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ABSTRACT In this paper, an accurate parameter identification algorithm is proposed for transient voltage
profile calculation of the unknown transmission lines. This method is based on the virtual black-box method
and uses single-ended data sampling, where the input data include voltage and current samples obtained by
measuring at one end of the line in transient mode. A mathematical formulation is proposed to separate the
sampled data and form a virtual black-box system with virtual inputs and outputs. The virtual black-box is
designed, such that the system coefficients relating the virtual outputs and inputs are the known functions
of transmission line parameters in the real world. The coefficient values are then calculated by employing
the recursive least squares estimation method, which minimizes the sum of squared errors of observations.
Using this method, transmission line parameters and transient voltage profile are calculated from only
one terminal data with no need of measuring devices, data synchronization, and communication devices
at both sides. The efficiency of the proposed method is tested and proved through the EMTP simulations.

INDEX TERMS One terminal sampling, power system transients, recursive estimation, time domain

analysis, transmission lines.

I. INTRODUCTION

Reliable operation of power transmission system needs thor-
ough awareness of electrical characteristics. Knowledge of
accurate value of transmission line parameters directly affects
many power system analyses including surge protection sys-
tem design, fault location, transient studies, shunt and series
compensations, insulation coordination, and voltage profile
calculation. To determine the maximum overvoltage loca-
tions, it is necessary to calculate voltage profile as a function
of distance from terminals because it is possible that over-
voltages at intermediate points of transmission line be higher
than those at the terminals.

Topology of power transmission lines including line
height, tower and phases’ geometry, cable characteristics,
and soil condition are the significant factors in calcu-
lation of electrical parameters of transmission lines in
addition to earth-return current and skin effect in wires.
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These line parameters can be estimated using voltage and cur-
rent measurements obtained from both ends of transmission
lines [1]-[18].

There are different methods to estimate transmission line
parameters. The effective estimation methods are chosen
based on system characteristics, load profile, line geometry,
and system dynamics (i.e. transient or steady state). In other
words, efficiency of each method depends on operating con-
dition of the power system being studied.

Among the literature, a few papers have considered
unsymmetrical lines for parameter estimation [2], [3]. A com-
bination of multiple methods to accurately estimate line
parameters based on current and voltage measurements
obtained from fault records are used in [2]. Four methods are
presented in [3] to identify impedance parameters of short
transmission lines considering biased and non-biased noise.

Studies on the parameter estimation in the time domain
have been reported in some papers in the literature [4]-[6].
In [4], a Prony-method based approach to identify param-
eters of unsymmetrical transmission lines by analyzing
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fault records is proposed. Ren et al. [5] present a Kalman
filter-based approach for tracking untransposed overhead
transmission line parameters and states estimation simulta-
neously. Another method using traveling waves generated
during disturbance and considering measurement error and
noise is proposed in [6] for obtaining the propagation constant
of the line, which is used to estimate line parameters.

There are some papers proposing iterative algorithms for
transmission line parameter estimation [7], [8]. A study takes
into account systematic errors in measured phasors and ther-
mal variation of the line resistance [7]. According to [8],
by employing maximum likelihood estimation algorithm,
transmission line parameters can be estimated using joint
PMU and SCADA data, even if they are disturbed with ran-
dom normal noise.

The literature includes some works which estimate param-
eters considering line compensation [9], [10]. The pro-
posed method in [8] is extended for online estimation of
series-compensated transmission lines parameters in [9].
As introduced in [10], transmission line positive sequence
parameters, temperature, and sag can be estimated by making
use of online voltage and current phasors. As least squared
based algorithm used, the estimating method is capable of
detecting and identifying bad data, and minimizing the impact
of measurement errors.

