An Examination of a Phase Domain Modeling of Untransposed Transmission Lines
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Abstract - This paper examines a phase domain modeling
for lager time span of simulation. First, a successive
approximation of frequency dependent using low order
transfer function and a DC expression for lower
frequency area are introduced. Next, the comparison
between field tests and simulated results with the model
are made for impulse energizing. Lastly, for compara-
tively larger time span of simuiation, comparison
between the model and a constant transformation matrix
model results are made. From these results, this paper
concluded phase domain model is the more important in
the larger time span of simulation.
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1. INTRODUCTION

Recently, It becomes clear that the detajled modeling in
modal expression for untransposed transmission lines is
limited maialy because of the difficulty of the physical
causality realization in the single transformation matrix
representation including surge admittance {1,7]. Several phase
domain modelings have been developed [3-6, 8] , overcoming
the weakness of modal expression. These papers verify their
efficiency and accuracy for comparatively small time span of
simulation. Then there is still room to examine long run
behavior of the phase model with comparison to the constant
matrix model, Also comparison work between field tests and
the phase domain model is still few. Reviewing the experience
would be benefit of users of codes such as EMTP,

From the above points of view, this paper introduces
first a phase domain modeling, using the first and second
order of stable transfer functions [3]. Also a modification
of frequency characteristics in very low frequency area to
the efficient DC initialization is introduced. The mode] con-
structed with these techniques is stable. This model has been
installed in EMTP(DCG V2.1). Next, a comparison between
field tests and simulated results were made. The comparison
involves a DC airline, DC cable and double AC airlines. Lastly
comparison between the phase domain model and the constant
transformation matrix model were made to the simulation of
step and frequency response. This test showed that difference
between two models grew with longer simulation time,
reaching considerable amount especially in resonance.

2. A MODELING IN PHASE DOMAIN

This modeling bases on observations of phase domain
frequency characteristics. Fig.1 shows given attenuation
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characteristics of 2c.c.t. line. The frequency characteristics
of the part of mark A and B in Fig.1 are similar to these of
the transfer function (1a) and (b} respectively. Then the
part A and B are approximated with (1a) and (1b}. Fig.2
shows the residual which subtracted the frequency
characteristics of specified (1a) and (1b) from the given
frequency characteristics. The part of mark B and C similar
to (1b) and (1c) appear with reduced magnitude level. For
further approximation, same situation appears repeatedly.
This can be observed in surge admittance of phase domain.
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From the observation, we developed a successive
approximation using the function (1a), (1b) and (1¢) as
formation function. The algorithm as follows.

Step 1: This step sets the residual subtracted the real value
at the highest frequency from the given frequency char-
acteristics. The real value is registered as a fraction of the
approximated function set.

Step 2: This step finds a location on the residual to be
approximated with a specified function. The location can be
identified with scanning of frequency-amplitude pattern and
logistic judgment. :

Step 3: This step decides coefficients of the specified
function. This can be done through normal least square
technique using the real part of frequency characteristics of
the residual. The coefficients are registered in the appr-
oximated function set.

Step 4: This step calculates new residual with the
coefficients decided one step before. If the new residual is
small enough, then it goes to next step. Else, it goes to Step 2.

Step 5: For surge admittance , the algorithm ends . For
aftenuation, this step calcurates total frequency characteristics
of the registered function set and phase angle. If the deviation
of the phase angle to the given one are not small enough,then
modify propagation time and the given frequency
characteristics, it goes to Step 1. Else the algorithm ends.

The final function set can be described as follows.

F(s) =ke+ a3 Fa5a’
I+sty

52 $qWnS+ cu,‘,2 @

In the modeiing, the stability problem on formation
function is negligible because the approximation process
easily accepts stable constraints to those low order
functions. Once the approximation of propagation and surge
admittance is obtained in the form (2), the time domain
recursive convolution is easily obtained [2].

Fig.3 shows the configuration of a DC air line model based
on Hokkaido-Honshu DC link. The modeling of attenuation
characteristics for 31.2km case of the line are shown in Fig.4.
The modification of propagation time as mentioned in the
algorithm is illustrated in the enlarged portion in Fig.4. The
phase shift of tail part of the given characteristics are adjusted
to be able to fit to stable formation function (1a) to (1c}. As
appears in the figure, the approximated results fit well to the
modified characteristics. The number of formation, function
required for the approximation of the surge admittance and
attenuation characteristics are shown in the table 1 and 2.

