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- This paper-“ presents an ' improved-
-d.c, load - f;ow . (IDCLF) techniqne'
- for obtaining the a.c.. load flow

solution of .a -power - system ‘on the
.The computer program
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by Karunaratne et al.
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- The technlque has been tested agalnst .

_the - proven Fast Decoupled Load Flow

- (FDLF) solution_ -and .sHown". to give
reasonable -results . for . the - IEEE

" 14.bus test -system. -
Although, in  the - 'present ' study,
‘'saving in . storage . or -computer time
was. not .. significant, ‘this . is due

- to . the fact that 'the advantages.
~of  sparsity - has’ not - been’
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its inability to provide
estimates of bus voltage magnitudes.
It provided estimates of 'power flows
only”. The problem has been solved?:3" on
the d.c. network analyser, by presenting
a ‘d.c. load flow technique
" of simulating both the active
the ' reactive  power - in
simulations. However, these techniques
. were not directly solvable: on the
' digital computer. o :

because of

and

the computer was
developed as the - Network analyser
solution is tedious, the
the . system -that can . be sStudied is
limited, and a special purpose analog
‘computer is . otherwise
A computer techniqueé, which -is - both
fast and sufficiently accurate is
required fof ' comparison studies;
especially "in reliability . studies.
This computer technique . has- been
. developed especially with -

.. mind. . S o

The technique” ‘on

In the presént paper, the application
of the d.c. network analyser technique
has been  extended to.  the digital
computer by suitabler modifications.
The . computer program developed
been tested by application to
14-bus I1EEE test power systeﬁ£

‘the,

2.0 The Load “Flow
on the D.C. Network Analyser

The use of the d.c. network analyser

for the study of the a.c. load. flow

problem was first formulated by

,Karunaratnez by making - certain basic
These are '

‘assumptions.

i.-  all voltage angles at the busbars

are small
ii. transformers are on nominal. tap

iii. all voltages are 1.0 p.u.
iv. all shunt. elements have negllglbl&
value :

V. all line resistances have negllglble
. value.

However, the -reactive losses in
the lines are . not wholly neglected,
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2.1 D.C.

'_i; it is

for- by modifying
injections at

the
the

accounted
reactive power
respective nodes.
this method,. an appreciable
error (of more than. 15%) arose when
the 'technique was used to solve
the load flow problem of power systems
“transmission . lines having low
ratios, so that .only systems
lines having a high x/r ratio
studied. The method was
subsequently . improved by Karunaratne
et al3 by including the line resistance
and the shunt capacitance of each
this  improvement,  what
is initially obtained is the modified’
bus ., voltage angle and the . active’
power flows. A 1_modified .reactive
power (taking into account the contribu-
tions 'cagsed by reactive power -loss,
reactive. power generation by - shunt
capacitors and the. reactive power
‘due to angle difference) is
used to calculate the voltage magnitude
of “the busbar$ and the modified
reactive power flow in the lines.
The actual bus voltage angles and’
the  actual- reactive _power flows
finally determined by suitable
corrections, With these’ improvements,
the technique is capable of solving
load flow problems even for ©power
systems whose transmission lines
have a low x/r ratlo.,

With

x/x
with

Load Flow for

Technique
- low x/r ratios ' :
the ,resistance
shunt admittance
the accompanying

the following

The inclusion - of"
of -the lines, the
of the lines _andg
modifications,  -add
advantages. . -
(see Appendix: Al for details)

the
those

possible to correct
_ bus voltage angles from
.obtained initially, using

oik = o0i' - "ok’

Vi Vk

_—.rik
- Xik

(Vi -.vk)
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ii. It . is possible . to consider
© the contribution to reactive
power flow caused by the difference
in voltage across a line, .by
the term’ -
Pik.(rik/Xik).

iii. The . reactive power generated
by the kine capacitances can
be considered, ‘by the .term
YlkSh/Z

3.0 Modificasion of the D.C. Load

Flow Network Analyser Technique
_for use on a Dlgltal Computer:
solution is

The thwork analyser

-, obtained by the successive balancing
of the injected poweéer flows cyclically, =~

till - erros
On the -computer,

become within limits.
the cyclical balancing

_is not carried - out, but instead'
the solution is obtained in one
go. by solving the corresponding

set of equations.

