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ABSTRACT The penetration of power electronic based equipment in the power grid has increased the
co-occurrence of electromechanical and electromagnetic transients. Significant research efforts have been
focused in the last decade to study these interactions. Frequency dependent transmission line models
are indispensable to understand such interactions. This paper describes a systematic procedure for the
development of an experimental scaled-down 220 V frequency dependent transmission line model of a
230 kV transmission line. A reduced order lumped parameter frequency dependent transmission line using
modal transformation is derived for the 230 kV transmission line and scaled-down to 220 V. Clarke and
inverse Clarke transformations are implemented using specially designed 1-φ transformers. The inductances
of the scaled-down model are realized using amorphous cores. Line energization, balanced, and unbalanced
fault studies are carried out using the experimental line. The experimental results are compared with the
simulation results of a universal line and a constant parameter π -model using EMTP-RV. The proposed
experimental line properly captured important features of the frequency dependent line such as smoother
wave shape during energization, traveling time, currents, and voltage magnitudes during the fault and after
the fault removal.

INDEX TERMS Amorphous core inductors, frequency dependent transmission line models, lumped
parameter models, modal transformation matrix, switching transients, unbalanced faults, universal line
model.

I. INTRODUCTION
The synchronous generator dominated power systems have
been gradually transforming into the converter dominant
power grids with high penetration of renewable energy
sources, HVDC transmission and FACTS devices. The
presence of power electronic converters increases the
co-occurrence of electromechanical and electromagnetic
transients to a great extent [1]. The narrowed difference in
occurrence between these two types of transients necessi-
tates detailed modeling of individual components in power
system. Availability of detailed models and the advance-
ment in real-time simulators have completely replaced the
experimental models of electric power systems across the
world [2]–[6].

In spite of having several technical and economic advan-
tages for the digital simulators, physical laboratory models of
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power systems components continued to be the important part
of power system research. The physical laboratory models
are miniature reproduction of actual power systems and they
are cheaper for the proof of concept on small test systems
such as single machine infinite bus (SMIB), 3 or 4 mchine
systems [7]–[9]. Transmission line is the most important part
in the physical model of SMIB. Lumped parameter transmis-
sion lines are quite often used in power systems simulation
studies [10]–[13]. Amethodology is presented in [10], [11] to
consider the non-transposed and frequency dependent param-
eters in designing transmission line models. Analysis of the
number of cascaded π or T sections required for the accurate
representation of line according to the frequency range of
interest is presented in [12], [13]. There are several attempts
in literature to develop experimental models of these lumped
parameter lines for the power system studies. In [14]–[18],
lumped parameter based models which represent the line as a
constant parameter cascaded π -sections were used. Lumped
parameter models introduce additional frequencies which are
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not present in the system and may cause undesirable interac-
tions [19]. In [20], a scaled-down lumped transmission line
including mutual coupling between the phases and neutral
is developed. In [21]–[23], the transmission lines are emu-
lated using power electronic converters. The line is emulated
as a series resistance and inductance in [22], as cascaded
π -sections in [21] and as a Bergeron distributed parameter
model in [23]. Emulation of frequency dependent lines using
power electronic converters require high bandwidth convert-
ers, high sampling rate data acquisition and high computa-
tional power for the controllers [23]. Frequency dependency
of transmission line parameters is important in correctly
reproducing the transient responses due to the interactions.
This is more pronounced when the zero sequence modes are
involved during unbalanced fault conditions as well as in the
case of harmonic load flow analysis [24].

