Quasi-Modes Three-Phase Transmission Line Model - Comparison with Existing Frequency

Dependent Models
M. C. Tavares' J. Pissolato’ C. M. Portela’
cristina@sel.eesc.sc.usp.br pisso@dt.fee.unicamp.br e-mail : portelac@ism.com.br
Sdo Carlos Engineering School UNICAMP - State University of COPPE - Federal University of Rio de
—USP, Campinas Janeiro
S#o Carlos, SP Campinas, SP Rio de Janeiro, RJ
BRAZIL

' . Rua Paulo Fragoso Coimbra, 392; S#o Carlos - SP; Zip code :

fax ; 55 16 2739372 (contact author)

2 _ Faculdade de Engenharia Elétrica - UNICAMP; C.P. 6101; Campinas — SP; Zip code :

phone : 55 19 2893911, fax : 55 19 2891395

13562-340;, phone : 55 16 2739363;

13081-970;

% . Rua Eng. Cesar Grilo, 249; Zip code : 22640-150; Rio de Janeiro - RJ; phone : 55 21 2605010; fax : 55 21 4934201

Abstract - This paper presents a new model to represent
muitiphase transmission lines in transient studies, including
the frequency dependence of longitudinal parameters, The
frequency dependence is represented with synthetic circuits,
with a2 cascade of mw-circuit for each mode. A real
transformation matrix is used for the entire frequency range
and it is modeled through ideal transformers in a transient
program like ATP, as described.

An application of the methodology is presented for an
actual 440 kV single three-phase transmission line where some
transients results simulated in ATP are presented. The model
is compared to twe ATP line models, JMarti and Semlyen.

Key words Transmission line model, frequency
dependence, mode domain, transformation matrix, EMTP.

L INTRODUCTION

Overhead transmission lines and underground cables are
the basic transmission links across a power system. Wave
propagation and distortion along lines and cables affects the
wave shapes reaching the system equipment and the
associated stress upon the equipment.

Despite of their importance in transient studies, the
accurate modeling of transmission lines in time domain
simulations is still not fully satisfactorily resolved.

One of the main difficulties when dealing with transient
simulation studies in a digital simulator program like
EMTP [1] is the correct representation of transmission
lines. The EMTP works in the time domain and the line is
generaily represented by its phase quantities. Nevertheless,
the transmission ling parameters, namely the longitudinal
parameters, vary with distance and frequency.

This article presents a new model to represent three-
phase transmission lines including the frequency
dependence of longitudinal parameters. The model uses
exact modes, for ideally transposed lines, and quasi-modes
for non-transposed lines.

The longitudinal impedance is represented in the modal
domain through synthetic circuits, and the frequency
dependence can be modeled with high accuracy. The line is
represented through n-circuits, with one m-cireuit for each
mode.

As is well known, the longitudinal parameters vary with
frequency, and there is one impedance matrix for each
frequency. When working in the mode domain it is simple
to model the frequency dependence, as there is no coupling
between the modes. Mevertheless, the transformation
matrix, which makes the link between the phase and the
mode domain, varies with frequency, which is hard to
simulate in a time domain program like EMTP.

In the present model real transformation matrices are
used as the unique transformation matrices for the entire
frequency range. As the matrix elements are real ones they
can be represented in a time domain program like EMTP
using ideal transformers. This is implemented making the
proper connections with the transformers, using their ratios
and polarities.

This model can be implemented in any digital program
that has ideal transformer representation or in an analog
simulator (TNA). This means that with any digital program
it is possible to have a good representation of three-phase
transmission line, even if the program only has single-phase
transmission line mode) or resistor and inductors (used to
make the n-sections of the mode), but has ideal
transformers elements.

In the proposed model, taking advantage of the line
geometry, for three-phase transmission lines, Clarke [2]
transformation matrix is used as the unique transformation
matrix for the entire frequency range. As Clarke matrix is
real it can be implemented in EMTP through ideal
transformers, as shown.

The quasi-modes model is compared with two ATP
frequency dependent models : Semlyen and JMarti for an
actual 440 kV transmission line. These models represent
the frequency dependence in mode domain and use a
transformation matrix calculated for a single frequency
value for the entire frequency range. The models are
analyzed through some simulations, such as : mode and
frequency response and some transient phenomena.
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IL.___SINGLE THREE-PHASE TRANSMISSION
LINE MODEL

IL1. Mode Domain

Once the electrical parameters (longitudinal impedance
and transversal admittance) have been properly calculated
in phase domain, the line can be represented to start the
desired simulations.