A step by step description of the
technique on - the computer, is shown
in the flow diagram,6 of figure 3.1
an.. the salient points are described
in the following section.

3.1 Calculation - of .Modified .Bus
Voltage Angles © E
The modified bus v-voltages angles
@ are calculated by using equation

Al.8 corresponding to the operation
in .the Network Analyser. '
“[P] = '[H] [0%) .
' 3.2 Calculation of - the  Modified
Bus Reactive Power QM
_ The modified reactive power QM is

required in order to calculate - the
voltage magnitudes  using
Al.9. .However, the modified reactive
power  should first be calculated
using equation Al.7. In. this equation,

the active power flow Pik “'is  not

yet known. In the d.c. ‘network analyser,
the active pow.c - flow is measured

(16)
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Form [H] and [L] submatrices
. of Jacobian

Y
Solve for
Modified voltage angles 0°
[P1 = [H] [B7]
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Angle differences .0 ik
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Figire 3.1 Flow Diagram of IDCLF

‘Engineer', March, 1989




after simulation ‘of the active power
injection, but in the case of a digital
¢ >omputer, . it must . be calcula;ed
w8ing the expression, for active
‘power flow, given by equa}ion 3.1.

Pik = (rik Vi2 - rik Vi Vk.cos ©ik’
+ Xik Vi VK sin @ik’) L
"/ (Xik2 + rik?). eeeee (3.1)
The only unknown quantities in calcu~
lating Pik are voltages Vi and Vk.
If these voltages are
p.u., .equation 3.1 reduces to

Pik = (rik - rik cos @ik’ + Xik sin@ik’)

/ (Xik2 .+ rik?) ceese (3.2)
Equation 3.2 is wused to calculate
the active power flow which is . needed
in quatioh A1,7. (This'* equation
3.2 gives more accurate . results
than when equation Al.4 is used).

The admittance matrix in the calculations
is formed by using the line susceptances

Xik/(Xik2 - +

Bik = rik?)

and not the inverse of the line

series reactance. ’ '

3.3 Calculation of Power Flows

The active and reactive bower flows

are calculated by using equation

Al.4 and Al.6, which are reproduced

below.

. .-f A
Pik =, .0ik /Xik
Qik™ = Vik/Xik
A

where Xik = (Xik?2 + rik2?) / Xik

However) the modified reactive power

flow QikK" is not yet known. In ‘the
. d.c. network analyser, Qik™ is measured
“after ’‘simulation of reactive power,

but in the case of the digital computer,

the Qik must be calculated. The

exact expression . for -the reactive
power flow is given by equation

3.3.
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assumed 1.0°

*As pointed

@ik = @ik’/(Vi Vk)

(Xik Vi2 - Xik Vi Vk cos @ik '-
rik Vi Vk sin 6ik)’
/ (Xik? + rik2)

QikM

LI (3'3)

Making the assumptions cos @ik = 1 and
rik = 0, equation 3.3 reduces to

Vi (Vi -~ Vk) / Xij ....(3.4)

QikMm =
Equation (3.4) is used to calculate
the approx;mate .reactive power flow

Qik™ required.

3.4 Calculation of the Effeqtive Bus
Voltage Angles 0 '

out earlier, equation
Al,7 .is used to calculate the modified
bus angles 8. With the voltage magnitudes
and the modified angles known, the
effective bus angles O are obtained
by correcting the effective voltage
angle . differences across a line
using equation 3.5.

(rik/Xik)}(Vi - Vk)
(3.5)

4.0 Applicatibn of the Technique
and Results:

-

-Figure 4.1 - IEEE 14 Bus test system

(17)




- Flow

‘The technique was _tested' by applying
Test_- Power

IEEE .14 Bus
System . ° The FDLF  technique ~ was
applied to. the same system in order
to compare the accuracy of the technique
developed. : :

it to4 the

The 1line diagram for the system

. is shown in figure (4.1). A comparison

of the 1loadings - are. shown in table
(4.1). The corresponsing power

are shown in table (4.2).