Notable research went into the development of the fre-
quency dependent (FD) transmission line models for digital
computer simulations [25]–[37]. But, there are no efforts
in literature on the development of a scaled-down experi-
mental model of frequency dependent transmission line to
the best of our knowledge. This paper is an attempt in that
direction. The widely used universal line model (ULM) [30]
and Marti’s model [29] requires realization of dependent
voltage or current sources. Hence, in this paper an attempt
is made to physically realize a lumped parameter frequency
dependent (LPFD) model proposed in [36]. Modal domain
LPFD line using the Clarke’s transformation matrix was pro-
posed by in [38], [39]. In [38], [39], the modal transforma-
tions (Clarke and inverse Clarke transforms) are represented
using single phase ideal transformers [40] and each mode
of the line is represented through a cascade connection of
π -circuits. Frequency dependence of longitudinal parame-
ters in π-circuits was incorporated though synthesized cir-
cuits consisting of series and parallel resistors and inductors,
with each π-circuit representing 10 km length [39]. Perfor-
mance of this modal domain lumped parameter frequency
dependent (LPFD) line is compared in [41] with the other
frequency dependent transmission line models proposed in
[27]–[29]. Comparison presented in [41] concludes that, even
though the LPFD line has some simplifications, it produces
more accurate results comparable to the other models. LPFD
line is further applied to double three phase transmission
lines in [42] and validated for three types of line transpo-
sitions and non transposed lines. State space representation
of LPFD line is presented in [36] to evaluate transients in
lines.

For the physical realization of scaled-downmodel of LPFD
line, a scale-down procedure to convert the 230 kV lines to a
220 V laboratory voltage level is proposed in [43]. In [43],
standard tower and conductor configurations of 230 kV lines
are selected tomatch the per unit impedances of theWECC 3-
machine 9-bus system and then LPFDmodel proposed in [36]
are obtained. In this paper, the LPFD line between buses 7 and
8 in the WECC system is physically realized. The transfor-
mation matrices (Clarke and inverse Clarke transforms) in

this paper are physically realized using specially designed
single phase transformers. The inductances of the passive
equivalent circuit are realized using amorphous core induc-
tors to achieve constant inductance over a wide frequency
range. This helps in faith full reproduction of the switching
transients in the LPFD line. The procedure used for the design
of amorphous core inductors is described. Line energization,
balanced and unbalanced fault studies are carried out on the
developed 50 km experimental LPFD line. The experimental
results are compared with the simulation results of a universal
line model (ULM) and a constant parameter π -model using
EMTP-RV.

II. LUMPED PARAMETER FREQUENCY DEPENDENT
TRANSMISSION LINE MODEL (LPFD)
Depending on the accuracy requirements and the applica-
tion, transmission line models are mainly classified into two
types as constant parameter lines and frequency dependent
lines. For analyzing the transients over a wide frequency
spectrum, a frequency dependent distributed parameter line
should be considered. Among the all available FD line mod-
els, universal line model (ULM) [30] and Marti’s model [29]
are widely used in all the commercial electromagnetic tran-
sient programs. But, physical implementation of these model
requires physical realization of dependent voltage or current
sources. In [36], a lumped parameter based frequency depen-
dent (LPFD) transmission line is proposed. An n-phase line
is represented in the modal domain by decomposing the ’n’
phase line into ’n’ exact modes in which each mode can be
considered as a single phase line [36].

A. MATHEMATICAL MODEL OF LPFD LINE
Mathematical formulation of the lumped parameter fre-
quency dependent model of a transmission line shown
in Fig.1 with per unit length parameters is given by,

−
dV (x, ω)

dx
= Z (ω)I (x, ω) (1)

−
dI (x, ω)
dx

= Y (ω)V (x, ω) (2)

where:
V (x, ω): Line voltage at coordinate x
I (x, ω): Line current at coordinate x
Z (ω) = R(ω)+ jωL: Series impedance per unit length
Y (ω) = G+ jωC : Shunt admittance per unit length
Differentiating (1) and (2), one can get the voltage and

current propagation equations for the line,

d2V (ω)
dx2

= Z (ω)Y (ω)V (ω) (3)

d2I (ω)
dx2

= Y (ω)Z (ω)I (ω) (4)

In order to transform the phase quantities to a modal
domain, either a transformation matrix is obtained from the
frequency dependent impedance Z (ω) and admittance Y (ω)
matrices of the transmission line or Clarke’s transformation
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FIGURE 1. Frequency dependent transmission line.

matrix given in (5) with constant and real elements is used
[44], [45]. As the Clarke’s transformation is real and constant,
it is used in the development of physical model. This trans-
formation gives an exact solution for transposed line and a
good approximation for non-transposed lines with a vertical
symmetry plane [45]. Similarly, V (ω) and I (ω) are converted
from phase domain to modal domain using (5).
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Inverse modal transformation matrix (T−1clk ) is give by,