The wransformation matrix is unique for each impedance
matrix, which means that for a defined line there is one
impedance matrix for each frequency. This seems to make
the mode determination very complex. It is usual to make
some simplifications as to use a single transformation
matrix calculated for a chosen frequency for the entire
frequency range. .

In the proposed model, for non transposed three-phase
transmission lines with a vertical symmetry plane, which
are the most common UHYV lines, there is a real and
frequency independent matrix which separates exactly two
groups of modes, the Clarke transformation matrix [3, 4]. In
one group there is the exact mode and in the other the two
quasi-modes, which may be treated as a good
approximation of the exact modes. For an ideally
transposed line the quasi modes are exact modes. If the line
has no symmetry plane, which is not usual in transmission
systems and most sub-transmission systems, the Clarke
transformation matrix will still be suitable.

The transformation matrix is real and constant, frequency
independent. It is a consequence of the line geometry and
has no simplifications implied. As the transformation is a
real one it can be modeled in a program like EMTP by
using ideal transformers.

After obtaining the transformation matrix the modal
impedance is calculated and the frequency dependence can
easily be synthesized with series and parallel resistors and
inductors.

I1.2. Three-Phase Transmission Line Model

Suppose a three-phase transmission line with the ground
wire already reduced, as shown in Fig. 1.

) ) o

Figure I - Schematic representation of a single three phase line

In phase domain

2oz o Loy,
The impedance matrix, in phase components, is :
A4 D D
z=|p B F (3)
D F B
Due to the vertical symmetry axis, Clarke’s

transformation can be applied and the currents in the

conductors are divided as shown in Fig. 2, for each
component [5] :

20 AR -6 26 -1 N3 N3 M3
(o] O o] e} o] o] (o] o 0
3 1 2 3 1 2 3 1 2
777 77 Fid
component companent o component §

Figure 2- Current in the conductors, for Clarke’s components, in
rationalized form

The line can be modeled through a cascade of =-circuits,
one for each mode. The frequency dependence of
longitudinal parameters can be synthesized with series and
parallel resistors and inductors, as shown in Fig. 3.

R‘p 1 sz an

Figure 3 - m-circuit for a mode

In Figs. 4-5 the synthetic circuit response is compared
with the exact longitudinal parameters.
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Figure 5 - Per unit inductance - Non transposed line - Exact x
synthetic results
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1L TRANSFORMATION MATRIX MODELING

As Clarke transformation matrix is a real one it was
represented in ATP-EMTP through ideal transformers.
With this it was possible to represent part of the electrical
circuit in phase components and part in mode components,
as shown in Fig. 6. This methodology can be applied to any
digital program that has an ideal transformer or in an analog
simulator (TNA).

Phase § — — S_’;’:ﬁ "i —Phase 1
Transfor Transfor
ti mation
| matrix Cascade of matrix [
Phase 2 [T r-circuit B 1 Fhase 2
Phase 3 — [Cascade of | Phase 3
n-circuit 0

Figure 6 - Schematic representation of three-phase line in EMTP

Clarke transformation matrix representation is performed
connecting the ideal transformers to model the relation
between phase and mode voltage and current. To do so the
transformers are connected with the coils in the positive
polarity if the matrix element is positive or in negative
polarity if the element is negative. The transformation ratio
reproduce the matrix value. There are two basic models [6]:

ethree transformers with one coil for phase and one for
mode.

sone coil in the primary side (phase) and three coils in
the mode side, composing a four-coils transformer;

The first model is described below and the two models
lead to the same resuit. The difference between them is the
number of transformers used and the way of conmnecting
them.

HL]l. One Transformer per Phase Model

In Fig. 7 the phase to phase diagram of the
transformation matrix model with three transformers per
phase is presented.
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Figure 7 - Link between phases and modes - three transformers
per phase
In this model there should be three independent
transformers for each phase, with one primary coil (in the
phase side) and one secondary coil (in the mode side), and
¢ach transformer should be associated to one mode. The
primary coils should be connected in series and the

secondary coil of three different phases should be
connected in paraliel. In Fig. 8 the three phase a
transformers are shown in detail.

i N, =1 i, 16

phase a
AL101D

i3

e

-

4 ls . Ho1one
| ‘] "

