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Abstract—The “Sen” transformer (ST) is made out of a trans-
former and tap changers and is capable of regulating the active
and the reactive power flow selectively in an electric transmission
line. This paper focuses on the development of a novel algorithm ca-
pable of selecting the best combination of tap-settings for the com-
pensating windings of the ST. Digital simulation model of the ST
including a detailed tap-changer model has been developed in the
PSCAD/EMTDC software package. The tap-changing algorithm
of the ST has been implemented through a FORTRAN code that is
interfaced with the rest of the model. Should there be any change
in the magnitude of the compensating voltage and its phase angle,
the tap-positions are readjusted accordingly. The results obtained
from the simulation of the ST are compared with the simulation
results of the UPFC which is a power electronics-based power-flow
controller. The comparison shows good agreement between the re-
sults and hence validates the effectiveness of the proposed algo-
rithm and the performance of the ST.

Index Terms—Flexible ac transmission systems (FACTS),
modeling, simulation, “Sen” transformer (ST), unified power-flow
controller (UPFC).

I. INTRODUCTION

FLEXIBLE AC transmission systems (FACTS) have been
developed for better control of electric power flow through

the efficient utilization of existing transmission lines. In its
most exotic form, the unified power-flow controller (UPFC) is
a FACTS controller consisting of power-electronic components
that can be employed for controlling the magnitude and phase
angle of the line voltage and the line impedance simultaneously
[1]–[3]; the concept of a shared dc link between a shunt and
series connected converter was first introduced in the active
power-line conditioner (APLC) [4], [5]. However, excessive
installation and operating costs do not justify widespread use of
such a controller. To address this issue, the “Sen” transformer
(ST) was introduced [6]. The ST uses time-tested components,
such as transformers and tap changers, and injects a voltage of
variable magnitude and phase angle, such as a UPFC, in series
with the transmission line, thereby regulating the active and
reactive power flow in the line independently. Although the
power circuit of the UPFC is capable of subcycle response, the
adjustable responses of currently installed UPFCs are set in the
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Fig. 1. (a) Transmission line with “ST” block. (b) Phasor diagram.

range of tens of line cycles and slower, thereby not utilizing the
full speed response capability of the power electronic converter.
In most power systems applications, the response of mechanical
tap-changers in the range of seconds is quite acceptable.

Fig. 1(a) shows a transmission line on which the active and
reactive power flows, and are governed by the following
equations:

(1)

(2)

where is the magnitude of the sending-end voltage, is
the magnitude of the receiving-end voltage, is the difference
in phase angle between the sending-end and the receiving-end
voltages, and is the reactance of the line. By changing any
of these parameters, both active and reactive power flow can be
regulated. Fig. 1(b) shows the phasor diagram, where a series
voltage , from an ST is added to the phase voltage at an
angle, (leading), to produce the resultant voltage which
is at an angle with respect to . The angle can be varied
between 0 and 360 .

A comparative study between digital simulation results of the
ST and the UPFC has been carried out in [7] to show that the
ST performs the essential power-flow regulating functions of
the UPFC in a cost effective way. In practice, the implementa-
tion and operation of the ST requires a tap-changing algorithm
that can provide appropriate tap settings for the compensating
windings under various load conditions. Due to the discrete na-
ture of the taps, the resulting power-flow control with the ST
is discrete, unlike the UPFC where it is continuous. Any given
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and can be approximated using several tap combinations
of the ST windings. Therefore, the ST tap-selection algorithm
must identify the best tap-setting combination. Currently, such
a tap-selection algorithm is not available in the literature.

The objective of this paper is to develop an algorithm that
can identify the contributing compensating windings and their
corresponding tap-positions following a load change. After the
algorithm for the tap-changing criteria is established, a detailed
digital simulation model of the ST is developed in the PSCAD/
EMTDC software. The proposed tap-selection algorithm has
been implemented through a FORTRAN code that is interfaced
with the rest of the model. Applying the ST tap-selection al-
gorithm, detailed simulation studies were performed and the
system response under various operating conditions were ob-
served, and compared with the performance of the UPFC. The
transient response of the ST due to mechanical tap changing has
also been studied.

