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Abstract—This paper presents the real-time simulation and con-
trol of the “Sen” Transformer (ST) for transmission power-flow
regulation. A detailed electromagnetic transient model was devel-
oped for the ST embedded in the network, and a comprehensive
control technique was proposed for the operation of the ST.
To implement the models in real time, a state-of-the-art high
performance PC-cluster-based real-time simulator was used. The
ST model and the controller are implemented using a custom C
program in MATLAB/SIMULINK environment. The execution
time of the entire system is only 75 us on a simulation time-step
of 100 us. Real-time oscilloscope results are provided to show the
validity of the model under steady-state and transient conditions.

Index Terms—Electromagnetic transient analysis, power system
modeling, real-time systems, “Sen”” transformer.

I. INTRODUCTION

HE “Sen” transformer (ST), is a power-flow controller
made out of a three-phase transformer with multiple
windings in the secondary (known as the compensating wind-
ings), each of which has on-load tap-changing capability. In
a transmission network with the ST, the compensating wind-
ings that are connected in series with the line insert a series
voltage whose magnitude and phase angle depend on the tap
setting of each winding. The magnitude and phase angle of the
required series voltage is determined by the system require-
ment. However, any series voltage injection in the line can
be approximated through the combined contribution from one
or two compensating secondary winding(s). The concept of
ST, proposed in [1], establishes that in a power system where
slow dynamic response is sufficient, the ST can replace the
power-electronics-based unified power-flow controller (UPFC).
This is further corroborated in [2], where off-line simulation
results for both the ST and the UPFC have been compared
while using the same transmission network. Further in [3]
a novel tap-changing algorithm was proposed to select the
contributions from the individual compensating windings in
response to a series voltage injection demand. However, in all
of these studies a simplified model of the ST was used.
As the ST is a special type of transformer, its model is
not readily available in transient simulation programs such
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as EMTP or PSCAD/EMTDC. Therefore, in [2], [3] ideal
single-phase transformer models are employed to construct
the ST. Such modeling ignores the mutual coupling between
compensating windings, and the nonlinear magnetic charac-
teristic of the ST, thereby producing results. which are not a
true reflection of its behavior under transient conditions. An
accurate and precise model is the foundation of any simulation
study, and therefore, a detailed model of the ST is necessary to
understand its true response under various operating conditions.

In this paper, a detailed real-time electromagnetic transient
model of the ST as a three-phase multi-legged transformer
containing three primary and nine secondary windings is de-
scribed. The linear part of the developed ST model is based
on the BCTRAN [4] model, and the non-linear part is based
on a piece-wise linear approximation of the B-H curve. The
entire ST model and the transmission network is programmed
as.a C S-function in the MATLAB/SIMULINK environment.
The control algorithm for the tap-selection of the ST was also
implemented through a C program which determines the tap
positions of the compensating windings. An improvement over
[3] is achieved by making the control program versatile for
the use of either voltage regulation or phase angle regulation
or power-flow control with corresponding reference inputs.
Detailed tap-changing mechanism described in [3] was im-
plemented through multiple steps for studying the transient
response. Both the system and controller models are executed
in real-time on an advanced PC-cluster. Real-time oscilloscope
results are shown for model validation.

The paper is organized as follows. Section II describes the
operation of the ST and the control algorithm for tap selec-
tion. Detailed modeling of the ST, electrical network and the
controller for transient simulation are described in Section III.
Real-time implementation of the entire model on the PC-Cluster
is described in Section IV. Section V presents results of the ST
simulation for both the steady-state and transient conditions, fol-
lowed by conclusion in Section VI.

II. ST AND ITS CONTROL STRATEGY

The schematic of the ST within a transmission line is shown in
Fig. 1. The ST injects a combined compensating voltage, Vs,
which is generated from the transformer’s secondary windings
that are connected in series. The compensating voltage of vari-
able magnitude and variable angle modifies the magnitude and
the angle of the sending-end voltage, Vg, to be the effective
sending-end voltage, Vg, and therefore, controls the active and
reactive power flow in the transmission line independently.
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Fig. 1. Schematic of the electrical network and the ST.

A. Operation of the ST and Tap Changing Mechanism

Asshown in Fig. 1, the ST has two main units: exciter unit and
compensating-voltage unit. The exciter unit consists of Y-con-
nected shunt primary windings (A, B, and C) and the compen-
sating-voltage unit consists of nine secondary windings, three
of which are placed on each limb of the core e.g., a1, as, and
a3 on the first limb, by, by, and b3 on the second limb, and ¢q,
c2, and c3 on the third limb. The three-phase transmission line
voltages (Vsa, Vsb, and V) at the sending-end are applied in
shunt to the exciter unit. The induced voltages from three wind-
ings that are placed on three different limbs are added through
series connection to produce the compensating voltage for injec-
tion in series with the transmission line, e.g., a1, b1, and ¢; for
injection in A-phase, as, b2, and cs for injection in B-phase, and
as, bs, and cs for injection in C-phasé.: The magnitudes of the
components of the three 120° phase-shifted induced voltages
are varied through active turns in the compensating windings,
and therefore, the composite voltage, V¢ becomes variable in
magnitude and also in phase angle (0° to 360°).