Newton-based methods are proposed in some other works
for line parameters estimation [11]-[15]. Reference [11]
described a method of estimating transmission line param-
eters from voltage, current, and power measurements by
using the Newton—Raphson method to solve the non-linear
equations. An orthogonal distance regression approach for
solving zero sequence parameter estimation problem, dis-
cussing the different types of zero sequence network con-
figurations is proposed in [12], considering noise in syn-
chrophasor measurements, and the authors generalized the
method of total least squares to the non-linear parameter
estimation problem. An iterative technique derived from the
Newton method is adopted to solve a multi-point transmis-
sion line parameter estimation model in [13]. Reference [14]
outlines an approach for estimating the positive sequence
line parameters in steady state conditions and describes its
capability of detecting and identifying bad data of measure-
ment errors and minimizing the impacts of them. Refer-
ence [15] proposes a method to estimate transmission line
parameter uncertainties considering the PMU measurement
inaccuracies.

The methods described in [16] and [17] employ least
square based techniques to obtain transmission line param-
eters. Reference [16] presents formulations for simulta-
neous estimation of positive sequence transmission line
impedances and ratio correction factors of instrument trans-
formers besides instrument transformers biasing detecting
tests. An approach to live line measuring of the inductance
parameters of transmission lines with mutual inductance is
proposed based on GPS technology and differential equation
algorithms using a real-time digital simulator in [17].
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In [18], a method based on optimization to identify cor-
rection constants for phasors is proposed with the aim of
obtaining accurate estimates of impedance parameters, in the
presence of noise and systematic errors in voltage and current
measurements of a single phase transmission line.

The common point of all these methods is that they use
7 line model. Although this model is proper for transmission
lines parameter estimation, it cannot be used if only one of the
transmission line ends data is available because of its inherent
limitations, and so all of these methods have to use both line
sending and receiving ends data.

However, obtaining synchronized measurements at two
terminals of transmission line —sometimes miles away from
each other— is not a proper practical solution and only a few
parameters of admittance and impedance matrices could be
accurately calculated [19], [20]. Although these techniques
increase the exactitude of the results [21], [22], their require-
ment of communication links and synchronized sampling
equipment (e.g. GPS method) makes is too costly and toil-
some [14], [23], [24]. Further, the effect of imperfect timing
synchronization on transmission line parameter estimation
methods is very intense. It is shown in [6], a time mismatch
of 10 us can lead to an error of up to 10%.

Thus, there is a need to extend a method based on only
one transmission line end data. While there is a rich literature
available for transmission line parameter estimation using
both line ends data, no work has been reported to perform
this estimation using just one end data.

In this paper, a new approach is proposed for identification
of transmission line parameters using measured data from
one side of transmission line. It is assumed that the line
is transposed and frequency-independent. In details, mea-
surement of bus voltages and transmission line current are
first collected. The sampled data are then separated to form
a virtual black-box system with virtual inputs and outputs.
Recursive identification methods are employed to determine
the unknown coefficients of the virtual black-box system,
which are used to define transmission line parameters. The
contributions of this paper include

1. Detecting the relationship between voltage values of a
node of a transmission line at different time steps.

2. Separating the measured data of a measurement device
into two virtual input and output groups through a new
mathematical formulation.

3. Creating a proper black-box to reach a proper consen-
sus with transmission line structure in order to develop
the capability of identifying the line parameters.

The rest of this paper is organized as follows. Section II
illustrates the theoretical background and the principles of
the proposed virtual black-box and the recursive identifica-
tion method. Section III presents identification results of a
simulated three-phase transmission line and demonstrates the
effectiveness of the proposed method via a case study. Using
the identified parameters in Section III, the voltage profile
is calculated, and the accuracy of the results is verified in
Section IV. Section V concludes the paper.
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Il. VIRTUAL BLACK-BOX METHODOLOGY

Identification is the process of constructing a mathemati-
cal model of a dynamical system which is defined based
on the relationship between their inputs and outputs; thus,
the first step of identification is to determine input and out-
put variables. As mentioned before, one-terminal sampling
method is selected to develop the identification method in
this paper. Therefore, data from one end of transmission
line are sampled. Since there is no conventional real-world
input-output system to be identified with these data, it is
necessary to define an input-output system which accom-
modates the set of our measurements as inputs and outputs.
Considering that there is a relationship between voltage and
current samples of a transmission line terminal at different
time steps, these samples are separated into (i) virtual inputs
and (ii) virtual outputs, in this paper. A virtual black-box
is then defined and an identification process is performed.
The proposed virtual black-box for transmission line current
and voltage samples is built based on Dommel’s lossless line
equation [25].