The paper is organized as follows. Section II briefly describes
the construction of the ST. Section III describes the algorithm
to determine the required tap positions of the compensating
windings. The implementation of the ST and its tap selection in
PSCAD/EMTDC is described in Section IV. Section V presents
results of the ST simulation in comparison with that of a UPFC,
followed by conclusions in Section VI.

II. “SEN” TRANSFORMER

In a “Sen” transformer (ST), as shown in Fig. 2, there are
two units: exciter unit and compensating-voltage unit. The
exciter unit consists of three primary windings (A, B, and C)
that are Y-connected and placed on each limb of a three-limb,
single-core transformer. The three-phase transmission-line
voltage ( , , and ) at the sending end is applied
in shunt to the exciter unit. The compensating-voltage unit
consists of nine secondary windings, three of which are placed
on each limb of the core e.g., a1, a2, and a3 on the first limb,
b1, b2, and b3 on the second limb, and c1, c2, and c3 on the
third limb. The induced voltages from three windings that are
placed on three different limbs are combined through series
connection to produce the compensating voltage for injection
in series with the transmission line, e.g., a1, b1, and c1 for
injection in A-phase, a2, b2, and c2 for injection in B-phase,
and a3, b3, and c3 for injection in C-phase. The number of
active turns in the three windings can be varied with the use
of on-load tap changers. As a result, the magnitudes of the
components of the three 120 phase-shifted-induced voltages
are varied and, therefore, the composite voltage , which is
the phasor sum of the three induced voltages, becomes variable
in magnitude and variable in phase angle in the range of 0 and
360 . It should be noted that each of a1, b2, and c3 is tapped
at the same number of turns; each of b1, c2, and a3 is tapped
at the same number of turns; each of c1, a2, and b3 is tapped
at the same number of turns. However, the number of turns in
the a1-b2-c3 set, b1-c2-a3 set, and c1-a2-b3 set can be different
from each other.

Fig. 2. Schematic diagram of “ST.”

An ST connects a compensating voltage of line fre-
quency that is generated from the transformer’s secondary
windings connected in series. When connected in series with
the transmission line, the compensating voltage of variable
magnitude and variable angle modifies the magnitude and
the angle of the sending-end voltage to be the effective
sending-end voltage and, therefore, controls the active and
reactive power flow in the transmission line independently.

ALGORITHM FOR SPLITTING THE COMPENSATING VOLTAGE INTO

PHASOR COMPONENTS

The series compensating voltage in any phase is derived
from the contributions of the compensating windings of the ST
from three different phases. If the phase angle of the series com-
pensating voltage is exactly at 0 , 120 or 240 , it can be con-
structed from only one of the three phases , , or , respec-
tively. For any other angle, the series compensating voltage is
constructed from two adjacent voltages.

Consider an ST, shown in Fig. 2, which has four tap po-
sitions in each of the nine compensating secondary windings.
Each tap position provides a voltage of 0.1 p.u. and therefore,
a maximum of 0.4 p.u. is obtained from each phase. The pos-
sible combinations of voltage tap-setting positions are shown
by the dotted grid in Fig. 3(a). Let be the required compen-
sating voltage, at an angle with reference to the corresponding
phase angle. Then, one of the four combinations enclosed by the
dashed circle must be selected. In addition, the selected combi-
nation must be the nearest to the voltage vector, . In Fig. 3(b)
the circle is shown in an enlarged view, where the four combina-
tions marked as 1, 2, 3, and 4 are vector distances , , , and

