ANALYSIS OF ELECTRIC POWER SYSTEMS
WITH UNTRANSPOSED TRANSMISSION LINES

BY
M. Tantawy & 5. Farrag™™

ABSTRACT ¢

Untrgnsposition in O,H.T.L, creates the unequiality of
T.L. phase impedances. Several problems are arised due to
the out -of~ balance of the phase impedances.

The main of which 1s that it affects on the systenm
performance. For the seek of gystem analysis with untrans-
posed T,L., the modeling of system element in matrix form 1is
given and the modeling of the power system as a whole is also
cleared.

The methods for the reduction of the out-of-balance agre
diecussed apd the flow-chart for the problem apalysis is
Eiven-

It could be noticed that transposition 1s thg best method
for the out-of-balance reduction, but it reduces the religbil-
ity of the system.

INTRODUCTION:

Unsymmetrical lines are 1n common use because of the more

convenjent mounting on towers or for the purpose of keeping
the sverage hight sbove ground of the conductors es low as
practicable in order to minimize hazards due to lightning.
This creates the problem that the transmission line impedan-
ces become so out-of-balance that affect on the generator
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ratings, unbalanced voltages at the receiving end, increased
logses within the transmission network, and may cause false
tripping in a line circuit breakers.

Although trensposition is the most convenient method
for compensating the out-of-balance gs well as to minimize
the transmission losses, however, it is not desjrable in
extra and ultra-voltages because of: reduction of relisbility,
added cost, and complexity in the design of the transposing
towers.

SIMBOL: USED:

zik = series impedance element.

zlk = shunt cgpacitive element (impedace form.)
Yig G geéries admittance element.

jlk = ghunt cgpacitive admittance element.,

Yik = pelf element - nodal admittance.

% driving point and transfer impedance element.
V, = branch voltage drop
! = branch current

2

'y = node voltage

1 = node current.

3 = permittivity )
I = genergtor internal voltage.

) = earth resistivity

- = agpngular frequency, rad./sec.
£ = frequency, cycles/seconds.
hi = height of conductor i in feet,.

dik = distance in feet between conductors i and k.
Dik = distanca in feet between conductor i and the image
of conductor k.
= geometric mean radius of conductor i or bundle in feet.

g =
rad, = radius of jtb conductor = 4, for i =k
N = number of circuits.

n = number of conductors.
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FOWER SYSTEM WODELING:

el ey e T ——— — A e P v ———————

Generally, any power system consists mainly of alterna-
tors, transmission line, power treunsformers, and loads.

The method of representagtion (for the seek of power
system computations) for each of them will be illustrated,

3.1l. Transmission Line Matrices:-

The characteristics of a multi-conducter T.L. can be
defined by its series impedance matrix (4) per unit length,
and its shunt admittence matrix (y') per unit length.

The matrix equations for an "n" conductor line ares
3.1.1., Series Matrix:-
The voltage current relation in matrix form for
the series impedance of T.L. is:

le 2!12-000.0- Zln il
= 2.21 Zaantoo.oo Znn 12 00000900501
|
. .’ Vol
an znZ"""' znn i, .
r ] _
LV = (Z).(i) -aoo-o-oboZ

Where, (V) 1s the series voltage drop along the line
(1) is the 1line current.
(4) T.L. impedance including the earth effect and
equalss

= (r) + (ar) + ) {(xs) + (xs) + (A:)j...}.}

(r) = diagonal matrx of conductor resistance.
(xs) = diagonel matrix of conductor internal reactance.
(xs) = gquare reactance matrix due to line geometry.

(ar),(ax)= square matrices calculated from Carson's earth
correction formula.
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::F),(xs) are combined in the one computation and equation

y 3 1is reduced to,

Zii =I‘ii+ Arii'fj(xii'l'ﬂxii) soemaneny 3.4
Zik = Fay I‘ik+ J (xik+ Axik) sesesvnn 305

If the impedances are caelculated in ohms/mile theni-

oy resistance of conductor at system frequency(chms/mile)

. = 0.7411 1072 W. logy,

“
i

LI BB I I A 3.6

GMR,

L, = 0.7411 107 W, loglot ceennnee 3.7

0.2528 1072 W+ 2.599 107 W hy YE/P eevnes 3.8

4 = 0.7411 1072 W. log, 2162 {P/f + 2.599 1077 w.n, Y1/p

esesvsa e 3.9
D
v = 0.2528 1072w 4 [ (-2.599 1077, —4E cos ;) YE/F ] W

encorr o 3.10

D
oy = 0.7811 1072, W.l0g o 2162 YF/2 + [ (2,599 1077.~—4kcos
0;) YE/P LW ceiii. 212

M

.2, The terms Ar, A x are corrective values derived from

- rson's formulae for the self and mutusl impedances with
worth return.