From [26], the Dommel’s time-domain single phase loss-
less line equations lead to four voltage-current forward-
backward formulas for each part of a cascaded model. These
formulas which describe the relevance between voltage and
current of the line intermediate points and sending end data,
i.e. e(0) and i(0), appear below [26]:

e(x — Ax,t) = C.[Ae(x,t +T)+ B.e(x,t —T)
—A%i(x,t+T)+B%i(x,t — T)] (1)
ix — Ax,t) = C.JA.i(x,t + T)+ B.i(x,t — T)
—ex,t+T)+ex,t —T)] 2)
e(x+ Ax,t) = C.[Ae(x,t +T)+ B.e(x,t —T)
+A%i(x,t +T)— BYi(x,t — T)] (3)
ix+ Ax,t) =C.le(x,t +T)+Ai(x,t +T)
—ex,t —T)+ B.ix,t — T)] @)
where,A £ (Z+R'/2),B2 (Z—R'/2),R 2 R/n,C £ 1/2Z,
and T £ t/n [26].

The voltage at the end of the second part of the cascaded
model is written as follows using backward sweeping [26]:

e(0, 1) = 2A°C?.e(2Ax, t + 2T)
+[2ABC? — A%C? — B?C?).e(2Ax, 1)
+2B*C?.e(2Ax,t — 2T)
—2A%C2.i(2Ax, t 4 2T)
—[2A°BC? — 2AB’C?.i(2Ax, 1)
+2B3C%.i(2Ax, t — 2T) )

The voltage at the transmission line sending terminal —
e(0, t) — is expressed in terms of the unknown voltage and
current of a point in the middle of the line in (5). For-
ward sweeping is then used again to express these unknown
values in terms of the measured voltage and current of
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sending terminal. Therefore, (5) is expanded as

e0,1) = ke —4.e(0,t —4T)+k, _5.e(0,t —2T)
+ke,0.€(0, t)+k,1o.€(0, t+2T)+ke y4.€(0, t+4T)
+ki,—4.i(0,t —4T) + k; _,.i(0,t — 2T)
+ ke 0.1(0, ) +k; 2.0, t4+2T)+k; 4.0, +4T)
(6)
where k, and k; are polynomial in three variables A, B, and C.

Equation (6) is the base of the virtual black-box system
proposed in this paper. Rearranging (6) leads to

e(0,t) = 6, _4.¢(0,t —4T )46, _2.e(0,t —2T)
+0p,42.€(0,t +2T)+60, 44.€(0, ¢ + 4T)
+6;, 4.0, t —4AT)+6; _2.i(0,t — 2T)
+6,.0.i(0, 1)
+6; 42.10, t +2T)+6; +4.1(0,t +4T) (7)

In general, e(0, 7) for n cascaded part model is given by

-1
e(0,1) = Z Be.2m.€(0, 1 + 2mT)

m=—n
“+n
+ > feom-(0, t +2mT)
m=1
+n
+ Y 6iom.i(0, 1 +2mT) ®)
m=—n
where
ei,m = ki,m/(l - ke,O) (9)
ee,m = e,m/(l - ke,O) (10)

Having collected the voltage and current samples, a virtual
MISO system relating the output e(0, ¢) to the inputs i(0, t +
2mT) and e(0, t+2mT) is developed based on (8). This virtual
MISO system is considered a virtual black-box with unknown
parameters 6 as shown in Fig. 1:

error(l)
u(t) marh.emanc.'al model &(0,1) e(0,1)
—»  with estimated
input d d

parameters ( 6) estimate, measure

virual black-box output output

FIGURE 1. Virtual black-box system.