, respectively, apart from the desired series voltage . These
four vector distances indicate the error introduced due to the se-
lection of any particular combination. Of the four distances, the
one with the least magnitude, will introduce the least error and
the corresponding tap-setting combination would be selected to
construct . Let and denote the two rectangular
components of in the Cartesian coordinate system. Simi-
larly, let and be the components of ,
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Fig. 3. (a) Tap position grid for the construction of V . (b) Selection of the best tap setting.

formed by the four possible tap-setting combinations. Then, the
error with respect to is defined as

(3)

The tap-setting combination corresponding to with the
smallest is selected as the best tap setting to implement .
Thus, the algorithm to determine the best tap setting for
consists of the following steps.
Step 1) Get the input (magnitude, , and leading phase

angle, ) about required series voltage injection in
phase .

Step 2) Based on , identify the zone into which the series
voltage phasor falls: Zone I ,
Zone II and Zone III

. Next, identify the contributing (one or
two) phase(s) and set the contribution of the other
phase(s) to zero. When is exactly equal to 0 , 60 ,
120 , 180 , 240 , and 300 and the magnitude is
exactly midpoint in between two consecutive grid
positions, select the higher tap position.

Step 3) Based on the magnitude of , identify the four
nearest tap-setting positions [dot positions on the
grid in Fig. 3(a)].

Step 4) Calculate the normalized vector distances between
voltages produced by these four tap positions and
the compensating voltage, . This will give the
magnitude of errors that would be
introduced due to the selection of corresponding tap
settings.

Step 5) Compare the errors and identify the tap-setting com-
bination that yields the minimum error.

Step 6) Implement the tap setting in corresponding phase(s)
in the ST through the use of load tap changers.

Step 7) Implement similar tap settings for voltages to be
added in series with phases and .

TABLE I
DATA FOR THE ELECTRICAL SYSTEM AND THE ST

Section IV describes how this algorithm has been imple-
mented on the ST system.

III. MODELING OF “SEN” TRANSFORMER

USING PSCAD/EMTDC

A digital computer simulation model of the ST has been de-
veloped using PSCAD/EMTDC v. 4.0.1. The model consists of
two subsystems: the electrical subsystem (Fig. 4) and the tap-se-
lection algorithm subsystem. Fig. 6 illustrates the interface be-
tween the two subsystems.

A. Electrical System

Fig. 4 shows the electrical system and the ST. The electrical
system is comprised of two ac systems connected by a three-
phase transmission line. The ST is connected at the sending end
of the transmission line. Table I gives the parameters for both
the ST and the network.

1) Electrical Network Model: The ac sources at both sending
and receiving ends are modeled as infinite sources with the same
magnitude but at a phase difference of 20 (the receiving end
voltage lags the sending end voltage). The transmission line is
modeled as a lumped series impedance.

2) ST Model: The ST is a specially designed transformer
with multiple windings having multiple tap positions in the
secondary. The model for such a transformer is not available in
PSCAD/EMTDC. Therefore, nine single-phase transformers,
each having on-load tap changing capability have been used to
model the ST. By using single-phase transformers, inter-phase
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Fig. 4. Electrical network and the ST modeled in PSCAD/EMTDC.

Fig. 5. Tap-changing mechanism and its model for digital simulation.

mutual flux linkage and thus mutual inductance has not been
considered, which may cause some discrepancies in the results.
These nine single-phase transformers are modeled with a small
resistance and leakage reactance as shown in Table I. Output
voltages of three transformers (contributing from phase ,
and ) are added in series and then fed to one phase of the
transmission line. The nine outputs (aa, ab, ac, ba, bb, bc, ca,
cb, and cc) from the tap-selection algorithm supply the value of
tap setting to all nine transformer Tap terminals. Should these
outputs undergo any changes, the transformers readjust their
tap positions and produce the required compensating voltages.