Now, a modification of the frequency characteristics in
low frequency area is illustrated. Suppose that the conduc-
tanice to the earth can be neglected and frequency is low enough,
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ng.3. Configuration of a DC air line model.
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Table 1. Results of modeling for surge admittance.
(Frequency range : 0.01Hz to 1000M Hz)

Element Number of Numberof
fifs) fa(s)

(1, 1) 18 11

(1, 2) 19 16

(1, 3} 21 15

(2, 2) 18 1

{2, 3) 14 0

(3, 3) 18 1

Table 2. Results of modeling for attenuation.
(Frequency range : 0.01Hz to 1000M Hz)

Element | Number of Number of
fi(s) f3(s)
1, 1) 7 3
{1, 2) 10 9
(1, 3) 6 17
(2, 1) 12 8
(2, 2) 13 2
(2, 3) 14 11
(3, ) 8 17 .
(3, 2) 8 18
(3, 3) 10 9
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surge admittance Ys and propagation constant P may be
described as follows.

Y, = (R+sL)  J{G+sC)(R+sL) =JCR™ -5 (3a)
p=e M ar-yi=1-JCRI'Ys (3b)

Where y = (G+sC)(R+sL) =«+/CR-+5s ,andR, C, !

and s are resistance and capacitance matrix, line length and
Laplace operator respectively.

Here, in (3a) and (3b}, let’s replace square root of s to
small positive constant «, then the impedance Ze and
admittance Ye of pi-equivalent can be derived as follows.

Z, =¥ sinh(yl)=RI (4a)
Y, cosh(yl)—1 a°Cl
== oh-l, (4b)

2 7 sink(rl) 2

In (4b), even the capacitance changes it's nature to the
conductance, with small o, the influence to affect DC
initialization may be neglected, and still capacitive voltage
distribution may be maintained. Fig.5 illustrates the
modification of surge admittance case. The square root of s
characteristics is discarded, being replaced to real constant.
This modification makes the approximation in low frequency
arca easier, reducing number of term of formation function,

A 650kV class of 2c.c.t. DC line model, of which distance
is 370km, was tested with the constant 1 as a. The receiving-
end voliage was set 10 650%V, the sending-end voltage to
650kV plus voltage drop of DC current 2500A. The DC
current error of the code output was -0.02% at the receiving-
end. Fig.6 shows voltage response when a power line is
energized with step voltage source. For the 1sec run, the
response is stable, reaching and remaining the capacitive
voltage distribution.

3. FIELD AND PHASE MODEL TESTS

In the following tests, Field 1est records by oscilloscope are
digitized to agree with the simulated voltage at the time near by
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Fig.6. Step voltage response.

crest, since the record of voltage scale has been lost. Then only
the waveform can be examined.

3.1 A 250kV class DC overhead line

This line consists of 1 power wire and 2 return wires in the
stage tested as shown in Fig.3. The test line distance was 31.2km.
An mpulse wave, 45/4000 usec, was applied to the power wire.
Fig.7 compares field test results with simulated results. In the
figure, The mark F and S denotes field test and simulated result
respectively. Though the waveform agrees well each other,
still the difference remains at the detail. The difference arises
at each buildup and trailing section of wave, These difference
may be affected with data such as impulse generator, average
heights, ground conductivity. For better simulation, the
examination on those data are required.

3.2 A 250kV class DC submarine OF cable

The test line distance was 44.4km. The cable sheath and
armoring are bonded every 3.6km. An impulse wave, 1/36
usec, was applied to the power conductor. Each segment of
the cable is modeled with 2 conductors system consisting of
the power conductor and the sheath. Fig.8 shows the voitage
responce of the power conductot. The ratio of the first peak
to the second of field test result agrees well with that of the
simulated result. The difference exists in the trailing section
of the wave. This may be affected with the impulse generator
constants.

3.3 A 500kV class AC vertical overhead line

The line configuration is shown in Fig.9. The test line
distance was 42km. An impulse wave, 1/4000usec, was
applied to the bottomn phase. The waveform of the simulated
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Fig.7. Impulse response of a 250kV DC overhead line.
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Fig.8. Impulse response of a DC submarine cable line.
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Fig.9. Configuration of a AC vertical overhead line.
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Fig.10. Impulse response of a vertical overhead line.

results agrees well to those of the field test results as shown
in Fig.10.

4. COMPARISON BETWEEN MODELS

A comparison work between the phase domain
model{PD) described before and & constant transformation
matrix model{CTM) has been done. The CTM of EMTP
(DCG v1.2) was selected as a standard one. Step energizing
and frequency response tests were done to examine the be-
havior for longer simulation time.

