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Abstract - In EMTP-type programs, the J. Martf's
frequency-dependent transmission line model (fdline) is
largely used. In this model, multiphase lines are
decoupled through modal transformation matrices. The
characteristic admittance ¥,(aw) and the propagation
function A(@) are approximated by rational functions
using the asymptotic fitting technique. However, the
approximated functions usually have a high number of
zeroes and poles, and may produce large local errors.

In this paper, an optimization fitting procedure is used
to obtain low order approximation for ¥.(a) and A(w)
to be used in connection with the J. Marti's model. The
approximated functions are obtained for three and six-
phase line configurations. Time-domain digital
simulations were carried out. It is shown that the low
order model may produce more accurate results than
those obtained by some currently available EMTP
routines. Computer time savings are also accomplished.

Keywords: EMTP, Line modelling, Optimization, Low
Order Model, Real-Time Simulators.

I. INTRODUCTION

The frequency range associated with a transient
condition, in power systems, can vary from 0,1 Hz up to 50
MHz [1]. In this frequency range, the transmission line
parameters are strongly frequency dependent, due to
ground return, skin effect and multiphase coupling.

J. Marti's transmission line model (fdline) is largely
used in EMTP-type programs {2]. In fdline model,
multiphase lines are decoupled through modal
transformation matrices, based on Wedepohl and
Hedman’s theory of decomposition of natural propagation
modes (eigenmodes) [3,4]. In the frequency domain, each
mode of the transmission line is represented by the
characteristic admittance, Y.(w), in parallel with a current
source (Fig. 1). The current source is a function of the
propagation function, A(@).

J. Martf suggests an alternative form for frequency-time
conversion which avoids inverse transformations (Fourier
Transform, for example). ¥(a) and A(e) are approximated
by rational functions using the asymptotic fitting technique.
However, the approximated functions usually have a high
number of zeroes and poles, and may produce large local
errors when comparated to the original characteristic
admittance and propagation function curves [3, 6].
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Fig. 1. Transmission line equivalent circuit in modal domain,

Low order approximate functions may be important for
real time studies. Some authors show that the use of low
order functions provides a reduction in the processing time
in each time step [7, 8, 9]. Simulations in real time are then
accomplished, although large errors had to be accepted in
the fitting process.

This work is based on the optimization fitting
procedure presented previouly by the authors [6]. With this
procedure, accurate low order models are obtained. Digital
simulations are carried out using MICROTRAN® [10] and
ATP [il1]. The differences in the simulated resuits are
analyzed. Low order models lead to smaller processing
time per time step.

II. TIME-DOMAIN MODEL

The frequency domain equivalent circuit of a
transmnission line is shown in Fig. 1, where:
B(@) = [ (@}, (@) + J (@) A(@) )
8,(@) = [0 @)+ (@) A@).

In the time-domain,

By =D a0 + ] ) @
5 () =1 ) O+ jinlO)]* al®)

In (2) the symbol “*” denotes convolution integrals.
For time-domain simulations, ¥.{@) is approximated by
Y, (@) in rational function form (with s=jw ).
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that can be rewritten in partial fraction form,
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Using a numerical integration method, each terminal of
Fig. 1 can be reduced to the equivalent circuit of Fig. 2, in
which the frequency-dependent line admittance is
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represented by a constant admittance, Y, , in parallel with a
current source, Ji.., (7).
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Fig. 2. Time-domain equivalent circuit.

In Fig. 2, Jk—eq (V) = bi(®) + Jpaisdt) .
In (2),

b)) = [1. () * () + e (O] * alt) -
Thus, from the circuit of Fig. 2,

B = |y 0+ O+ S O 0O =T &) )
Or further,

b O=£,(O0*aO) ~ Iy (O (6)

where: (1) =¥, v, () + fuu () + Jp_pu(0)}
aft) = F " f4(w)} = Inverse transform of A(w).
Therefore, to determine by(?), we need to obtain afy).
A{w) is approximated by a rational function:

4,(s)= P(s).e”™ (with s=j@), (M
where: Tz, = travel time of the fastest wave; and
P(s)= N(5) —g. (s+2z)(s+2,)...... (s+z,) . 63
D(s) (s+p)(s+py)...(s+py)
Thus, P(s) can be written in the form,
P(s)={ L. - S } . )
S+p, s+p, s+p,

Returning to the time-domain,

p(t)={ ke the™ +....... +k e P } (10)
Using (10) and (7) the convolution integral (6) can be
evaluated recursively at each time step [2, 5].

I{Il. THE FITTING TECHNIQUES

EMTP programs, like MICROTRAN® and ATP use
the well known asymptotic fitting technique based on
Bode's procedure to approximate the characteristic
admittance (or impedance} and propagation function [2]. -

The optimized fitting technique used here was first
presented in [6]. It is based on an optimization procedure
due to Levenberg-Marquardt [12]. Low  order
approximated functions can be obtained with good
accuracy in all frequency range. The number of poles and
zeroes is defined by the user for each mode.

IV. CASE STUDIES

In this section, three different case studies using both,
the asymptotic and optimized fitting procedures, are
analyzed.