3) Tap Changer Model: In a practical transformer, tap
changing is performed through a tap selector, where a resistor
or inductor is used in parallel with the tap positions to limit the
current through a shorting winding segment between two con-
secutive taps. In Fig. 5, an example of tap-changing operation
has been shown along with the equivalent PSCAD/EMTDC
model for each position of the tap selector. Although, practical
transformers with onload tap changers (OLTC), such as the
ones from Reinhausen [8] use taps with voltage difference in
the range of 0.02 p.u. to 0.067 p.u., in this model a voltage
difference of 0.1 p.u. between taps has been assumed for the

clarity of simulation. The time required to move the tap selector
between adjacent tap positions is 2 s [8]. In order to move the
tap selector from its initial position, terminal E (0.2 p.u.) to its
final position, terminal C (0.1 p.u.), the following four steps of
approximately 0.5 s each are performed.

• Step 1: In position 1, the tap selector is connected to ter-
minal E; therefore, in the model the circuit breaker (CB)
connecting terminal E to line is closed and the rest of the
CBs are open. Now, the selector is moved to a position
where it connects both terminal D and E; however, the cur-
rent flows through terminal E alone. To model this situa-
tion, the CB connecting terminal D is closed.

• Step 2: The tap selector moves further down and is con-
nected to terminal D. The line current now flows through
the resistor, and depending on the value of the resistance, a
slight dip in the voltage may occur. In the model, CB con-
necting terminal E is opened.

• Step 3: In this step, the tap selector is moved to a posi-
tion, where it connects both terminals C and D. This is the
situation where a circulating current will flow within the
loop formed by the terminals C, D and the resistor. The
higher the value of the resistor, the lower will be the cir-
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Fig. 6. Interfacing of the ST control system with the electrical system in
PSCAD/EMTDC.

culating current, however, too high a value of resistance
would cause a voltage sag. In the model, the CB connecting
terminal C is now closed.

• Step 4: In the final step, the tap selector is moved to allow
contact with terminal C alone, which is the required final
position. In the model, the CB connecting terminal D is
opened.

4) Measurements: Measurement blocks are used to measure
electrical signals and, hence, to calculate powers at the receiving
end using the following equations:

(4)

(5)

where , , and are the voltages of phase , and , respec-
tively, and , , and are the currents in the respective phases.

B. Tap-Selection Algorithm Implementation

The tap-selection algorithm has been implemented as a
FORTRAN program linked to the electrical system using an
interfacing block (Fig. 6) created in PSCAD/EMTDC. Al-
though PSCAD/EMTDC has the capability of interfacing other
scripts such as MATLAB, C or , FORTRAN has been
chosen for its simplicity and the speed of implementation. The
input to the interfacing block are the magnitude and the
phase angle of the compensating voltage and the outputs
are the tap positions for the nine compensating windings of
the ST. Any change in the demand of series voltage is passed
to the FORTRAN program which implements the tap selec-
tion algorithm (described in Section III) and then determines
the necessary tap positions which are sent to the electrical
system and implemented through the on-load tap changer of
the transformer.

In Fig. 6, a Time block has been used to synchronize the in-
stant of inputs ( and ) with the simulation time. Two Table
blocks have been introduced to serve the purpose of a lookup
table. The inputs which vary with respect to time, can be prede-
fined through these blocks for both and . Based on these
inputs, the tap-selection program produces the value of tap ratio
through the outputs aa, ab, ac, ba, bb, bc, ca, cb, and cc. The
first letter of the output variable (for example, aa) denotes the
contributing phase and the second letter indicates the phase in
which the voltage is added in series. These outputs are then
passed to the compensating transformers for the readjustment
of tap setting.

Fig. 7. P and Q of the ST and the UPFC with V = 0:4 p.u. at a varying
phase angle (�).

