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Abstract-- In this paper transmission line transposition is
analyzed focusing electromagnetic transient phenomena in the
range up to 10 kHz. Linetransposition isimplemented to decrease
phase unbalances at fundamental frequency. In the present paper
it will be analyzed the error of treating transmission line as
ideally transposed for all frequency ranges, specifically when
dealing with switching transients up to 10kHz. A theoretical
analysis is performed identifying the unbalances between the
phases considering the transmission line ideally transposed and
considering the line with actual transposition sections. The
difference between both line representations under transient was
analyzed. The frequency dependence of transmission line
parameter s was properly represented.
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Frequency Dependence, Line Transposition.

I. INTRODUCTION

HE transmission system should not
Tunbalance to the energy transported. However,
geometry of the transmission towers do create wamgoek
because the distances between phases and betwephatbes
to earth are not equal; consequently, it can gémenzbalance
to the power flows at fundamental frequency.

The geometries of the towers of high voltage trassion
lines produce impedance asymmetry, which in turosea
corresponding voltage and current unbalance atinieeend.
The effect of line asymmetry can be eliminateduattbmental
frequency by the use of phase transposition, digidhe line
into three, or multiples of three sections. Accogly,
transpositions are often used in long transmis$iings as a
mean of balancing fundamental frequency
admittance of the line. The transposition in traigsion line
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impedance

consists in the change of phases positions.

In electromagnetic transients studies it is usoakpresent
the transmission lines as an ideally transposesl (ifiL). A
line with actual transposition section (TL) candmeounted as
an ITL in steady state, but not for all frequenange [1][2].
The correct representation of the transmission ignef big
concern to electromagnetic transients studies.

In this paper it will be shown that the represeatabf ITL
for all frequencies is not totally correct. This ahieved
through the analysis of the line response in fraquelomain.
The line is represented through transfer function &ll
frequency range both for: a line with its actuangposition
sections and for an ideally transposed line. Rnaltransient
simulation was performed for both line represeotati

It was possible to observe the error of consideaingctual
transposed line as an ideally transposed linelfdreguencies

introduce ar’wportant during the occurrence of electromagneansient
tHBenomena.

Il. FUNDAMENTAL THEORY

A. Transmission Line Electrical Parameters
Calculated for Single Circuit

The electrical parameters of a transmission line ar
expressed in matrices form, whose dimensions quores to
the number of line conductors (sub conductors tompose
the phase and the ground-wires). The matricesrdfitadinal
and transversal parameters are reduced to equivakgnices,
whose dimensions correspond to the number of phafste
line.

1) Matrix of Longitudinal Parameters
Zj =(Rgj +Rej )+ j [ [Xcjj +Xeij +Xextij)
i,j=123,...,n

Where:

(1)

n: number of conductors.

Rc+ jXc internal impedance of conductor per unit
length.
jXext : external reactance between conductors per unit

length (supposing ideal ground).

Ret+jXe : correction of the external impedance per unit
length (because the ground is not an ideal conducto

The units of all elements are gwm.



2) Matrix of Transversal Parameters per unit length

Yij= i ROk (]
Where:

(2)

supposing a non-transposed line. It can be obsenvedys. 2
and 3 that the self values for phases “a” and ‘fie”" ot equal,
while the values for phase “a” and “c” are equahich is
coherent with the line tower depicted in Fig. 1.
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W 927m _;i‘mi;_ B. Multiphase Transmission Lines
Phase (a) Phase (c) The fundamental equations that describe wave peadjoag
phase conductors: grosbeak for a multiphase transmission line in frequency domntan be
ground wires  : EHS-3/8" presented as:
line length : R d[V ] d[| ]
24.64m sa at midspan D=zl —2==[Y][Vp] 3)
phase cond. : 13,42 m dx dx
ground wires: 6.40m The second order differential equations, in mafdrm,
involving state variables (voltage and current) dedined as
the following:
2 2
d°[Vp] d[lp]
=[ZI[YI[VpI; =[YI[Z][1p] 4)
dx? P dx? P
x___ ve where:
Fig. 1. Schematic representation of studied loveet. X : .Iong'tUd'nal d'Sta_'nce' ]
10 : [Z] :impedance matrix per unit of length
o ; [Y] :admittance matrix per unit of length
ot e s [Vp]l and [lpl: column phase-to-earth voltages and
e
ra longitudinal phase current vectors, respectively.
_ ‘}X _ The great difficulty in the solution of differentiaquations
g R for multiphase transmission line is due to coupliegween the
%" , e phases, as the variation in each phase depentie athiers.
g " L E With the aid of linear transformations to voltagel @urrent
E e (eigenvalues and eigenvectors) it is possible fresent a
'k R 1 multiphase system eliminating the coupling.
-~ . . . .
L This procedure makes it possible to manipulate “n”
- , , ‘ , , uncoupled circuits, where “n” is the number of m®sn
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Fig. 2. Self resistance per unit of length.