T−1clk =


2
√
6

−1
√
6

−1
√
6

0
1
√
2

−1
√
2

1
√
3

1
√
3

1
√
3

 (6)

After transforming the line equations from the phase domain
to the modal domain, the transmission line is represented by
the following equations,

d2Im(ω)
dx2

= Ym(ω)Zm(ω)Im(ω) (7)

d2Vm(ω)
dx2

= Zm(ω)Ym(ω)Vm(ω) (8)

In (7) and (8), the vectors Vm(ω) and Im(ω) are transver-
sal voltages and longitudinal currents in modal domain.
Matrices Zm(ω) and Ym(ω) are per unit length longitudinal
impedance and shunt admittance matrices respectively. The
relationship between phase and modal quantities is given as
follows,

Zm = T tclkZTclk =

 Zα 0 Zα0
0 Zβ 0
Zα0 0 Z0

 (9)

Ym = T−1clk Y (T
−1
clk )

t
=

 Yα 0 Yα0
0 Yβ 0
Yα0 0 Y0

 (10)

Vm = T tclkV Im = T−1clk I (11)

The non zero off-diagonal elements become insignificant
when compared to the diagonal elements depending on the
line characteristics [46]. Therefore, mutual terms Zα0 and Yα0

FIGURE 2. LPFD transmission line model.

are discarded in (9) and (10). Then all the modes are declared
as exact modes and transmission line representation in modal
domain is obtained as shown in Fig.2. Each mode is then
represented by a cascaded connection of multiple π -circuits
as shown in Fig.2 where Zms represents the corresponding
modal impedance (Zα or Zβ or Z0).

B. LINE SELECTION & LPFD MODEL
In [43], frequency dependent lines for the WECC system
are obtained by properly choosing the tower and conductor
configurations close to the practical towers [47] so that the
per-km impedances and the steady state power flows are
matched as much as possible to the original system.
From these lines of WECC 3-machine 9-bus system,
a un-transposed line between buses 7 and 8 is chosen for
physical realization in this paper. Tower and conductor con-
figuration of the selected line are shown in Table.1. The
modal impedance and admittance of the line are obtained
using (9) and (10) for a frequency range of 1mHz to 100MHz
with 10 points/decade. Mutual terms in these matrices are
neglected since they are insignificant [36].

Foster R-L equivalents are fitted to the frequency response
of the individual modal impedances using the algorithm pro-
posed by the authors in [37], [48]. The algorithm is based on
the positive peaks, negative peaks and positive zero crossings
of change in slope (1Slope) of the modal impedances and
it reduces the number of passive elements in LPFD model.
According to the proposed algorithm, Positive and negative
peaks of 1Slope indicates the number of zeros and poles
required for fitting.

The frequency response of each mode impedance and the
corresponding fitted R-L equivalent circuit responses are
shown in Fig.3. From Fig.3, it can be observed that the
1Slope of Mode-α and Mode-β have one positive peak (i.e.
no positive zero crossing) and no negative peaks. This indi-
cates that these modal impedances have a single zero and
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TABLE 1. Tower and conductor data 230kV line [43].

FIGURE 3. Frequency response of model and fitted impedances.

no poles. So, a single series R0,L0 branch is sufficient to fit
these modal responses. Also, one can observe the presence
of two positive peaks (one positive zero crossing) and one
negative peak in 1Slope of Mode-0 responses in Fig.3(c).
This indicates that the Mode-0 impedance has two zeros and
one pole. So, a first order system having two zeros (G0(s)
and G1(s)) with R0,R1,L0 and L1 is fitted to the Mode-0
impedance of all the lines. Elements of the 230 kV LPFD
model are scaled-down to a 220 V laboratory voltage level

using the following expression [43],

Z sdactual = Zactual ×
Soldbase
V old
base

2 ×
Ssdbase
V sd
base

2 (12)

where Z sdactual = actual value of impedance in scaled-down
system, Zactual = actual value of impedance in original sys-
tem, Soldbase = 247.5 MVA, V old