IV. SIMULATION CASE STUDIES

Before injecting any series voltage ( ), the system has been
simulated in an uncompensated mode with the network param-
eters listed in Table I. The equations used for the calculation
of active and reactive power at the receiving end, are given in
(4) and (5). The results are compared between the ST where
PSCAD/EMTDC is used as the simulation tool and the proposed
algorithm is interfaced through a FORTRAN program, and the
UPFC using ATP simulation where voltage-source converters
(VSC) are modeled as controllable sinusoidal voltage sources
at the fundamental frequency. In an uncompensated mode,
and become natural power flows and are denoted by and

, respectively. In the compensated mode, with an ST rating
of 10 MVA/phase, the following cases have been simulated.

• Case I: Steady-state performance of the ST when is
varied between 0 and 360 while is kept to value be-
tween 0.1 to 0.4 p.u with a step of 0.1 p.u.

• Case II: Transient Response of the ST showing step-re-
sponse of active and reactive power demand.

A. Case I

Simulation of a compensating series voltage of 0.1 p.u. to
0.4 p.u. was performed at different for both the ST and the
UPFC. The angle was varied at a discrete step of 15 in
the range of 0 to 360 . The variation of both and for

p.u. are shown in Fig. 7 where the ST is found
to follow the UPFC quite closely. For the ST, the maximum
and minimum are MW and MW. A nega-
tive active power indicates the reversal of power flow. The in-
jected series voltage changes natural active power flow, , by

MW and MW. The level of reactive power
flow is increased and reached to a maximum of Mvar
and a minimum of Mvar, which changed the natural re-
active power flow by Mvar and Mvar, re-
spectively. It is interesting to note that both active and reactive
power change equally in both directions.

Almost similar results were found for the UPFC. The
peaks of the active power flow using the UPFC reaches to

MW and MW and for reactive power flow,
they are Mvar and Mvar, respectively. This
gives a maximum deviation of from its natural power flow
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Fig. 8. Relationship between P and Q at various phase angle � and series
voltage V for the ST and the UPFC.

by MW and MW, respectively. Simi-
larly, also follows a sinusoidal pattern with an amplitude of

Mvar and Mvar, respectively. The variation
of power flow using the UPFC is fully sinusoidal but for the
ST, it is almost a first-order-hold sinusoidal pattern. The ST
power-flow variation is linear with but split into six regions
with different slopes. In the range of to 180 and

to 360 , shows very little or no change in its
value. This can be explained with the help of (2) by substituting

and with and , respectively, when becomes a
function of and . In the range of to 180 ,

decreases whereas increases and the net change of
becomes very little or negligible. The opposite phenomenon

occurs for to 360 (i.e., increases but
decreases and results in negligible changes in ).

The relationship between and for of 0.1 p.u.,
0.2 p.u., 0.3 p.u., and 0.4 p.u. is shown in Fig. 8 for both the
UPFC and the ST. It has been found that the ST produces a
hexagon profile whereas the UPFC produces a circular profile.
The following items highlight the differences between the two
power-flow profiles.

• At six points on the profiles, both and for the UPFC
and the ST are almost the same; however, the path be-
tween these points is different for the ST and the UPFC.
For the ST, the path is linear whereas for the UPFC, it is
an arc. These six points are found to be at , 60 ,
120 , 180 , 240 , and 300 . Only at these points, the ST
produces a series voltage injection with zero error (i.e.,

) and the injected voltage is exactly equal to the
required series voltage, . At angles, , 120 , and
240 , the series voltage is supplied by only one compen-
sating winding, while at 60 , 180 , and 300 , voltages
are contributed equally from two different phases. For ex-
ample, if p.u. is required at in phase

, the voltage would be supplied by both phase and phase
, each with a 0.4-p.u. injection. The result of these two

contributing voltages is exactly equal to 0.4 p.u. at an angle
of 180 with respect to phase , thereby making .

• The versus plot for the UPFC is smooth circular
because it is capable of producing any series voltage at any
angle and the variation of power flow with is sinusoidal.
The circular control region of a UPFC can be explained
with the following boundary equation [1]:

(6)

where the center of the circle lies at and and
is the radius. On the other hand, the ST pro-

duces a hexagon profile due to the three-phase voltage
summation. Unlike the UPFC, in most cases, the ST does
not produce the exact amount of required series voltage at
exact angle (i.e., ).