CASEA: :
Consider the three-phase untransposed overhead
transmission line with ground wires as shown in Fig, 3.

39319 m
I‘_’I | Phase Canductors: Ry= 32,40 mC)/km
1 } Dii 1 4,06% cm

ry L] ®  Ground Wire; Ra= 1622 Q/km

Diameter: 0.920 em
Length: 222.0 kin
Earth Resigtivity: 100 O.m

Fig. 3. Untransposed three-phase transmission line with explicit
ground wires.

Using FDDATA™ (MICROTRAN® Student Version
2.08), the 05 modes (three phases and two ground wires) of
Y.(w) and A(w) were computed for a frequency range from
102 Hz to 10° Hz. The asymptotic fitting technique and the
optimized fitting procedure were used to find the rational
function approximations for Y.fe¥ and A(ay. The fitting
results are shown in Fig. 4 to 7 and summarized in Table 1.
In general, the maximum error occurs in the low frequency
range for ¥.(a), and in the high frequency range for A(ay).

Table 1 - Comparison between the two fitting procedures
Case A.

symptotic Fitting- | .= Optirhized Fitting

zero | pole | Max. | zero | pole | Max.

Error Error

(%) (%)

10 [ 10 ['3538 [ 05 | 05 | 281

~ 14 [ 14 [ 1033 [ 05 [ o5 [ 106
$ 07 | 07 | 955 | 05 | 05 | 1,04
> 18 | 18 [ 914 | o8 | o8 [ o7
21 | 21 [ 663 [ 09 | 09 [ 016

18 [ 20 | 307 [ 06 [ 09 | 031

2 19 | 20 | 896 | 07 [ 09 | 014
S 16 ] 18 | 708 | 07 [ 11 | 456
22 | 24 | 662 | 03 | 06 | 163

18 | 20 | 565 | 06 | 08 | 513

It can be seen that if the optimized fitting procedure is
used, a low order rational function is obtained with very
good accuracy over the entire frequency range.
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Fig. 5. Admittance Error Curves
Phase of Mode 01.
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Fig. 7. Propagation Function Error Curves
Phase of Mode 01.

MICROTRAN® was used to carry out time-domain
simulations. A voltage step was applied to phase 1 at the
sending end with the receiving end and the other phases left

opened. A time step of Ar = Jus and the modal
transformation matrix, calculated at J,2 kHz from
FDDATA™, were used. The simulated results are shown in
Fig. 8 and Fig. 9. In Fig. § three curves are plotted. Note
that the FDDATA model curve and the low order model
curve are nearly identical. A FFT (Fast Fourier Transform)
program was used to obtain the frequency spectrum for
each voltage waveform at the receiving end (Fig. 10 and
Fig. 11). Only the lower frequency range of the spectrum is
shown for in the upper part of the spectrum it does not
appear any discrepancy between frequency components.

In the low frequency range, discrepancies are observed.
In this frequency range, the error in the approximated
admittance produced by the asymptotic fitting procedure is
maximum for all admittance modes (Table 1).
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Fig. 8. Voltage at the receiving end - Phase 1.
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Fig. 9. Voitage at the receiving end - Phase 2.
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Fig. 10. Low frequencies (0-500 Hz) FFT Magnitude Plot of
voltage at receiving end - Phase 1.
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Fig. 1. Low frequencies (0-500 Hz) FFT Magnitude Plot of
voltage at receiving end - Phase 2,

CASE B:
Consider the three-phase untransposed overhead
transmission line of Fig. 12,

e [ ] L
i | 2 3
|
i

‘—’ A
7.0 m

12 O m
Phase Conductors: Re= 4981 mQ/km
Diameter: 2. 64 cm
Length: 1000 k
Earth Resistivity; 100 G/km

Fig. 12. Untransposed three-phase transmission line.

Using FDDATA™, the 03 modes of ¥.{w) and A(w)
were computed for the frequency range from 107 Hz to 10°
Hz. The asymptotic fitting technique and the optimized
fitting procedure were used to find the rational function
approximations for Y.{m) and Afw). The fitting results are
summarized in Table 2. Again, the maximum errors occur
in the low frequency range for characteristic admittance
and in the high frequency range for propagation function.
The optimized fitting procedure produces a very low order
rational function with a very small maximum error, over
the entire frequency range.

MICROTRAN® was used to carry out time-domain
with a time step of 4t = I us. A voltage step was applied to
phase 1 at the sending end with the receiving end and the
other phases left opened. The simulated results are shown
in Fig. 13,

The FET (Fast Fourier Transform) program was used to
obtain the Gequency spectrum for each voltage waveform
at the sending end (Fig. 14). Again, only the lower
frequency range of the spectrum is shown. In the upper part
of the spectrum the discrepancies are negligible. The
discrepancies in the low frequency range are due to errors
in the approximated admittance produced by the
asymptotic fitting procedure for all modes (Table 2).

Table 2 -Commparison between the two fitting procedures
. Casc B.