Figure 8 - Phase a transformers associated to the modes

An EMTP file is presented to help to describe the matrix

representation (one transformer per phase).
transformer between phase A and modes

TRANSFORMER AV1 1.00+6
9999
1JAGA . 001 1.0000
2 ALl1P1 L0001 .40825
3BE1P1 .00t 70711
4HO1P1 .001  .57735
C
C transformer between phase B and modes
TRANSFORMER BVl 1.00+6
2999
1JAGB . 001 1.0000
2AL1P2 ALLPL .001 .B1650
3HO1P2 HO1P1 001 57735
Ic
C transformer between phase C and modes
TRANSFORMER AV1 Ccvil 1.00+6

1JAGC

2AL1FPZ AL1010
3BE1Pl BE1019
4HO1010HO1P2

IV, SINGLE THREE-PHASE LINE
APPLICATION

In Fig. 9 it is presented the data of the three-phase line
used to illustrate the model.

The line parameters were calculated in the range of
10 Hz to 10 kHz. As it is a single line, to represent its
modes (exact ones for transposed line and quasi-modes for
non-transposed line) it was applied Clarke’s transformation
matrix, as explained. With the longitudinal and transversal
impedance in mode domain, the synthetic circuits were
calculated, composing one cascade of w-circuits for each
mode, each representing 10 km length. The line was
modeled in ATP, with the real and frequency independent
transformation  matrix  represented  through  ideal
transformers.
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{7.51, 34,00}

i [0.4m
L) LI ]
[7.27,24.07)

DAm

phase conduetors : grosbeak

gound wires  : EHS - 3/8"
carth resistivity : 1000 ohm.m
line length : 400 km
sag at midspan
phage cond.  :1343m
ground wires : 6.40m

Figure 9 - Schematic representation of the 440 kV three-phase
line

The line was treated as transposed and non-transposed. It
was also represented using Semlyen [7] and JMarti [8]
internal ATP models, Some transient results are presented.

IV.1. Mode Analysis

The first test performed with the proposed model was to
verify the natural mode behavior for a single three-phase
fransmission line, supposing it ideally transposed and non-
transposed. To do so some simulations were performed
with the three models in ATP.

The simulation consisted of applying a 1V step of 1 ms
to verify the model behavior to transients in the frequency
range of the normal switching phenomenon. In Fig. 10 the

diagram of the studied system is shown.
generation reception

G
Figure 10 - Simulated system for mode analysis

To represent the modes the step voltages were inputted
as described in Tab. 1. The reception end was opened. The
simulated cases were : transposed and non-transposed lines;
quasi-mode, Semlyen and JMarti models.

Table 1 - Steps to represent the modes

mode phase voltage (V)
alpha a -0.5
b (central) 1.0
c -0.5
beta a 1.0
b 0
c - 1.0
zero a 1.0
b 1.0
C 1.0

The mode behavior should be coherent with the analysis
performed before, where the intrinsic simplification of
quasi-mode model of using Clarke transformation as the
unique transformation for the entire frequency range was
shown.

In Figs. 11 to 13 some results of the mode analysis are
presented.

Comparing modes o andl_:,
Cuasi-modes
Non transposed ine
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Figure 11 - Step response for mode o and B - Quasi-mode model -
Non-transposed line - Reception end

Lomparing modes a and
Semiysn
Non transposad ling
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Figure 12 - Step response for mode @ and [ - Semlyen model -
Non-transposed line - Reception end

Comparing modes o and B
JMarti

10 F Non iransposad ine

Qs
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Figure 13 - Step response for mode o and p - JMarti model -
Non-transposed line - Reception end

Analyzing the results it can be seen that the proposed
model had a very coherent result, as detailed below :

s modes alpha and beta had very similar results for
transposed and non-transposed lines.
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The Semlyen model following

characteristics :

presented  the

« the mode alpha had similar behavior for both lines.

¢ the mode beta presents some differences for higher
frequencies, between both lines.

e comparing modes alpha and beta between the same
lines, for the transposed line the response is identical, as
should be. However, for non transposed line the response is
very different, which indicates a model inaccuracy.

The JMarti model presented the following characteristics

« the mode alpha had similar behavior for both lines.

o the mode beta had almost equal response for both lines.

» comparing modes alpha and beta between the same
lines, for the transposed line the response is identical, as
should be. However, for non transposed line the response is
very different, which also indicates a model inaccuracy.