The model relates the sampled regressand e(0, ), to the
regressor vector, u;, where the sample-indexing variable ¢ is
the time step number. There is also one unknown coefficient
0 per explanatory variable u;, which is collected into a vector
as follows:

T
Q = [96,—2}1 e 9e,—2 96,-‘1—2 e 9e,+2n 91’,—211 T 9i,+2n]

(11)
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Similarly, the u; vector is formed as

ir—onT ir2nT]"
(12)

u, = le—ont ... €21  eryor ... eryonr

where e(0, t) and i(0, ¢) are abbreviated as e; and i; respec-
tively. Considering the measurement noise (err;), and using
N sampling sets, the model linear regression is then expressed
in a vector form as below:

el ng erry
e ng erry
= " |0+] . (13)
eN 21{/ errN
-
eN Un erry

It is proven in [5] that using N sampling sets, the below
equation will give the best estimation results for 6:

~ 1
by = [U§UN] UTey (14)

Defining N moving windows, and using recursive least
squares method, the vector 6 is estimated using (15).

(UngN)_l Un+1

1
I+uf ) (UYUN) ™y

~ ~ T oA
QNH = QN + (en+1 — MN+1QN)

15)

Fig. 2 illustrates the overall recursive procedure.

| Calculate éﬂ and P, using first N data |

v
| N=N+1 [
v
| Read ey and u, |

+ .

T _ .
| Uy =[Cy a,rCy oy CyiarCysanr In-2ur-iniair] |

| Iy = (P\'—l Uy ) (I +L’CP\'—1 ‘L’\) |

¥

| é,\ :é\fl'*'ﬁ\(ﬁ\'_ﬂ\révl) |

'

| I :(Ifq\ﬂxr)ﬂm |

FIGURE 2. Flowchart of the recursive procedure.

In the flowchart depicted in Fig. 2 and the corresponding
equations, N is the data window’s length and increases with
time steps. In other words, the new time step data are added
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to the window and gives us the 6 update in each step. Using
this method to determine 6, the parameters k, and k; as well
as the parameters of the transmission line are calculated. The
transmission line voltage profile is then obtained [26]. It is
emphasized again that the main advantage of this method is
that only data at one terminal of transmission line is required.
So, transmission line both ends data synchronizing is not
required. Algorithm below expresses the method proposed in
this paper:

Step 1: Calculate éo and Py using first window’s data.

Step 2: Measure ey and uy 1.

Step 3: Create g{, 41 vector.

Step 4: Calculate CTIN+1 vector.

Step 5: Calculate 0, | vector.

Step 6: Update Py 4.

Step 7: If QN+1 — QN L > &, go back to Step 2 to measure

next new data; else go to Step 8.
Step 8: Terminate.

Ill. TRANSMISSION LINE PARAMETER IDENTIFICATION
The proposed method is evaluated in this section. Speci-
fications of a three-phase Constant-Parameter transmission
line (CPline) are given and used in the EMTP-RV (V3.4) [27]
simulation as appear in Table 1. The line standard data are
also provided in Table 2.

TABLE 1. Three phase simulation data.

Parameter Used data Unit

Zero sequence characteris.tic impedance 735.042 Q
resistance 0.103255 Q

Positive sequence characteristic impedance 430.344 Q
resistance 0.000462 Q

TABLE 2. Three phase standard data.

Parameter Used data Unit
p 100 Q.m
nominal freq. 50 Hz
Overhead length 400 km
line DC resistance 0.05648 Q/km
tower height 20 m
horizontal distance (3 phases) -10,0,+10 m
Voltage voltage amplitude 100 kv
source frequency 50 Hz

In the first step, EMTP simulations are used to obtain volt-
ages and currents at sending terminal of the transmission line
for a transient mode generated by a switching operation when
load resistance at the receiving end is 1 ohm. It resembles a
reclosing event with a 1-ohm fault to ground resistance.