Mode zéro pole. Max. zéro . pole | Max,
Error Error
(%) (%0)
3 01 20 20 9.52 08 08 0.94
;5 02 14 14 | 10.13 05 05 1.51
03 14 14 11030 | 05 03 1.35
3 01 20 22 17.71 02 05 4.64
5 02 18 19 3.88 02 03 1.36
03 20 22 11685 | 02 05 3.08
0
xol
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Fig. 13. Voltage at sending end - Phase 2,
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Fig. 14. Low frequencies (0-300 Hz)} FFT magnitude plot of
voltage at sending end - Phase 2.

CASE C:

Consider the double circuit three-phase untransposed

overhead transmission line of Fig. 15.
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1234 m Dismeter: 0,580 ¢cm
‘L Length: 160.9 km
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Fig. 5. Double untransposed three-phase transmission line.
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Using LINE CONSTANTS routine (ATP), the 06
modes of Z(ay} and A(w) were computed for a frequency
range from 10" Hz to 10° Hz. The asymptotic fitting
technique and the optimized fitting procedure were used to
find the rational function approximations for Z(e) and
A(w). The fitting results for the 06 modes are summarized
in Table 3.

Table 3 — Comparison between the two fitting procedures
Case C.

zero | pole

24 | 24
25 | 25
25_| 25
17 | 17
23 | 23

24 24 9.63 07 07 Q.15

15 18 4.86 08 11 1.46

15 | 17 | 203 | 10 | 12 | 0384

35 37 L.53 10 12 0.28

21 22 Li8 0?7 08 0.48

24 25 245 07 08 a.30

24 | 25 | 301 [ o7 | 08 | 0.10

Again, the maximum errors occur in low frequency
range for characteristic admittance, and in high frequency
range for propagation function. It can be seen that if the
optimized fitting procedure is used, a low order rational
function is obtained with a small maximum error, over the
entire frequency range.

ATP was used to carry out time-domain simulations
using models obtained with the asymptotic and the
optimized fitting procedures. A voltage step was applied to
phase 1, 2 and 3 at the sending end with the receiving end
grounded and the other phases closed to ground by a 10Q
resistor. A time step At = 5us and the modal
transformation matrix, calculated 1,2 kfz from LINE
CONSTANTS routine, were used. The simulated currents
at the receiving end are shown in Fig. 16.

F

L1
g
E wr
é .1

-] — Low Order Mockl

o ® » m W m W
Time (ms)

Fig. 16. Current in recciving end at Phase 6.

The FFT (Fast Fourier Transform) was applied to the
current waveforms. Fig. 17 shows low frequencies (0-
100Hz) FFT magnitude plots. Once more, it can be seen
that discrepancies appear in the lower frequency
components.

o] a --O-- ATP Modal
& —&— Low Qmier Model
LY
&
] -
i i
2+
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o ot p BB p-nB-BnB
o » 0 © o w
Frequency (Hz)

Fig. 17. Low frequencies (0-100 Hz) FFT magnitude plot of
current in receiving end - Phase 6.

V. PROCESSING TIME

The simulations were performed with a PENTIUM® IE
400 MHz, 128 MB - RAM. The elapsed time per time step
for Case A, B and C are shown in tables 4, 5, and 6,
respectively.

The use of jow order functions provided a reduction in
the processing time in each time step. The computer time
savings were around 12% for cases A and B, and 22% for
case C. In spite of the small time reduction (32 up to 80
ps), it may be important in real-time simulations.

Table 4 — Simulation time per number of time steps
Case A - MICROTRAN®,

FDDATA™ Model Low Order Model
(Asymptotic Fitting) (Optimized Fitting)

9.8 /25000 = 392 ps 8.6/25000= 344 us

Table 5 — Simulation time per number of time steps
Case B - MICROTRAN®.

FDDATA™ Model Low Order Model
{Asymptotic Fiiting) {Optimized Fitting)
6.6 / 25000 = 264 ps 5.8 /25000 = 232 us

Table 6 — Simulation time per number of time steps

Case C - ATP.
LINE CONSTANTS Model Low Order Model
{Asymptotic Fitting) {Optimized Fitting)

9.0 /25000 = 360 us 7.0 /25000 = 280 us

V1. CONCLUSIONS

An optimization procedure to fit rational functions to
Z{@) and A(w), was used. It was shown that the number of
poles and zeroes of the fitted function can be considerably
smaller than those obtained by using the asymptotic
procedure, over the entire frequency range with good
accuracy. Simulations were performed for three and six
phase overhead lines.

FDDATA™ and LINE CONSTANTS fitting routines
results may present large local errors, due to the asymptotic
fitting procedure. The fitting process may lead to
inaccurate results in time domain simulations.

The optimized fitting procedure used here may lead to
more accurate results in time-domain simulations. In our
studies, we have no problems with stability of the solution.
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Recently, phase-domain models have been used [13-
16]. In these models Z (@) and A(e) are fitted directly in
phase-domain, avoiding modal transformations. The
optimized routine presented here may be used in
connection with these models.

Due to the accuracy and low order of approximated
fitted functions, the optimized routine may be suitable to be
used in connection with real-time simulators.
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