AXxy AX
[YS] = [Y(xe)i\ + l:J] [Ax] + % [H] e sz (20)
- VA SN
where ¢ -
) - T N2 2v -
oYy dY, vy, k-2
| OZ, oz, bxlbzg ¥x,_ Ox
HI — &
J = ! “o0 a e ] ? q = o s 1w a0 n
| - -
v . Zer
P Y L Y
_dxy an 1 i Bxl le dx, dz -

“he most iwrortant fact is that no terms above third, or
the second derivetive, exist Leccuse the original equstion is
gquacrsiic, —t is seer that the third term which is complicated
and of high dimensionality cen ve expressed as s vector =g :

= | T T -
[Ys ] - ["ze)__‘ « [dax] o+ [E(QX):I (21)
Qewriting (21), e hsve :

e ht 2

-+ . - N Y

J Ax(‘i L ‘;S -~z =T (A )
1~

and definint A T" 23 ™ _.low :

Q.‘:_'k = T_ - Y(Xe) - Y{A-::: K
the 7izcl nu—ericsl expression can Te written as :
. (k+1) k
o T =AY
Tn orcer to solve the eguation Toxr A Z, the matrix J ig Iriasngulser

factorizesd %c rroduce the trizungulated metrirx J' snd new vectoxr
‘.MP - I3 - L] L3
A YT the sign ' denotes triangular-factorized meirix).

| o 7
J*/xl [ A ) = |¢vai J

and A X 1is obtained by the back substgtutlon.
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Numerical Application 3

The different mentioned ftechniques are spplied to have the
loed flow solution for the power system shown in Fig, 1 which
is the 220 KV part of Egyptien unified electric power system and
with system data as mentioned in tables 1 & 2 .

Results ¢

The problem solution using the fast load-flow method
retaining nonlinesarity[10] is given in tables 3-1 & 3-2.
Table 4 illustrates a comparison between the different
techniques for having the problem sclution. The results obtained

are from computer programes on ICL computer [12].
Gommenty :

Gaugs~Seidel method using YBus ig an efficient and simple
method., It reguies smaller computer storage (6.72 X) and smell
time to obtain the final solution (18 Sec), although it uses the
largest number of Iterations (13), so that the convergence is
low but the time per iteration is very small {1.4 Sec).

Gauss-Seidel method using ZBus uses small space in the
computer (11.712 K), small number of iterations{(3) and small
time to obtain the final solution (20 Sec). The time per iteration
is large (6.6 Sec) comparing with the last method, but the
convergence is high.

I'=X method using YBus in rectangular coordinates is a .
complex method and uses large space in the memory of the computer
(24,576 K), the oversll time which is used to obtain the final
solution is large (27 Sec) but the number of iterations is small
(3), the time per iteration is large (9 Sec) comparing with other
methods.

T-R method usging YBus in polar corrdinates ig nearly similar
to lest method (in rectengular cogrdinstes) but the main difference
is thet, the voltage magnitude for polar coordinates (1,07 P.U)
ig higher than that for rectangulszr coordinates (1.04 P,U) for
the second iteration in each bus [12] . dlthough the convergence
region obteined with polar coordinates may be wider than one
obtained with rectangular coordinates and the convergence with
volar coordinates ig less 3table thsn thet with rectanguler
coordinates.
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The approximation method of N-R in polar coordinates, uses
large number of iterations (7) , large overall time to obtain the
final solution (49 Sec), and the convergence is low but the storage
required 1s small (18,304 X).

The modification of N-R method by the use of factor A (N{1),
reduces the total time to obtain the final solution (17 3ec).

The time per iteration (4.25 Sec) and the time per bus (1.13 Sec)
is also reduced , but the storage required is similar to the
normal ¥-R method (24.448 K),

The fast decoupled method using YBus in polar coordinates
uses a large number of iterations (6), small time per iteration
(3.3 Sec) and the storsge reguired iz smell (17.472 K) compared
with the normal N-R method [97] .

The new decoupled (voltage vectors) method using YBus in polar
coordinates I1g s'r lar to the fast decoupled method.

The fast load-=flow method retaining nonlinearity with
triangular technique is similar to the normal N-R method bhut
the only difference is that the storzge required is high (34,368 X
and the totsl time required to obtain the final solution is
smell (21 Sec). If the elements of the J-matrix are stored using
the spersity techniques, it will seve the space tsken in the
memoxry of the computer.