base = 230 kV, Ssdbase = 5 kVA and
V sd
base = 220 V.
In [19], propagation velocity, attenuation factor and surge

impedance of π -section equivalent circuit are compared with
the distributed parameter circuit to find out the number
of necessary sections (length of each π-section) for accu-
rately representing the transmission line for transient anal-
ysis. Equivalent length of each π-section is identified to be
10 km in [19]. The accuracy of line is verified with different
π -section lengths varied from 2.5 km to 10 km. Voltage
transients for the line energization and fault removal for
different π -section lengths in comparison with universal line
model are presented in Figure.4. It is evident from Figure.4
that the 10 km length of π -section is adequate and gives
similar results as the 2.5 km length. So, the length of 10 km
for π -section is used in the experimental line. For a 10km
section, resistance, inductance, capacitance and conductance
of the modal equivalent circuit of the proposed scaled-down
LPFD line are given in the Table.2. To realize a 50km
line, 5-sections are used in simulations and experimental
validation.

TABLE 2. Elements of scaled-down LPFD line for a 10km section.

III. PHYSICAL REALIZATION OF LPFD MODEL
Two important things to be addressed in the physical realiza-
tion of LPFD model are

1) Physical realization of the Clarke’s transform and it’s
inverse.

2) The design of high frequency inductors.
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FIGURE 4. Transient response of the receiving end voltage for different π

section lengths.

A. PHYSICAL IMPLEMENTATION OF THE CLARKE’s AND
INVERSE CLARKE’s TRANSFORMS
Clarke’s transformation matrix is practically realized using
multiple 1-φ transformers. The modal voltages, Vα,Vβ ,V0
and the modal currents Iα, Iβ , I0 are obtained using the trans-
formation as follows:

T Tclk =
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1
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 (13)

Vαβ0 = T TclkVabc (14)

Iαβ0 = T Tclk Iabc (15)

The secondary voltage rating and turns ratio of each 1-φ
transformer are decided according to the elements in the
Clarke’s transformation. For example, three single phase
transformers connected to Van, −Vbn and −Vcn with turns
ratios,

√
6 : 2,

√
6 : 1 and

√
6 : 1 respectively are used for

Mode − α. Secondary terminals of these three transformers
are connected in series (maintaining proper sign convention)
to get the Mode α voltage. Similarly, Mode-β and Mode-0
voltages are derived using two and three 1-φ transform-
ers respectively with appropriate turns ratios. The proposed
implementation is shown in Fig.5.

Current ratings of the transformer windings are selected
as the maximum possible currents through each mode during
all possible loading conditions. Mode − α and Mode − β

currents will attain a maximum value of
√

3
2 × Ia under 3-φ

balanced loading conditions. So, these currents are calculated
for a balanced load of 3-φ, 5 kVA, 220 V at the far end of the

FIGURE 5. Proposed LPFD line implementation.

FIGURE 6. Frequency response of different core inductors.

transmission line as 16.07 A. The magnitude of Mode − 0
current is zero for a balanced load and remains constant at
Ia√
(3)

for 1-φ or 2-φ loading. So,Mode− 0 maximum current
is calculated as 7.575 A for a 1-φ, 1.66 kVA load connected to
any one of the phases. Similar procedure is followed to realize
the inverse transformation matrix.

VA rating of the transformers in the modal transformation
is calculated as the product of the secondary voltage rating
and the maximum possible current through the correspond-
ing mode. The calculated ratings of all the 1-φ transform-
ers are given in Table.3. All the transformers are specially
designed (through a local vendor) to reduce the leakage
reactance as much as possible and carry 10 times the rated
current for 2 s duration to withstand transient short circuit
currents.
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TABLE 3. Transformer ratings for the transformations.

FIGURE 7. Experimental setup.