original circuit. The relation between voltage angrent in
natural propagation modes “m” and phase “p” isrokdiby:
[Vpl =[Ty]1dVm] (5)

The longitudinal parameters were calculated in desgpy (] =[Ti101m] (©6)
domain for the transmission line analyzed, supmpaiground P tem
resistivity of 10000.m. In Fig. 2 and Fig. 3 the self resistance Where [Tv] and [Ti] are square matrices related to the
and self inductance, per unit of length, in freqedomain voltage and current, respectively.
are presented. Applying the equations (5) and (6) in (4), the dopres to
The electrical calculategrresent the natural propagation modes are:

parameters presented are



d2[Vn] U3 -UJ6 U2

_rr—1 _r2
02 =[Ty TIEZ]Y]IATy ] IVmM] =T < 0Vm] (7) [TCL]: 13 2146 0 (13)
421 m] _ 1 2 YN e
ml _ - : —
dx 2 =00 VI AT @] =0 @] (8) It is usual to consider the line as ITL for the imnt

frequency range in transient studies, which is valtd for
igher frequencies where % of the wave length is mach

linear transformation, the matricé€ of (7) and (8) becomes higher than the line transposition cycle (300 kEgr instance

diagonal matrices. The matriceE> are formed by the for 5" harmonic, 300 Hz, supposing fundamental frequency

eigenvalues and are related to the line wave patjmg[4]. ~ €qual 60 Hz, the wave length is a little less th&@0 km, and
In (9) the modal propagation coefficient matrix i$he line cycle of 300 km cannot be considered miaster

presented. The matrikZc] also has diagonal form in modalthani/4.

domain and is defined biZcl =y[Z10Y1 ™ D. Linewith Actual Transposition (TL4)
A line with actual transposition can be representil two

The matrices[Ty] and [Ti] are chosen so that throug

yp 0 0 g >
B T_T[_]— or three structures of transposition per transositycle. A
[y]— YiizI=/ 0 y2 0 (9) line with two structures of transposition (TL3) héme same
0 0 vs3 scheme of Fig. 4, where each section is considasea small

Each transformation matrix, described in (7) andnf@y be non-transposed line. A line with three structure$ o
solved separately like a set of single-phase wauations. transposition or four sections has the particylaat equal
The transmission line can be represented as a dnto-gPhase positions at both transposition cycle extiem(Fig. 5).
elements (ABCD constants), as depicted in (10) @1ig, in a (1) c 2 a (4
mode domain wherky] and[Zc] are diagonal matrices

b (3)
N b a c b
lV2—abcﬂ :[[A] [B]} [H\/l—abcﬂ (10) )\<( , % . z
[ [
_[I 2_abCJ moce [C] [D] m [Il_abCJ moce . L6 L3 L3 Ls
being: ' i '
[ [A] =COS|’([V] x) [B]=-{zd sinl~(M X) Fig. 5. Line scheme transposition with four seTsi¢TL4).
[C]=4z ]_1sint([ ]x) D] =[A] } (12) To represent an actual transposed line each sestionld
L \ - be considered as a non-transposed line (NTL) arel th

transposition itself should be included as an &l
element.
The modal transformation of a non-transposed liags to

be obtained through eigenvectorsr(ff [31[41[5]-

C. ldeally Transposed Line (ITL)

A transmission line is called ideally transpose I{ITL) if
the transposition is supposed equivalent to idealsposition
for the entire frequency range of the study. Tlagposition
results in an almost perfect balanced line paramsdt¢he line E. Analyzing Wave Propagation in Phase Domain
is divided in small transposition sections when pared with The solution of the wave propagation (3) using nhoda
Ya of wave-length X) of the involved frequencies. Fortransformation is an elegant process. For ITL thalysis of
fundamental frequency this is achieved with sectwound the sequence components or homopolar/non-homopuwdes
100 km, and total line parameter can be consideedhe behavior is interesting for power systems studies.

mean value of each line section (12).