Since one measuring device is used in sending terminal
of transmission line, all the instantaneous values of the cur-
rents and voltages of the line are sampled. The voltage and
current at transmission line sending terminal derived through
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FIGURE 3. Sending terminal three phase transient voltages simulated
by EMTP.

x10°%
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FIGURE 4. Sending terminal three phase transient currents simulated
by EMTP.

simulation of the transmission line in EMTP. Figs. 3-4 show
these voltages and currents at sending terminal for 10 ms after
switching happens. Voltage waveforms in Fig. 3 start from
zero condition at time ¢t = 0 and converge to three-phase sinu-
soidal waveforms after transient conditions pass. In contrast,
current waveforms in Fig. 4 are sinusoidal immediately after
switching happens.

Due to inherent noise and errors in the CT (Current Trans-
former) and CVT (Capacitor Voltage Transformer) measure-
ments, some amount of noise exists in the measured values.
Therefore, the samples are modified by adding a white noise
level of 5% (SNR = 26 dB). The value was chosen on
the basis of the fact that most CT/CVTs have a maximum
error/noise level of 3-5% [12].

In the second step, the voltage and current samples are
separated into virtual inputs and output and formed the virtual
black-box system using one phase Dommel’s lossless line
model. The process of modeling the three-phase line begins
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with the partial differential equations and modal transforma-
tion. The three-phase transmission line is described in the
time domain in terms of matrix equations [28], [29]:

/o = [R]i+[L] %y, (16)
=)y, = [C'] 9/, (17

These equations are written as bellow if a line excited at a
particular frequency [30]-[31]:

_82V/ax2 = [Z/

—a2i/ax2 = [Y/

where, [Z'] = [R] + J.w[L'] and [Y'] = J.o[C'].
Applying a modal transformation, the three-phase transmis-
sion line is decoupled to single phase transmission lines, and
the proposed method can be applied. Two modal matrices
(T; and T) are defined, where one of them is the eigenvector
matrix of [Z'][Y’] and the other is the eigenvector matrix
of [Y'1[Z] [32].

Clarke transformation —which is more commonly used
in EMTP-like programs among modal transformation
methods—is chosen for decoupling in this paper, where

1 V2 0

Y'lv (18)
Z'|1 (19)

1
Ti=Ty = 7 1 —1/V2 V32 (20)
1 —1/v/2 —J3/2
760 T T T T T T | | |
: : : : : : Real value
; ; H H 1 1 Estimated Value
R R R B I B S
S| G W A W

745

740

Zero sequence characteristics impedance (1)

SN A T S SN SN S S R
0 200 400 600 8O0 1000 1200 1400 1600 1800 2000
Sampling window length

FIGURE 5. Zero sequence characteristics impedance estimation trace.

One of the Clarke transformation advantages is that
T*] = T/, which makes calculation of modal quantities
easier. Applying Clarke transformation to (18) and (19),
the three-phase line is modeled into three single-phase
lines and gives the modal voltages and currents. The pro-
posed identification method accomplished, as described in
Section II, and the positive and zero sequence characteristics
impedances and resistances are determined. Figs. 5-8 show

the estimated results of the parameters.
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018 7 T T T T T T T L
: ; ; ' : : : Real value

Estimated Value |}

Zero sequence resistance ( Q)

- A R T S NN N S N
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Sampling window length

FIGURE 6. Zero sequence resistance estimation trace.

Plots indicate that all the estimated parameters are very
close to the actual values extracted from EMTP modeled line,
presented in Table 1. In Fig. 5, the proposed algorithm esti-
mates the values of zero-sequence characteristics impedance
with less than 0.054% error for any sampling windows length
greater than 1000. Similarly, Fig. 6 illustrates that zero-
sequence resistance estimation maximum error is less than
1.078% for the same windows. In Fig. 7, an error of 0.209%
is observed in positive sequence characteristics impedance,
whereas positive sequence resistance exhibits errors of less
than 1.121% in Fig. 8 for the same windows.