B. DESIGN PROCEDURE FOR HIGH FREQUENCY
INDUCTORS
The fitted inductors in the LPFD model should be designed
to have constant inductance over a wide range of frequency
in order properly to reproduce the switching transients (up
to 5 kHz). The magnetic core should not saturate for the
sub-transient currents (≈ 10 times the rated current) dur-
ing the short circuit conditions. Inductors of different core
materials available in the laboratory are tested for their fre-
quency dependency using a frequency response analyzer and
the responses are presented in Fig.6. It is clear from these
responses that the inductance of CGI core and ferrite core
inductors change significantly after 500 Hz, whereas the
amorphous core inductor has a constant inductance up to
50 kHz. Amorphous core inductors are also smaller in size,
light weight and can handle higher flux densities when com-
pared to the other core inductors. In this paper amorphous
inductors are designed based on the area product approach
[49]. The product of core cross-section area (Ae) and window

area (Aw) in an inductor (area product) is a measure of the
energy handling capability of the inductor. The area product
(Ap) equation is a good starting point for the design since it
relates the electrical design inputs with material and geomet-
ric constraints. Procedure for the design of inductors using
the area product approach is given as follows [49],
• Calculate the area product required as per the specifica-
tions of the inductor.

Ap = AeAw =
LIpeak Irms
kuBmJm

(16)

where, L is the required inductance, Ipeak is the peak
current rating of the inductor, Irms is the rms current
rating of the inductor, ku is the window utilization factor,
Bm is the maximum flux density of the core material and
Jm is the current density of the conductor.
For example: L = 450 µH, Irms = 17 A, Ipeak = 170 A,
ku = 0.6, Bm = 1.4 T, Jm = 3 A/m2

Ap = AeAw =
450× 170× 170
0.6× 1.4× 3

= 5, 16, 071 (17)
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• Select a core with the area product greater than or
equal to the requited area product and calculate the Ae
and Aw for the selected core. For 450 µH inductor,
AMCC 100 core is selected with Ae = 590 mm2,
Aw = 1400 mm2 and Ae × Aw = 8, 26, 000. Core with
a higher area product is selected to make sure that the
inductor doesn’t saturate for sub-transient fault currents.

• Select an air gap from the AL curves published by the
vendor [50]. For this AL , calculate the number of turns
N required for the copper winding

N =

√
L
AL

(18)

The unit of AL here isµH/ (turns)2. The air gap selected
is more than the values specified in [50] to avoid the core
saturation during the sub-transient short circuit currents.
For 450 µH inductor, with air-gap of 8.2 mm and AL
of 0.05 µH/ (turns)2, number of turns required are cal-
culated as 93.

• Calculate the peak flux density Bm as

Bm =
ALNIpeak

Ae
(19)

If the core is saturated, increase the air gap and select
new AL . If it is not possible to choose a higher air gap,
go to next larger core size. Peak flux density for 450 µH
inductor is 1.34 Twhich is less than the peak flux density
(1.4 T) of the selected amorphous core. This way one can
ensure that the core does not saturate.

Design specifications of the inductors are given in the Table.4.
It can be observed that the values selected are within the
±10% tolerance limits of the actual values. These values are
selected in consultation with a local manufacturer.

TABLE 4. Specifications of inductors.

C. DEVELOPMENT PROCEDURE FOR EXPERIMENTAL
LPFD LINE
The procedure for building an experimental scaled-down
lumped parameter frequency dependent transmission line for
any voltage level is summarized as follows:

1) For a desired transmission line use its tower and
conductor configurations in a EMTP line constants
program to obtain the frequency response of the

characteristic impedances. Then obtain the frequency
responses of the modal impedances using (9) (see
section II-A).

2) If only p.u. impedances of the lines are available then
use the procedure explained in [43] to identify the
tower and conductor configurations which will match
the steady state performance i.e. the impedances and
power flows of the selected line. Repeat step-1.

3) Derive the LPFD model inductances and capacitances
from the frequency response curves of the model
impedances using the algorithm presented in [48].

4) Scale-down the LPFD model to the desired laboratory
voltage and power levels using (12).

5) Obtain ratings of the physical transformers needed for
realization of the Clarke’s and its inverse transforma-
tion as explained in Section III-A.

6) Design the high frequency inductors obtained in step-
4 using the procedure discussed in section III-B. Try
to keep the resistance of the inductors as low as possi-
ble. Also choose the capacitors (series/parallel combi-
nations if required) to match the scaled down model
capacitor values and ratings obtained in step-4. See
Table.2 for the inductor and capacitor values used in
this paper.