N

“:7e 1 shows the arrangement of T.L. counductors.

The voltage ~ current relation for the shunt components
~Z the T.L. in matrix form

‘ Y \ r \
vl le Zla LI 20 BN BN BN ) ln 11
I'VE : Zal 222 LK 2 B N BN ) Zan -12 L O B B B 3.12
P : L R :
J vn nl Zna LK BN N BE BN m in
— —
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(vl = [2] . [1)

1]
wnere 1 \
[v] is the 1line voltage.

[+ [ V] ceeeeess 3.13

[11 1is the shunt capacitive current.

2 I A
and is defined by the following equationi-
17] =(0l+JamTuwela) ! R 35 1
)z in impedance form
~ - _ 1
[Z] —[0] ] 277“'6 [A-] (AR E NN KN 3.15
A 1a a geometrio matrix defined by,
D
le = ].OSe —_aiﬁ— sesasess 5.16
D
+ ~ - - 25026 1k
. Zik =0 a]( w 10810 dik) co e e 3.1?
D
2'11 =0 = J (35_-_26__ 10810-}%%;—) seesunren 3.18
w

+le3., Effect of earth wires on T.L. matrices:-

Generally, the [ 4] and [ y)matrics for a T.L. be of the
rder of (3N + G), (where N is the number of T.L. parallel
ircuits and G is the number of earthwirea.)

In a transmission line with grounded earthwires,
he values of the elements of the impedance matrix "7" can be
-2dified to include the effect of earth wires as will be
.l.eaI‘ed.
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The series matrix with one grounded earthwire is:-

Vil |11 %2 P13 A | |13
Val %21 %0 433  4p | |1,
- _ Z [ NN NN 3.19
Va | |431 %32 %33 3c | |13
0 by by Bz G | [

By the use of matrix Algebra, the elements of 4 matrix in
equ. 3,19 are modified as followss:-

r; [r -l r
Zij (DBW) = Zi] - ik * bkk . Lkn sessrese 3020

For T.L. with multi earthwires, the eqn., (3.20) can be simply
repeagted to have finaly a 4-matrix of order 3x3

4+1le4. Conductor Bundlingz-

For transmission line with bundle conductors, the
phase impedance and admittance matrices may be initially
caulculated and then bundling can be taken into consideration as:

if conductors i, k are bundled - {(i.e. energised by the same
voltage). then the series matrix is,

i kK
T . - -
Vi 1 4iq i || 1
= sasaaveasl} 5.21
Vg k bey Lk || Lk

Subistracting tow 1 from row k in (3.21).

vy 4y4 oy iy

se e 5-22

By Gphyy iy

by y

Applying equation (3.20) on equation (3.22), row and
colum representing conductor kK can now be eleminated.



Tantawy & Farrag 20

Similarly, for['y] matrix, the bundling of conductors can
e considered as:-

i K
i Iii Yik
as
= sspeeera 3.22
K Yy Yk
Vi = Vk

L+ 4 = Vg Oy % g+ Vig * Vi)
hoBs: the general rule may be described as:-

Column k is added to column i, then discard column k.
row k is added to row 1.

The total current in the bundle is (:I.i + ik)' row k and
Vk ¢can now be discarded.

The same techniques may be applied to the "capacitive”
shunt admittance matrix.
simillarly, for the case of T.L. with parallel circuits can
te considered to have an equivalent single circuit line.

“ele5e Application of Symmetrical Components on T.L. Matrices

To determine the unbglanced currsnts in the terminal
2quipment, the system cgn be analysed to its symmetrical com-
ponent impedances.

For T.L. the phase impedance matrix[ %] must be trans-

‘ered to phase impedance segquence matrix|:2é] by carrying out
« Spinor trans formstion as:-

[ 24)= 5 le )27 () cessesses 3423

vhere: 1 1 1
[ C] is the spinor transform = | a al
1 a® a
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1 1|
[cﬂ: 1 & e
1 1 a a®

[Z] is the phase matrix with earthwire eleminated.

Similarly,

[y =3 [el(o] (o)

& For a multi-circuit line of order 3 N

Crssnss e 3024

Za ll.!.. ZE 1n C L R 0

¥ !