The propagation equation can be solved straighghiase

a ) c 3 b 2} domain, avoiding any modal transformation.
» . i Consider a uniform line with length sectién Supposing a
very short finite sectionAl , considering the derivative
c b a approximation at point x applied to the intervaamd x +AC
| L3 L3 L2 | (what results in an error of the orderzf). Between the two
L points identified by 1 and 2 the distanee= ¢ / 2":
Fig. 4. Line scheme transposition Withzthreezmrsii(le_S). Uy=U—Z.AL. |4 (14)
S m m = _ +
[Z|T]=@+[Z_32]+@: Zm Zs Zm| (1) o0 ATOTh 49
Zm Zm Zs U, U, I -z
This equivalent matrix of ITL has all diagonal ekems 1|~ Way . ak War =1_yar (16)

equal and all off-diagonal elements also equal.

The Clarke’s transformation,cl, matrix can be used as th

transformation matrix for ITL:

ebeing Wy, the voltage and phase current transfer function

between the two terminals of section length and | the
identity matrix.



Supposing a very short finite sectigif , considering the [ll. LINE TRANSFERFUNCTION
derivative approximation varying linearly with xapplied at Analyzing (11) it can be seen that matrices [A]], [E]
the interval x and x At (what results in an error of the order, [D] represent the line transfer function, beiag
of At%). Between the two points identified by 1 and 2 thﬁ’equency dependent.

distancent = E 12"
A. Transfer Function Matrix of an Actual Transposed

U +Z. =U-Z .M Y 17) Line
Y4 o0 The transfer function matrix of the actual trangabdine
Yoz Utk==Y. 5 Uitk (18) (TL4) depicted in Fig. 7 considers sections of mamsposed
or line and the transposition itself. The transformatnatrices of
U, the non-transposed line sections were obtainedgutie
1= , Squaring Method described above.
2 The matrix representation of transfer function ihage
Al Al domain of that non-transposed section is:
Wy, = 20 2 (19) Vpa2| |A11 A1z A1z Bix Biz Biz||Vpau
Y=/ -vy22 Vpb-2 | |A21 Agz Azz Bai Bz Boz||Vpb1
2 2 Vpe-2 |_|A31 A3z Asz Ba1 Bz Basz || Vpe |(20)
being Was the voltage and phase current transfer function | 'pa-2 | |C11 Ci2 Ciz D11 D1z Diz||lpa1

. . oo | b
between the two terminals of section length and | the pb-2 | |C21 C22 C23 D21 D2z Dog ) lpbs
identity matrix pc-2 | [C31 Cz2 Czz D31 D32 Daz]|!pet

The formulation (19) allows At value higher than the one  The representation of the others sections hasaiine $orm
in equation (16), avoiding the use of an extrensehall ‘a¢”  Of (20) but these representations change when trey
section length, which may originate a significantmerical associated with the transposition matrix.

error due to the valid digits of numerical operasio The transposition transfer function is expressed by
The matrix W representing the transfer functionliof 001000
length( is obtained from the cascade 8fi@entical sections of 100000

the line, each one with lengtht. The solution of the wave  [r1]=[T2]=[T3] = 010000 (21)
propagation is obtained hysuccessive squaring of two-port 000001
representations of thgsection (Fig. 6) [2]. 000100
0000 10

The scheme of TL4 representation is presentedgi® Fi

treeee
I

I In the Fig. 7 the transfer function matrix représeeach

[E S| — | — section. To obtain the complete line representations

| | necessary to multiply the line sections transfencfion

' 296 ke ' matrices by the transposition transfer functionsagquence.

Fig. 6. Transmission line represented by cascagesections Finally, the total transference matrix that reprgésethe

By example, the matrix applicable to a 300-km lia® be complete line TL4 is obtained.

obtained from the transfer matrix applicable to lim€” of 10 A E——rr
300 km / 1024 , squared 10 times. for a “line” @&03km / — ATUR2)

1024 , the hyperbolic functiorteinh and sinh coincide with
their arguments, ancbsh is practically 1, with high numerical
accuracy the error of (19) is very small. The Y42 eviangth for
10 kHz is around 7.5 km, which is much higher tB8806 km /
1024 . So, the very simple indicated procedureedas (19)
and (as an example), in 10 successive squaringgus/alent
to consider hyperbolic functions (e.ginh, cosh, tanh)
applied to matrices and to manipulate the obtamattices.
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IV. RESULTS

In Fig. 8 to Fig. 11 some results are presenteciiements
A22 and B13 of two-port element (17) considering #ttual