• The ST profile is enclosed within the UPFC profile indi-
cating that the ST produces a little less power than the
UPFC, except at the six corner points where they are al-
most equal.

The simulation results are in excellent agreement which
corroborates the fact that the ST can be a good alternative
power-flow controller where tap changer’s response time is
sufficient.

B. Case II

In this case, the transient responses of the ST and the UPFC
have been studied through various preset series voltage injec-
tions. Fig. 9 shows and for the ST and the UPFC. The
system has been simulated as an uncompensated line until
5 s when a compensating voltage of 0.2 p.u. at a leading angle
of 120 is inserted in series. At the beginning, a power flow
of MW and Mvar for the ST
and MW and Mvar for the
UPFC have been found in uncompensated mode. With the in-
sertion of -p.u. series voltage at a leading angle of

at 5 s, a change in and has been observed
and both settled to new power levels such as MW
and Mvar for the ST and MW and

Mvar for the UPFC, respectively. It is interesting
to note that the reactive power flow became positive (inductive).
For the UPFC, the calculation for the required compensating
voltage is performed within one sampling time of the micropro-
cessor, but the implementation takes place through a 1-s ramp
[9]. Fig. 9 shows the ramp variation of power-flow changes for
the UPFC. However, for the ST, the response is step-wise and
follows the tap changing mechanism that took place between

to 9 s (4-s duration) when the tap-to-tap voltage
is considered to be 10% of the rated voltage. If the transformer
taps are less than 10%, the ST will take more time to reach to its
required tap-position. For example, a 0.2-p.u. voltage injection
with 1% tap will take 10 times longer (i.e., 40 s to complete the
tap-changing operation).

In Fig. 9, the power flow remains uninterrupted until s
when is changed to 60 , keeping the at 0.2 p.u. Sim-
ilar transient responses have been observed and the new power
levels are MW and Mvar for the
ST and MW and Mvar for the
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Fig. 9. Transient response of P and Q of the ST and the UPFC. (Natural power flows until t = 5 s, V = 0:2 p.u. at � = 120 injected at t = 5 s,
V = 0:2 p.u. at � = 60 injected at t = 14 s and V = 0:4 p.u. at � = 60 injected at t = 23 s.

Fig. 10. Zoomed view of P and Q , while V = 0:2 p.u. at � = 120 is
injected at t = 5 s.

UPFC. The results are in close conformity and as expected, the
ST goes through the tap changing steps and settles to its final
value. The next change in series voltage injection is imposed
at s when is changed to 0.4 p.u. at .
This forced the power levels to shift to MW and

Mvar for the ST and to MW and
Mvar for the UPFC. A negative power flow can be

observed which indicates the reversal of power flow in the line.
Fig. 10 shows the zoomed view of power transitions for both

the ST and the UPFC due to a series voltage injection of 0.2 p.u.
at . The series voltage injection at s caused
the tap selector of ab, bc and ca to change to 0.2 p.u. from its
previous position of 0.0 p.u. through multiple steps as described
in Section IV. Generally, a duration of 2 s is required for the
tap selector to move from 0.0 p.u. to 0.1 p.u. [8] (through four
steps of 0.5 s); therefore, a total of 4 s transition time is allowed
for the tap selector to move from 0.0 p.u. to 0.2 p.u. Between

s s, the tap selector is connected in parallel with
terminal A and B (Fig. 5), causing a circulating current to flow
between the terminals and, hence, reducing both and the
load current. This causes reductions in power levels as observed
in Fig. 10. Between s s, the tap selector moves
to terminal B only. Terminal B injects slightly less voltage than
0.1 p.u. as it is connected through a bypass resistor. This causes
a significant change in the value of , , and . Between

s s, the tap selector goes in parallel with terminal
B and C which causes negligible or no changes in the and
power levels. In the next step, between s s, the
tap selector is connected to terminal C only. At this position,
the tap selector injects 0.1 p.u. and the changes in , and