I
L [y

Ly p1ve+* &g on

le...l 2111

/ ]
! )

2 1 Z

f )
Cl...l o

3.1.6. T.LO HOdellinS:-

ted e st 5.25

The transmission line can be represented by the nominal

equivalent circuit:-
Shown in Fig.(3)

the loop equations for the I circuit ehown are:-

U1} =05) (v =V,

(131 = Ly7alvg)

[15) = (w72llvy)

& the "node" currents arei-

[Iﬂ =[1] + [1\1]

(1) = (-1)+ (1)
from 3.27

(1) =(olvy) -ts) [ v,]
SGIRARI A

A N NN 3.27

LR RN 3-28
se sy 3029

Sar e 3-30
sss s 3-31

tesndans 3-32
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Substituting from (3.32), (3.28), (3.29) in (3.30),(3.31)
(1) =L 91 Lvg] « Wva)Lvy] « D=y 10v,)
[121 ={~y] [vﬂ « Ly] Ly, +[f/2“’\f2]

io matrix form:-~

I T+ "%'\‘ -y bt
e ] = —— ————] TEEEER L 5033
1 -y LH 51 |V

2 | 2 e

For a three conductor line the matrix will be of order
6 X 6 as:~

_;3_1_—‘ Ty Y Y3 | Vi T2 Tiz| V8
15, Tar Yoo Yoz | Ya Va2 Vas| (Y8,
1833 | _ | Yt Yza Y3z | ¥y Va2 Va3 |VBs
IR Y11 Y2 Tz | Y Tz Y13 |VRy
IR, Ya Va2 V23| Ya Yaa  Ya3| |VR;
1Ry V51 T2 Ui | Ym Ysa Tz |VE5
U 9T

wheres-
Yoy = Ti * = T, cereresesBe35

IS and IR are sending and receiving end currents respectiveiy.

VS and VR are sending and receiving end voltages respectively.

Applying spinor trensformation (equation 3.24) on equation
(3.34) to get the admittance sequence matrix for the T.L. to be:-
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Is, Vs,
18, Vs,
52 — Y Y3 cereneesBe36
IRy 8 VR,
IR VE)
IR, VR,

For the particular system shown in Fig. (4.a). Fig.(4.D)
gives the equivalent sequence impedance diagrems, and the
following assumptions are valid:-

i) The impedance of zero-sequence path to the loads can be
paralleled with the zero-sequence impedance of the trans-
formers TA and TB.

ii) The load positive and negative sequence admittances are
assumed to be equal and include impedances of transfor-
mers, and other equipments between the line terminals and
the loads.

jji) The transformer positive and negative sequence’impedances
are equal.

iv) The generator positive sequence impedances are represented
by the synchronous impedances.

3.2« Addition of Terminal Loads:-

The characteristic equation for the load in matrix form
and by the use of symmetrical components is:-

1LS, 0 V5,
ILSl YLA i VSl
ILS :
2 Yr, R L
——————— - _—— T - [ N N ] 5.3?
IL.E?.0 | 0 VRO
ILRl | ILB VRl
ILRE | YLB VRZ
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where the load sequence currents are ILS and ILR at the
sending and receliving ends of the line reapectively.

Equations (3.35) , (3.35) can be added directly to have,

18, ) 0 ’ Vs,
v J + 1y Y Vs
IS) |+ a4 LA [ JAB 1
1S V3
¢ YLA 4[ y sseses 338
IR, 1o VR,
IR) [¥]s, ) Y1 (TR
IR, | Y llVR,

The node currents IS and IR include the load currents.
The line voltageé VS and VR are the sequence voltages.
Equation (3.38) can be inverted to bei-

[vs] [ o] 0 2] AB [1s]
b— | .
_ Sevanagae 3.39
[VE] 2k, (2] [1R] '
3+3. Addition of Transformer and Generator Impedancegs-

The generator ang transforme
T seriesg volg
Tepresented as follows. e drop ney be

At sending end (4):-
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O

0

0 |

Eg

0

ao--00003.41

wherse:

Lpo = bppo

Ly =bpg v gy

Lo =t Yga2

Zp, = Lopp* bgp2

L T 0
(:YW AA | [.Y] AB Ea
./WS——~ B T
= \— 0
[Y] Ba [Y-‘ BB By
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4,1, Difinitions:-~

For power system with unbalanced untransposed trans-
mission line, we can define the following unbalance factors:-

At T,L. sending-end,:=-

a) Negative-sequence unbalance factor for generator current
(S2), which is the ratio between negative-sequence current
(ISZ) and the posjitive-sequence current (ISl).

b) Zero-secquence unbalance factor for transformer current
(MSO), which is the ratio between zero-seguence current
(IS;) and the positive-sequence current (18,).

c) The terminal negative-gequence unbalance voltage of the
line (NSa), which is the ratio between negative-gequence
voltage and the positive-sequence voltage.

d) The terminal zero-seguence unbalance voltage of the line
(NSO), which is the ratio between zero-sequence voltage
and the positive-sequence voltage.