The algorithm used for this method is the exact expression,
which takes into sccount all the terms of the Teylor series
expansion and reteins the nonlinearity of the original equation.

The modification of the fast load-flow method retaining
nonlinearity without using triangulsr technique, it is similar
to the last method (with triangular techrigque) but the only
difference is that the storage requirement is small (25.024 W)

comparing to the last metliod, and *The totzal time tsken to obtain

ot
final solution is small (1¢, Dec), therelore, the time per

itersgtion iz 27co =mall (4.5 Sec),
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Conclusions ¢

From the above analysis and the results obteined by applying

the different techniques on the actual power system shown in Fig.l

L]

1=

1t ¢could be concluded that

Gauss~Seidel method using YBus is preferred when the network
is small compared with other methods, edded to this Gauss-~
Seidel method usging ZBus is preferred when 1t is wanted to
make highconvergence, small computation time, and small
computer storage.

lI-R method in rectangular coordinates is preferred when the
network is large but the space required in the computer and
the time per iteration are large.

K-R method in polar coordinates. is preferred for the same
reasons mentioned before but the problem of stability will
appear.,

The approximation method can be considered as a modification
of N-~R method. It mey be used when it 1s wanted to decrease
the computation time and space in the computer.

The multiplication of J-metrix by factor A {in W-R method)
is preferred when it is wanted %o decrease the computation
time and the time per iteration .

The fast and new decoupled methods are preferred when 1t is
wanted to decrease the computetion time, the time per iteration
and the storage in the computer .,

The fest load-flow method with ftriznguler technique is used
to decrease the computation time and the +time per iteration,
but the storage required is large.

The fast loaé flow method without using triangular technique
is preferred when it is wanted to decrease the computation
time, the time per iteration and computer storage compared
with last method,
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Table 1 Deta for branches of the moderate size real
electric network.

K- ¥ @ © | Croag- length [ Resistance |Inductive| Permissible
S8 eB B | section Yem JL/ph. |reactance| Continious
EBIE" | mm?/cond ) A/ph. current
=N =I 3 Load Amp.
1 2 3 400 37.29 2.9459 14,6672 865
2 2 |4 240 2.94 0,3822 1.2111 600
3% |13 |1 400 46,6 1,864 9.2582 1700
4® 3 |5 240 135 8.775 27 .805 1200
5 6 |8 240 19.24 2,5012 7.9254 600
6 7 |8 240 19.24 2,5012 7.9254 600
7 7 19 400 60 4.8 23,8409 850
8 6 |9 400 60 4.8 23,8409 850
9 10 |9 400 60 4.8 23.8409 850
10 |10 |11 400 50 4,0 19,8674 850
11* |1 |6 400 16,4 0,656 3.2583 1700
12% (2 |6 400 24 0.96 4,7682 1700
13%¥ 12 |1 400 11 O.44 2.1854 1700
14 |13 |11 400 43 3.44 17,086 850
15% |13 |12 400 63 2.52 12,5165 1700
16® |2 |13 400 69 2.79 13,7085 1700
17® |12 |14 400 47 1.88 9.3377 1700
18% 12 |16 400 130.5 5,22 25,927 1700
19% {16 [15 240 35 2,275 7 .2087 1700

These branches are

single circuit.

double circuit , the

others are



E. 85 Monsaure Bulletin Vol.5 . No 1, June 1980

Table 2 Node data for the moderate network

Node Name of country Termisgible

No. generation local consumption

W MVAR it 37y

1 Cairo West 175 ceun 65 47

o Ceiro ~ ~0C 125G ves — —

3 Cairo south 120 ‘as 60 45

4 lelwan 300 225

5 El-Suez 75 ensn 96 72

6 Cairo North 60 voua &5 37

i Cairo North (II) 0.0 0.0

8 lHeliopolis 220 118

g Zagazig 100 66

10 Talkea 66 P 35 19

11 Tante 210 136

12 Damanhor 160 saee 100 66

13 Tahrir I 68 42

14 Abees 120 90

15 El-Ameria 200 150

16 Abo~Ll~Matameer 200 150
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