Fig. 11. Profile of injected series voltage V and line current Ia by the
UPFC and the ST: V = 0 at � = 0 for t < 5 s, V = 0:2 p.u.
at � = 120 for 5 s < t < 14 s, V = 0:2 p.u. at � = 60 for
14 s < t < 23 s and V = 0:4 p.u. at � = 60 for 23 s < t < 32 s.

are minimum. Similarly, in the next 2.0 s, between s
s, the tap selector reaches to its final position of 0.2 p.u.

Each change of the tap selector’s position produces changes in
the power levels of the ST as observed in Fig. 10.

The profile of the injected series voltage and the line
current for both the ST and the UPFC are shown in Fig. 11. It
is clear that both and for the ST and the UPFC maintains
the same profile except for the transition periods when the ST
injects voltage in multiple steps. This case study indicates that

and for both the ST and the UPFC are in close agreement.
Also, it is observed that when reference levels are changed, both
the UPFC and the ST experiences the same changes in power
levels, which establishes the fact that the ST can provide the
same power-flow control functionalities as the UPFC. The re-
versal of both active and reactive power can also be achieved
by using the ST as it is possible by the UPFC. The only dif-
ference in their performance is in their response time. The dy-
namic performance of an ST can be in the half-cycle range of
power frequency if electronic taps are used. It can also be in a
minute range if mechanical tap changers are used. Even though
the UPFC can respond in less than a half-cycle range of power
frequency, currently installed UPFCs are designed to respond in
seconds for power-flow control applications [7]. All case studies
demonstrate the effectiveness of the proposed tap-selection al-
gorithm applied to the ST. Minor discrepancies in the simulation
results can be attributed to the differences in the modeling de-
tails of the two devices.
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In the simulation, balanced power system conditions were as-
sumed. Therefore, there were no second harmonics in the power
calculation. However, in a realistic power system with unbal-
anced voltages and/or currents, the second harmonic component
will be superimposed on the dc component when power is calcu-
lated using (4) and (5). A simple remedy to overcome the effect
is to filter the measured quantities using a half-cycle window
averager.

In this paper, a 30-MVA ST was selected for a 160-MVA
power system with a maximum voltage injection of 0.4 p.u. and
10% taps. While the chosen ST rating may not be typical, it
shows the wide capability of the ST, especially, the power re-
versal. The rating selection method for the ST is similar to that
of a UPFC. The factors that need to be considered for selecting
the ST rating include network parameters, location of the ST
and the purpose of the ST (voltage regulation, line impedance,
or phase angle control).

V. CONCLUSION

This paper proposes a novel algorithm for the selection of tap
setting for the “Sen” transformer. The algorithm has been im-
plemented in digital simulation model of the ST using PSCAD/
EMTDC package through an interface with FORTRAN pro-
gram. The tap-selection algorithm is simple but effective, and
can be easily implemented on an inexpensive DSP or micro-
controller. A comparative study of the ST and the UPFC under
different operating conditions has revealed the following items.

• The ST is an effective power-flow controller with an ac-
ceptable response time in most utility applications with
presently available mechanical tap changers.

• The UPFC can be a fast power-flow controller with a re-
sponse time less than a half cycle of the power frequency;
however, the response time of the currently installed
UPFCs are adjusted to operate in the range of seconds.

• The ST uses traditional components such as transformers
and tap changers whereas the UPFC uses power-electronic-
based technology which requires high installation and op-
erating costs. Therefore, the ST is an economical and ef-
fective alternative to the UPFC.

• The implementation of the tap-selection algorithm for the
ST is much easier and economical in comparison to the
UPFC control implementation.
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