7) Develop the experimental LPFD linemodel by properly
wiring the transformers, inductors and capacitors as per
the equivalent circuit shown in Fig.5.

IV. EXPERIMENTAL RESULTS
The developed scaled-down LPFD model of the 230 kV line
using amorphous core inductors and the Clarke’s transforma-
tion using 1-φ transformers is shown in Fig.7. In this model,
the resistances of the equivalent circuit are not designed
separately as themanufactured inductors resistance values are
higher than the required resistance values. This line is referred
as SD-LPFD line in this section.

A. VALIDATION OF CLARKE’s AND INVERSE CLARKE’s
IMPLEMENTATION
The effectiveness of the transformation matrix implemen-
tation using the transformers is tested using the laboratory
mains voltages.

The SD-LPFD line 3-φ voltages/currents and the modal
voltages/currents at the sending end constitute the input and
output respectively for the developed Clarke’s transform-
ers. Fig.8 shows these voltages captured using an oscillo-
scope Similarly, the modal voltages/currents and the 3-φ
voltages/currents at the receiving end constitute the input
and output respectively for the developed inverse Clarke’s
transformers. Fig.9 shows these voltages measured using
oscilloscope. It can be observed from Fig.8 that the CH1 volt-
age (VR - input to the transformation) and CH4 voltage
(Vα - output of the transformation) are in phase with each
other. In Fig.9, one can observe that the CH4 voltage
(Vα - input to the inverse transformation) is in phase with the
CH1 voltage (VR - output of the inverse transformation). Also
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TABLE 5. Transformation implementation results.

FIGURE 8. Responses for modal transformation matrix.

FIGURE 9. Responses for inverse modal transformation matrix.

observe that the 3-φ voltages and modal voltages angular
displacements are well maintained. The measured input and
output voltages/currents and the expected theoretical calcu-
lations are summarized in Table. 5. It can be observed that
the magnitude and phase angle errors between the theoretical
and the experimental values are very less. These errors can be
attributed to the non-ideal transformers. This kind of physical
realization of Clarke’s and inverse Clarke’s transforms is
first of its kind effort in the literature to the best of our
knowledge.

B. VALIDATION OF THE SD-LPFD TRANSMISSION LINE
In order to validate the experimental results of the proposed
design an attempt is made to simulate the exact experimental
setup in EMTP-RV. To achieve this the source impedance of
the laboratory distribution grid, where the line is connected

FIGURE 10. Characterization of distribution grid and line impedances.

need to be estimated. The distribution grid and transmission
line impedances are obtained by calculating the grid open
circuit voltage VSoc, short circuit voltage VSsc and the short
circuit current Isc using the test setup shown in Fig.10(a). The
measured sending-end short circuit currents and voltages are
shown in Fig.10(b). The SD-LPFD line impedance Ztl and the
grid impedance Zds of the distribution grid are calculated as
follows from the measurements:

Ztl =
VSsc
Isc
=

0.9308
56 − 48.773

(20)

= (0.1195+ 0.1435i)pu (21)

Zds =
VSoc − VSsc

Isc
=

1.006− 0.9308
5 6 − 48.773

(22)

= (0.0097+ 0.0116i)pu (23)

It can be observed from the values of Ztl and Zds that the X/R
ratio of themodeled line is 1.208. Reproducing low resistance
values and accurate inductance values at the low voltage
level using copper windings is challenging. In the present
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design focus was more on achieving accurate inductance
values to maintain smaller sizes. The experimental line is
validated by comparing its results with the universal line
model (ULM) available in EMTP-RV. The impedance of
the ULM in EMTP-RV is also calculated using the above
procedure. The pu value of the source impedance of the
230 kV ULM in EMTP-RV is maintained to be same as the
measured distribution grid [43] for this characterization. The
line impedance of ULM in EMTP-RV is obtained as Ztlsim =
(0.0047 + 0.075i) pu. It can be observed that the X/R ratio
of the line is 15.95. The reactance of the experimental line is
0.0685 pu higher than the ULM line due to the impedance of
the transformers used for transformation. In order to make
a fair comparison, ULM in EMTP-RV is simulated with a
source impedance of (0.1245 + 0.0801i) pu which includes
the distribution grid impedance and the additional impedance
of the physical line. A constant parameter cascaded π -model
with same number of sections as the experimental line is also
simulated in EMTP-RV. Here also the source impedance is
modified to take care of the discrepancies in the experimental
setup. The following test cases are created on the experimen-
tal line as well as in EMTP-RV,
• Voltage transients when an open-ended line is energized.
• Current and voltage transients when a balanced short
circuit is applied and removed.