Fig. 7. Transmission line scheme with actual tpasgion (TL4).



line transposition (TL4) and ideal transpositiodL(). The The error calculated was the ratio between theewdiffce
sub-matrix A represents the voltage ratio supposiegline between the two representations and the LT4 reduie
opened at the sending entd £ 0), while the sub-matrix B discrepancy between the two representations isfisigmt and
represents the ratio between the voltage at theiviag end should be considered for quality studies and edaetagnetic
and the current at the sending end, supposingirieeshort- transient studies as well. If it is simulated amreenon with

circuited at sending en&/( = 0). dominant frequency in the range where the lineesgmtation
The others elements of transfer function matrixehsimilar is inadequate, the results obtained will be inazirre
behavior. For frequencies above 180 Hz the disc®pa 100 '
between the two line representations increases. | 1
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Fig. 11. B13 arguments for ITL and TL4. V. TRANSMISSIONLINE ENERGIZATION

In Fig. 12 to Fig. 15 the modulus error considetimg ideal
transposition representation and the actual trasegpdine
representation are presented.

In order to observe the influence of the line repreation
in a transient study a simple case of line enetigimawas



simulated in EMTDC. The system modeled consistedrof
ideal source (fundamental frequency 60 Hz) behirsyssem
equivalent modeled as a 50-km long line considedeclly
transposed. The line was modeled both as ITL and With
312.5 km length. A pre-insertion resistor of 3Q0vas used.
The frequency dependence of the longitudinal pat@rsiewas
modeled through the phase domain model available
PSCAD/EMTDC. The system voltage was 440 kV and rtbminal
base voltage used was 359.26 kV. The parameteifseogéquivalent
50 km line considered to model the equivalent systd 60 Hz , are:

Ro' = 0.3097Q/km R' = 0.02280/km

Xlg' =1.4152Q/km X' =0.3202Q/km

Xcg' = 3.121 nS/km X£=5.153 nS/km
100 :

6o k

B0 - k

40 - E

20r k

ok 4

Errar [%]

20+ 3

A0k 4

60+ J

e 4

-100 *
10° 10°
Freguency [Hz]
Fig. 15. Error between ITL and TL4 C13 modulus.

TABLE |
VOLTAGE AT RECEIVING END— PHASE TO GROUND PEEK VALUES
Harmonic Per unit reffered to
order nominal voltage
ITL TL4

- 1.25 1.28

10 1.86 1.52

17 1.64 1.80

30 1.53 1.46

38 1.45 1.40

53 1.37 1.33

=\2M1B  WV2TIC ®VI42A ®VI42B W \VI42C

uV2T-1A
800

U [kv]

Tisl 0.150 0.160 0.170 0.180

Fig. 16. Voltage at receiving end terminal for LaAd LIT — 18" harmonic
currentnjection.

Some energization cases were simulated as depiciEable I. A
50 Ams harmonic current source (positive sequence) welsded in
some cases to highlight the difference among tieerigpresentations.
For instance, for the case with thé"itarmonic current injection the
difference was rather high, around 22 %. For thsecaith 19
harmonic current injection the difference overvgéaifference was
10 %. In the former case the highest overvoltageuwed for the
ideally transposed line while in the second case thighest

overvoltage occurred when the
represented.

The voltages at receiving end for both line repnést@ns during
the energization simulation are presented in Fég. 1

The cases were simulated to point out the discipbetween the
models. No effort was applied to identify worstessbut if a series
of statistical switching were simulated the diffece between the

representations would be stressed.

transposition was pgng

=

VI. CONCLUSIONS

The correct representation of a transmission kneery important
to perform accurate studies. This paper presentmalysis pointing
out the inaccuracies of representing a line wittuactransposition
sections as an ideally transposed line for all fezgry range in an
electromagnetic transient study.

The discrepancy between the actual line representaind the
approximate representations as ITL can produce diffigrent results
when the line is submitted to electromagnetic femts due to usual
maneuvers or during the occurrence of faults. Sipatly for the line
in example, the presence of thé"@r the 17" harmonics can result
in very different perturbation in terms of voltaged current in the
extreme of the line. As presented, the worst cases chot always
occur when the line has a simplified or a more eateu
representation. It is important, therefore, to @rp represent the
system being analyzed.

When a specific case is studied, the interactiowéden the line
and rest of the system should also be analyzed¢chwban even
increase the differences found.

The transposed line must be correctly representadhly if loads
with high harmonic generation exist in the system.
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