IV.2. Freguency Analysis

A frequency scan analysis was performed for both
models where the sending terminal had a 1 V source and
the receiving end was opened. The relations between the
line ends were analyzed in the range of 10 Hz to 10 kHz.
An exact calculation, in what concerns the aspects
compared in the paper, was also realized so the models
could be more properly confronted, as shown in Fig. 14.
This so called exact calculation was performed by
computing the line quadripole for each frequency in mode
domain and obtaining the exact eigenvectors to transform
the mode quantities into phase.

8L
r — eoxmtt
| === Cruaai
;g cenes Semniyen
2 - JMarti
E4T
s
E2r
g
§r
3 e
“ i Semiyen
[ e
] =N
10 10 10 10

fraquency [Hz]

Figure 14 - Zero sequence - Transposed line

The results for both lines were similar, and the main
characteristics can be summarized :

« the positive sequence response was very similar for all
three models and the exact case,

o the zero sequence response for quasi-mode model was
quite equal to the exact response, while the Semlyen and
JMarti models have too much damper.

1V.3. _ Statistical Energization
To verify model performance for a transient phenomenon
a statistical energization was simulated, with 500 shots and
the same seed. The system configuration was :
reception end opened; reception voltage : 0.95 pu;
base power : 170 MVA; X (generator + transformer) :

0.3618 pu; X/R : 11.4; X./X,:4.41; pre-insertion
resistor ; 300
The configuration of the simulated system is presented in
Fig. 15.
150 1500
geneTalion

Teception
Syl

generation
equivalent
Figure 15 - Studied system diagram
In Fig. 16 the results for non-transposed lines are shown.
3,61

3,4

1 i
3,21 _ ]
3,0-
2,81
2,67

247 —— quasi-modes

----- Semlyen
= IMarli

Reception voltage [pu]

2,

2,05

T T T T ¥ T T T T 1
0 100 200 300 400 500
Accumulated frequency

Figure 16 - Statistical energization of non transposed line -
Reception voltage - Accumulated frequency - 500 shots
For both lines there are differences between the models.
For the transposed line the difference is around 0.1 pu and
0.2 pu for the non-transposed line. For the latter, this is a
notable difference which can affect an optimized line
project and its costs.

IV.4. _Worst case energization

From the results obtained from the statistical analysis, the
worst case was reprocessed, both for transposed and for
non-transposed lines, for all three models.

The resuits are presented in Fig. 17 and 18.

Reception vollage [pu - 341 kV]

time [ms]

Figure 17 - Worst case energization of non transposed line -
reception voltage - Quasi-modes x Semlyen
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Figure 18 - Worst case energization of nen transposed line -
reception voltage - Quasi-modes x IMarti

The wave forms are similar, and for non transposed lines
the difference are higher.

Y. CONCLUSIONS

This paper presents a new model to represent multiphase
transmission lines including the frequency dependence of
longitudinal parameters. The model uses the exact modes,
for ideally transposed lines, and quasi-modes for non-
transposed lines.

The longitudinal impedance is represented in the mode
domain through synthetic circuits, and the frequency
dependence can be modeled with high accuracy. The line is
represented through cascade of m-circuits, one for each
mode,

The wransformation matrix was modeled in a time domain
program like ATP using ideal transformers.

A detailed comparison has been carried out of the quasi-
mode model and two constant transformation matrix
models, equal to the matrix for a previously chosen
frequency {the ATF Semlyen and JMarti models).

The method presented in the paper intends to take full
advantage of the basic conceptual frame of time domain
based programs, as it is the case of EMTP and ATP, and to
enable a flexible accuracy control of the model. The
accuracy depends only on dominant frequency range of
analyzed phenomena and accepted accuracy of line
parameters reproduction. Another feature of the method is
to allow direct control of frequency accuracy of line model.
In conditions in which resonance or almost resonance
occurs, and which may originate very high overvoltages
(e. g., ferroresonance), it is very important to have an
accurate frequency representation near critical frequencies.

It is shown that, even though the quasi-mode model has
some simplifications, it produces more accurate results than
the others. It is observed that for typical switching

transients with a large frequency spectrum, in most cases,
the use of Clarke transformation matrix has a better result
than the use of a single transformation matrix calculated for
a single frequency chosen “a priori”. This can be explained
by the fact that Clarke’s transformation matrices lead to
good averages, avoiding the amplification of a particular
frequency behavior [9].
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