The storage requirement of the Improved"

DC Load Flow .Technique including
its  Subroutines is  6.048 K, = and
the CPU time required " for loading

and exgcuting - the
. Technigque is
: IBM 1130 Computer.

Improved DC Load
14.569s on, an

~.5.0 ConqlusionS'

‘The improved d.c.  load flow technique

has been implemented on the digiial
computer. The results of the ' Load
"flow analysis for the 14 bus  IEEE
test system show that the
of the Improved DC Load Flow Technique
is reasonablé. in comparison with
the  proven FDLF - technique. However,
it is
advantageous
is desired.

when high_ acéuracy

The -Improved DC Load -Flow technique

can be used particularly 'in studies
requiring fast - solutions where high
accuracy may not be necessary. Security
monitoring is a typical example
of such studies. ' '
Economy in computation - time ‘and
storage requirements .can be achieved
if sparsity programming is employed
because only non-zero . elements  of
_the bus admittance stored

matrix are
- and operated on.

(18)-
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Figure Al.1 Equivalent Circuit for Line

The complex pcwer flowing in line ik of
figure Al.1, at node i’ is expressed as

Sik = Pik = j Qik = Vi Tik
ER AN IR SV R IR
J Vi.yiksh /2 + [Vi (Vi-Vk -cosF)ik).ﬁ-

g Vi Wk smeu«]/ (r+.]x) ---=(A1.2)

In practice all the voltage angles 0 '

are generally small so- that -

sin ka = Bik . and cos 911( =1- 91k2/2 o

' Introducmg these approximations. in
equation Al.Z we get

Pik - J Qik = Vi (Vik+Vi. Oik2 /2+) VkBik)
*(r-jx) + Jjyiksh/2 ---—-(A1.3)
where Vik = Vi - Vk.
" AL1 Active Power Flow -

* Considering the real parts . and
neglecting the second order tems glves

Pik'=
= | Bix’ /x:k ———_—(A124) .
where Bik” = Bik + (rik/xik)*Vik

o
x
T

(xikZ + rik2)/Xik
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—--- (A1.1)-

- the values
_individual lines - of the network are

(Vz Vk/xﬂt)(exk - (r;k/x:k)*V;k) S

ALZ__Reacime_Engr_Elcu

Con51der1ng the imaginary - parts °~of
equation Al.3 and assuming voltages V;

and Vk to be ‘unity, gives

Qix = (ka + Qik2 /2 - (l‘zk/x:.k) 91k -

.- szsh/z)/xm

substltutmg for Bik - and rearranging

the terms gives
Qik - Pix Bik /2 -

(rik/xik).Pik(i.fVik)+y§th/2 = Vik/xik

(rik/xik) Vik2/2 +

i.e. @ikm = .Vik/x_ik-

‘where

@.m= Gh+ 2 (-Pik exk /2+(r1k/x1k)fnk

KE

* yikeh/2). -=---(AL, 7

.In matrix form, equatlons Al.4 and ‘41.8 °

can be written as
(P} = (H] [8"]
(@] = (L1 (V]
In the . d c netwrk -analyser

1mplementat10n of the a ¢ load. flow,.
of power flow in the

. -~ (AL.8)

"

based on-equations Al.4 and Al:6.
However, in the improved dc load flow'.
technique on the computer, the
corresponding  expressions are obtained
direct from the exact expression Al.2,
with only the voltage magnitudes being
approximated to 1.0 pu. This gives an
overall improvement in the accuracy
w1thout sacrificing time.
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BUS - VOLTAGE(PU) ANGLE (DEGREE) ACTIVE POWER REACTIVE POWER -