T T T T T
. H H H H H Real value
Estimated Value {

e e

435 1

430 |

425 H

420 H

415 H

et e ot S S

Positive sequence characteristics impedance ()

PPN S SN S S ———

P N N RN N N S
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Sampling window length

FIGURE 7. Positive sequence characteristics impedance estimation trace.

According to the results, the estimation method based on
the proposed technique is accurate enough to identify trans-
mission line parameters, achieving a relative error of less than
1% for all four parameters after 1400™ sample.

IV. VOLTAGE PROFILE VALIDATION
In this section, the voltage profiles calculated using estimated
parameters are validated against the true voltage profiles in

106810

8 T T T T T T T I I I
Real value
Estimated Value

-
T

@
o
T

o
T
1
4
|

551

Positive sequence resistance (0)

0 200 400 600 8O0 1000 1200 1400 1600 1800 2000
Sampling window length

FIGURE 8. Positive sequence resistance estimation trace.

order to ensure that the error in parameter estimation does
not lead to significant errors in voltage profiles.

Paoint () Paint | Paint 2 Paint 3 Paint 4
Phase a vl Ll I
: L f f |
Phase b ' |
L |
Phase ¢ T E

Sending End Recieving End

FIGURE 9. Three phase transmission line.

Fig. 9 shows a transmission line divided into 4 quarters.
Because of high sensitivity of the one-end voltage profile
calculation method in [26] to the line parameters, voltage
and current samples at point 0 are used to calculate voltage
and current at point / in order to verify the proper accuracy
of identified transmission line parameters for voltage profile
calculation based on [26].

In details, using identified parameters and decoupled volt-
age and current at point 0, the zero and positive sequence
of voltage and current at point / are calculated. The time
domain voltages and currents at point / are obtained using
these values and Clarke transformation.

The results of transmission line simulation (including
4 series line; simulated by EMTP) along with the voltage
at point / derived by the proposed method are presented
in Fig. 10. The results of the proposed method perfectly
matched EMTP results, which illustrates the efficiency of
the proposed method and the accuracy of the identified
parameters.

The simulation results illustrate that the proposed param-
eter identification and voltage profile calculation methods
offer higher precisions compared to the other works in the
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FIGURE 10. Voltage derived by the proposed method and EMTP
(same phase).

literature [6], [7], [9], [12], [13], [33]. This efficiently tran-
sient voltage evaluating and transmission line parameter iden-
tifying method can be useful for other researches, such as
power system transient stability [34], fault location, insula-
tion coordination, and locating of surge arresters in the middle
of overhead transmission lines [35].

The proposed method does not include any extra assump-
tions other than Dommel’s model, and thence can be utilized
under any conditions of validity of Dommel’s model. In the
case study, the proposed method is simulated using sending
end data, assuming that measuring devices are more likely
installed on the sending end. However, it can be performed
based on the receiving end data as well.

V. CONCLUSION
In this paper, a new method has been presented for the esti-
mation of transmission line parameters. Using this method,
the transient voltage and current of one terminal of the
transmission line are sampled and separated as virtual inputs
and outputs. Adding noise to the both transient currents and
voltages, the impact of inevitable measurement errors was
considered and a virtual black-box was built based on these
virtual inputs and outputs. Employing the least squares esti-
mation method recursively, the transmission line parameters
have been computed in modal domain. The transient volt-
age profile along transmission line is obtained by exploiting
the identified parameters. Since it just needs terminal data
sampling at one end of transmission line, this method has
shown to be more practical in transmission line parameter
identification and voltage profile calculation. The compari-
son between EMTP simulation results of an identified line
and the proposed one terminal method results of an unknown
line, revealed the acceptable accuracy and performance of the
proposed method.

In this paper, we have proposed a novel parameter esti-
mation method for balanced transmission lines. The effect of
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unbalance in transmission lines on parameter estimation and
voltage profile calculations will be discussed in our follow-on
paper in this concept.
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