4.1 Model lines

Three model lines were tested. Fig.11 shows the con-
figuration of a triangular overhead AC line. The line dis-
tance is 222km. Fig.9 shows a vertical overhead AC line
mentioned before. The distance is 200km. Fig.12 shows the
configuration of a two bipole overhead DC line which has
two return wires. The line distance is 375km.

4.2 Step energizing test
In the following, the test case which produces the larger
difference between CTM and PD in each test is presented.

4.2.1 A triangular overhead AC line

Fig.13 shows the voltage waveform on the receiving-end
terminals, when the bottom phase of the sending-end was
energized by the unit step voltage and other terminals re-
main open. Difference between CTM derived at 1kHz and
PD to the positive peak voltage in the first wave is 2% on
the energized phase and 3.9% on the top phase, i.e., the in-
duced phase. While the difference of the third wave’s peak
voltage is 4% on the energized phase. For CTM simulation,
the transformation matrix were derived at different fre-
quency. The choice of the frequency did not make great
change in this case as shown in Fig.13.

Fig.14 shows the case that the top phase was energized,
Difference between CTM at 1kHz and PD to the positive
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Fig.11. Configuration of a triangular overhead AC line.
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peak voltage in the first wave is 3% on the energized phase
and 1.1% on the induced phase. While the difference of the
third wave’s peak voltage is 10.4% on the energized phase,
9% on the induced phase. CTM at 300Hz reduced the differ-
ence of the third wave’s peak voltage on the energized phase
to 8%.

4.2.2 A vertical overhead AC line

Fig.15 shows the voltage waveform on the bottom phase
of the receiving-end , when the same phase of sending-end
was energized. Difference between CTM at 1kHz and PD of
the positive peak voltage in the first wave is 1.4%, then
growing 3.4% in the third wave. The waveform of first wave
resembles well at the detail each other as shown in the en-
larged figure of Fig.15. The maximum difference of the first
wave in induced phase was 4.7% in the top phase.

423 A two bipole overhead DC line with return wires
Fig.16 shows the voltage waveform on the top of power
conductor, when the same conductor of sending-end was
energized. The difference of the positive peak voltage in the
first wave is 2.1%, then growing 3.6% in the third wave.
The maximum difference of the first wave in induced con-
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Fig.16. Step response of a two bipole overhead DC line.

ductors was 8.5% in the return wire, when the middle power
conductor was energized.

4.3 Frequency response test

The Frequency responses of the CTM and PD can be
obtained as the value when the simulation using those
reaches steady state. Also, the exact frequency solution is
obtained with nodal equation. The error of the models can
be evaluated with the exact frequency solution. In the fol-
lowing, the test case which produces the larger error for
CTM in each model line is presented.

4.3.1 A triangular overhead AC line

Fig.17 shows the error of CTM derived at 1kHz and PD,
when the sinusoidal voltage was applied to the top phase.
The maximum error of PD is less than 1%. While the maxi-
mum error of CTM is about 40% at 310Hz, the first reso-
nance frequency of the circuit, on the top phase.

4.3.2 A vertical overhead AC line

Fig.18 shows error of the models when the sinusoidal
voltage wave was applied to the bottom phase. The error of
PD remain within 1% for all frequency. While the error of
CTM reaches about 20% at 317Hz.
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Fig.17. Frequency response of a triangular.
overhead AC line
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4.3.3 A two bipole overhead DC line with return wires
Fig.19 shows error of the models when the sinusoidal
voltage wave was applied to the middle conductor and
other terminal remain open. The error of PD are within 1%
for all frequency. While the error of CTM reaches 24% at
317Hz on the receiving end of the energized conductor.

5. CONCLUSION

A phase domain model was introduced and it’s outputs
were compared with field tests, theoretical frequency solu-
tions and the outputs of a constant transformation mairix
model. From those works, the following can be concluded.

{1} The modeling introduced in this paper can offer the
accurate and stable phase domain model.

(2) Though the phase domain model produces wave-
forms which agree well with field test results, still disagree-

ment remains at the detail. This disagreement may be af-
fected with data such as impulse generator, average heights,
ground conductivity. The careful examination of those data
is still very important for better simulation,

(3) The difference between the phase model and a con-
stant transformation matrix model is comparably small in
short time transient such as the first wave analysis. The
maximum difference of the first wave was 3% in energized
conductor, 8.5% in induced conductor. While the difference
of two models grew with longer simulation time, reaching
considerable amount especially in resonance.

Phase domain model is the more important in the larger
time span of simulation.
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