• Current and voltage transients when a 1−φ and a 2−φ
unbalanced short circuits are applied and removed.

In the following sections the results of the above test
cases are presented. The cascaded π -model is referred
as CP-Line.

C. SWITCHING TRANSIENTS WHEN AN OPEN ENDED
LINE IS ENERGIZED
Open ended experimental line is energized by applying a volt-
age of 220V from the labmains. It can be observed fromFig.8
that the lab mains supply is not a balanced sinusoidal voltage
and deviates from 220 V. So, in EMTP-RV simulations of
ULM and constantπ -model line, the applied per unit voltages
in each phase at 230 kV is matched to the maximum per
unit value observed in each phase from the lab mains. The
line energization angle is found to be 120.24◦ of the phase A
voltage for experimental results. The same switching instant
angle is maintained in simulations. Switching transients in the
receiving-end voltage are captured using an oscilloscope and
they are plotted in pu as shown in Fig.11. Simulation results
are also provided in pu. The peak voltages of A and C phases
are also marked in the figure. It can be seen that the peak
voltages observed are more or less same in all the models.
The CP-line results show significant wave shape distortion in
the transient period. However, smooth sinusoidal wave shape
can be observed in the ULM and the experimental line results.
This is one unique feature that is expected out of frequency
dependent lines. It can be observed that the experimental line
transients die down slightly earlier than the other two models.
Even though the CP-line tracks the first peak in voltages,

FIGURE 11. Receiving end voltages for the energization of an open ended
line.

subsequent peaks are higher than the ULM. The experimental
line peaks closely follow the pattern of ULM. From these
energization transients, travel time is calculated as half of the
time period of the remote end voltage transients [37]. This
traveling time is observed as 0.5 ms for the CP line and 0.3 ms
for both the experimental and the ULM.

D. TRANSIENTS DURING BALANCED SHORT CIRCUITS
The three phases of the energized experimental line are sud-
denly short circuited at the receiving end. Instant of short
circuit found to be around 302.2◦ of phase A voltage. The
captured currents at the receiving are plotted in Fig.12. Cor-
responding simulation results of the ULM and the CP-line
are also shown. It can be observed that the peak values of the
steady state currents during 3-φ fault are approximately same
for all types of line models. The initial transients quickly die
out in the experimental results.
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FIGURE 12. Currents for 3-φ short circuit at receiving end.

The short circuit at receiving end is removed after 100 ms
and the transients in the receiving voltages are presented
in Fig.13. It can be observed that the voltages in all three
phases don’t rise at the same time and they start increasing
at the instant of zero crossings of the corresponding phase
currents. The peak voltages and the duration of oscillations of
experimental line are close to the ULM. The CP-line results
slightly deviate from the ULM. Small residual voltages in the
experimental line before the voltages begin to rise are the
artifacts of the setup used for short circuit. Both the ULM
and the experimental responses follow the same trend i.e. B
and C phases having higher peak than the A phase voltage.
But, the peak voltages for all the phases are same in the
case of CP line. This is another important observation visible
in ULM which is properly reproduced in the experimental
line.

FIGURE 13. Voltages after removal of 3-φ short circuit.

E. TRANSIENTS DURING UNBALANCED SHORT CIRCUITS
A single phase short circuit of 100 ms duration is created at
the receiving end of the experimental line. Instant of short
circuit found to be around 120.24◦ of the phaseA voltage. The
short circuit currents and the voltages after the fault removal
at the receiving for the experimental line and the simulation
models are shown in Fig.14 and Fig.15 respectively. Voltages
during the fault are also captured.