Similarly, at T.L. receiving-end, we have:-

e) Negative-sequence unbalance factor for generator current
('RZ)'

f) Lero-sequence unbalance factor for transformer current(iR,)

g) The terminal negative-sequence unbalance voltage of the
line (NRZ).

h) The terminal zero-sequence unbalance voltage of the line
(NE)

4,2. Methods of reduction of system unbalance:-

The unbalance caused by untransposed transmission line
is gffected by the following different methodss-

I. daking complete or partition transposition for T.L,
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II. ILocating series capacitor banks at different distances
along the T.L,
III. 1Insertion of unequal series impedances into the lipe.
IV, Adjusting transformers tapping.
V. Increasing the impedance of the terminating apparatus.
VI. Insulating earthwires.

4.3, Calculation of Unbalance Fagctorsi-
The solution of equation (3.42) for different values of

internal voltages and power angles gives for each value the
different unbalsnce factors:-

4,3,1. The Unbglance Currents:-

HSZ = Isa/ISl  EE RN EER] q‘ol
HSO - ISO/ISJ.  F R R E N 4.2
h.lfia = IRz/IRl L RN NN 4.3

I}

iRy

4.%.2. The Unbalance Voltages:-

IRG/IRJ_ L0 N B BN BN B B B O 4'4

the terminal sequence voltages are:-

Vs, = - Ly, ¢ 18,
VS, = E, - (bpsy + Gguq)e IS cosisssses 4.5
Vs, = = (g + Bgp0) IS,
and
VR, = - Uppy » IR,
VRy = Bp ~(bpp; + 5p7)e IR S -
VR, = =(bpgy + Ggpo)e IR,

therefore, the terminal sequence unbalance voltage factors are:

NS2 = VSE/,VS].
NSO = VSO/VSl
NRZ = VRz/VRl
NRy = VR, / Vit
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5 « Transmission Line losses:=-

The transmission line losses can be computed by the aid

of transmission line currents and voltages at both ends of the

line as follows:~
the componcnts of current at sending-end are:-

IOS = ISO
Ils = ISl - YLA . VSl [EE RN NN 501
IZS B IS2 - YLA.Vsa

& at receiving - endi~

I0OR = IRO
I1R =IR1-YLB¢VR1 L 5.2
I2R =

IR2 - YLB.VRZ

S0, the power at sending-end is

* x *
P+ Qg = (Vgy « Tgg # VgpeIyg + Vgp v Ipglevee 503

and the power at the receiving-end is:- )

X « «
PH + J QR = (VHO . IOR + le . IlR+ sz . IaR)co 504

therefore, the transmission line losses is the difference

between the sending and receiving end powers,

Logses = [(PS + JQS) - (PR"'JQR)] vesesass D45

6, FLOW-CHAKT:

Figure 5 shows a complete flow chart for the analysis

(in matrix form) of the untransposed T.L. problem in electric

power network, also the calculation of the corresponding
transmission line losses.
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Read system data.

L

Form the series impedance matriiz]

Form the shunt iluped: :ne mz:t‘:*i}:['z']

- 1
rind y] ,—_[7,]
{

[ Find (7] = (3]

Form T7.1. nodal admittance matrix[ﬁj

]

T{educe[‘f,;]ta be ot orfer bxb6,
L4

L]

l Find the cymrnetricnl componernt matrix[‘f:]'

IA.aa loads to{ ¢} 4o neve Lty

4
IO [z_f_;‘\= [IM.] .

Add trensformer and generator impedance
+ n 7
o [7~:] to have [“s'c] .

Pind[7.) = [2,,] -

e 2 3 Flos ehirt. I
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sequance voltapes.
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=
I

Calculete TeLe

currents.

Calculate transmission

lozses.

Print. J
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7~CONCLUSIONSs

Thig paper provides a complete analysis forthe represen-
tation of the electric power systems in matrix forom which

is suitable for the analysis of the untransposed T.L. in
problems in electric power syatem. The modeling given is
also required for load flow studles, stablility analysis, etc.

The methods adopted for out of balance reduction are
1llustrated it is seen thet by these methods have the disa-
dvantage of increasing the trapnsmlssion line lossses.

80, it i1s prefered to maKe transpostions an T.L. to decrease
the out of balance and the decrease glso the T,L. loases, but

it has a main dis-advantage of reducing the system reliability.
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