NO. FDLF  IDCLF FOLF . IDCLF - FDLF = IDCLF . FDLF - IICLF
1 1.0600 1.0600 . -~ 0.00  0.00  2.327 2.222 ~0.195 ~0.186
12 10900 1.0800 -14.15 -13.99 . 0.000 0.000  0.309 0.359
|3 :1.0108 1.0108 -12!67" 1234 . -0.942 -0.942 0.024 0.021
£ 10700 1.0700 ~° -14.45 -13.74  -0.112 -0.112 0.529° 0.548
5 1.0450 1.0450 - 4.97 -4.68 - 0.183 0.183 0235 0.246
6 10252 1080  -10.41  -10.12  -0.478 -0.478 0.039 . 0.039
7 10342 10228 . -1455 -13.61  -0.061 -0.061 - -0.160 ~-0.160
& 1031 1.0276  -14.65 -14.5  -0.090 -0.090  -0.058 -0.058
9 1.0494 1.0400 1467 -14.71 -0.035 -0.035  -0.018 -0.018
10 1.0401 10319  -14.15 -13.99 0,000 0.000 0.000 0.000
11 1.0208 1.0114 1574 <1572 -0.149 -0.149 ~0.050 -0.050
12 1.0378 1.0300 §i4.35 . -14.21  -0.295 -0.295 ~0.166 -0.166
3 10408 1.0304 = -15.19 1433 -0.135 -0.135  -0.058 -0.058
he 10319 10413 -8.92 -8.59  -0.006 -0.076  -0.01 -0.016

. | _ . i . ’

- . '
LINE ~ REACTIVE POWER . ACTIVE POWER
NO ° SB EB FDLF-  IDCLF FDLF IDCLF
1 1 5 -0.17 -0.18 .  1.56 1.49
5 1 0.30 0.26 ~1.52 ~1.44
2 1 14 ~0.01 -0.04 0.76 0.74
14 1 0.11 0.13 -0.73  -0.71
3 6 10 ° -0.06 0.04 0.33 . 0.35
10 6 . 0.08 -0.02  -0.33 -0.35
4 3 5 0.04 0.03 C-0.71 ~0.70
5 3 0.06 0.06 0.73  0.73
5 3 8- -0.01  0.08 -0.24 -0.22 -
6 3 0.00 _0.08 . ° 0.24 0.23

' (20) - ‘ | . . . .. 'Engineer'.oMarch. 1989




LINE REACTIVE POWER ACTIVE FOWER
NO ° SB EB FDLF ~ IDCLF FDLF  IDCLF |.
6 4 . 7. 0.12 . 0.16 0.06  0.07
7 4 -0.11 - -0, 15 -0.06  -0.07
7 4. -9 - 0.08  0.14 0.06  0.05
.9 4 -0.08 -0.13  _0.08  -0.05
18 - 4 . 13 0.15  0.24 0.19  0.16
13 4 -0.14 -0.23 -0.18  -0.16
9 4 14 .. 0.18 0.14 ~0.42 - - -0.39
14 4 -0.14. -0.10 0.42 0.39
0 5. 6 . -0.04 -0.12 0.56 0.55
-8 5 - 0.09 0.15 -0.55 - -0.53
1 5 .14 ~0.04  -0.10 0.41 0.40
| 4 5 . 0.07. - 0.11 ~0.40  -0.39.
12° 10 2 ~0.29 -0.34 0.00 .  0.00
2 10 0.31 0.36 0.00 0.00
13 6 12° -0.02  0.02 . 0.13 0.14
: 12 . 6 - 0.03 -0.01 ~0.13  -0.14
|14 6 14 0.06 0.13 -0.64  -0.64
: 4 6 0.03 .0.12 0.64.  0.65
5 7 13 1-0.05  -0.05 0.01  0.01
13 7 0.0 0.05 -0.01 _ -0.01
16 8 9 -0.08 -0.06 -0.02 -0.01
9. 8 0.06 0.08 0.02 0.01
7 12 8 0,00  0.01 -0.07 = -0.08
.8 12 -0.00 -0.00, 0.07 0.08
18 10 12 . 0.21- 0.18; 1 0.33 . 0.35
12 . 10 -0.21 - -0.18 -0.33-  -0.35
19 11 12 -0.01 -0.02 " -0.10 -0.11
12 11 0.02  0.02 0.10 ~ 0.11
20. 11 13 ~0.04 -0.04 ©20.05  -0.04
13 1 0.04  0.04 0.05 0. 04
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