From Fig.14, it can be observed that the 1-φ fault cur-
rents of the experimental line closely follow the ULMresults.
However, the CP-line deviations from the ULM are more
pronounced. It can be observed that 1-φ and 3-φ fault currents
are almost equal for the CP line except for the first peak.
However, significant difference between the 1-φ and 3-φ fault
currents can be observed for ULMwhich is closely mimicked
by the experimental line. It can be observed from the ULM
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FIGURE 14. Currents for 1-φ short circuit.

results in Fig.15 that the phase B peak voltage is higher
than the phase C peak voltage during the short circuit, these
peaks are approximately remain the same after fault removal.
These features are closelymimicked by the experimental line.
Slightly higher peak in the phase B of the experimental line
is observed due to the irregularities in the contactors used in
fault creation. However, the voltages of the B and C phases
in the CP-line during the short circuit are equal and remain
the same after fault removal. These peaks are smaller than
the ULM.

Double line to ground short circuit (A-B-ground) with
100 ms duration is created on the receiving end of the exper-
imental line. Instant angle is found to be at 206.8◦ of the
phase A voltage. The corresponding short circuit currents
and the voltages after the fault removal at the receiving are
shown in Fig.16 and Fig.17 respectively. During the fault,
the ULM fault currents show noticeable unbalance which

FIGURE 15. Voltages after removal of 1-φ short circuit.

are closely matching with the experimental line. The CP-line
fault currents, although show slight unbalance, they are not
as much noticeable as ULM. These fault currents in both the
ULM and the experimental line are lesser than the 3-φ fault
currents but the CP-line fault currents are closer to the 3-φ
fault currents. From Fig.17, it is evident that the healthy phase
voltage during fault is higher than the post-fault value value in
both the experimental and the ULM. But, the healthy phase
voltage remains approximately same as the post-fault value
in case of the CP line. The transient peak voltages after the
fault removal are more or less same in all the models. Small
oscillations can be observed in the healthy phase voltage in
ULM after the fault removal and they are properly captured
in the experimental line. However the CP-line shows no
oscillations.

Several balanced and unbalanced fault cases are tested by
varying the fault duration and the incidence angle. In all these
cases same observations are made. From the above balanced
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FIGURE 16. Currents for 2-φ short circuit.

and unbalanced fault scenarios, the imbalances in the voltages
and currents visible in the ULMwhich could not be observed
in the CP-line are faithfully reproduced by the experimental
line. Although the frequency responses of the LPFD line
are matched well with the actual frequency responses, much
faster decaying transients and some residual voltages at the
fault instant can be observed in the time domain responses
of the experimental LPFD line. These deviations can be
attributed to the higher internal resistance of the inductors
which result in higher X/R ratio and the artifacts of the
mechanical contactors used for creating the short circuit faults
in the experimental setup. More efficient transformer and
inductor designs can be used to improve the performance
of the proposed model. Through this work, possibility of
developing experimental scaled-down frequency dependent
transmission line models is satisfactorily verified for the first
time in the literature to the best of our knowledge.

FIGURE 17. Voltages after removal of 2-φ short circuit.

V. CONCLUSION
Development of a scaled-down lumped parameter frequency
dependent transmission line model is proposed in this paper.
A 50 km, 220 V scaled-down model of a 230 kV transmis-
sion line is developed which represents one of the trans-
mission lines of WECC 3-machine 9 bus system in per
unit sense. Detailed calculations are presented for the 1-φ
transformer ratings used in implementing the Clarke’s and
inverse Clarke’s transformations. Amorphous core inductors
are used to reproduce the switching transients over a wide
range of frequency and their design details are presented
in this paper. The developed experimental line is found to
closely reproduce the characteristics of frequency dependent
line model (ULM) available in EMTP-RV during line ener-
gization, balanced and unbalanced scenarios which couldn’t
be reproduced with a constant parameter π -model. Especially
in case of unbalanced faults, magnitudes of CP line fault cur-
rents are largely deviated from the ULM when compared to
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the developed experimental line. So, the proposed line model
is the best alternative for the CP line which is extensively used
in proof of concepts in power systems.
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