To perform on-load  tap changing operation, generally, a
resistor or inductor is used. in parallel with the tap-positions to
limit the current through a shorting winding segment between
two consecutive taps. A detailed description of the tap changing
mechanism is described in [3]. Practical transformers with
on-load tap changers (OLTC) such as the ones from Rein-
hausen [5] use taps in the range of 2% to 6.7%. However, in
this paper a 5% tap will be used for the ST simulation. The time
chosen to move the tap selector between adjacent tap positions
is2s.

B. Control Algorithm for the ST

By varying the magnitude of Vg, and phase angle, 3 of
the injected compensating voltage, the ST can function as 1)
voltage regulator, 2) phase angle regulator, or 3) independent
power-flow regulator [1]. Due to the discrete nature of the taps
of the compensating windings, in most cases, it is not possible
to inject the exact amount of required series voltage for a given
active and reactive power flow in the line. Any value of Vg
can, however, be approximated using several tap combinations

of the ST windings, and therefore, a‘suitable tap selection al-
gorithm is needed to identify the réquired tap positions, which
yields a minimum error.

1) ST Control for Voltage Regulation: As shown in the
phasor diagram in Fig. 2(a), the ST as a voltage regulator
adds voltage in series.and hence changes the phase voltage Vg
to Vg . The added voltage could be either in-phase with Vg
(8 = 0°) or out-of-phase (8 = 180°).

2) ST Control for Phase Angle Regulation: If the ST is used
as a phase-angle regulator, voltages are added to the line in
quadrature with Vg (8 = +90°), as shown in the phasor di-
agram in Fig. 2(b).

3) ST Control for Independent Power Flow Regulation: In
the ST, both the active and the reactive power flow are indepen-
dently regulated by changing Vg to V7, through an injection of
series voltage, Vs, at an angle § with respect to the sending
end voltage, V. The phasor diagram in Fig. 2(c) illustrates that
for this control, it is necessary to produce Vs at any angle 3,
in the range of 0° to 360°. The required power levels (P, and
Qrey) are the reference inputs in Fig. 2(d) from which |V|
and [ are calculated using the following equations:

I= <i> y Vos =V, +1Z -V (D
VI‘

where S = Prof+jQrcs and Z = R+ j X the total impedance

of the transmission line and the network. Once |Vgs| and g

are determined, they are passed to the tap selection algorithm

which then identifies the best tap positions for the compensating

windings to approximate | V| and § with minimum error.

4) Tap Selection Algorithm: The required series compen-
sating voltage, Vg, in any phase is derived from the contri-
butions of the compensating windings of the ST from three dif-
ferent phases. If the required phase angle, (3 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 a, ¢, or b, respec-
tively. For any other angle, the series compensating voltage is
constructed from two adjacent phases.

Consider the ST of Fig. 1, which has four tap positions in
each of the nine compensating secondary windings. Each tap
position provides a voltage of 0.05 p.u. and therefore, a max-
imum of 0.2 p.u. can be obtained from each phase. The possible
combinations of voltage tap-setting positions are shown by the
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Fig. 2. Control modes of the ST. (a) Voltage regulator, (b) phase-angle regulator, (c) power-flow regulator, (d) control inputs and outputs, and (e) tap position grid

for the construction of Vs, by selecting the best tap setting.

dotted grid in Fig. 2(e). Let | V45| be the required compensating
voltage, at an angle 8 with reference to the corresponding phase
angle. Then, one of the tap positions will be the nearest to the
voltage phasor, Vg, which will yield the best approximation
of V. The tap selection algorithm is designed to calculate the
normalized vector distance of all the tap positions in the grid
and then to identify the required tap position based onthe min-
imum normalized vector distance. For example, in'Fig. 2(e), the
tap position A which is constructed by 0.15 p.u. injection from
both phase a and phase ¢ forms the vector V; at-an angle, 31
with respect to phase a. The vector V7 is away from Vg by
the normalized vector distance 71, which is termed as the error
€1 with respect to Vg¢ and given by

e = lInills = J(VESVE? 40— V2 @

where V7, and VJ_ denote the two rectangular components
of Vs in the cartesian coordinate system. V;* and V¥ are the
corresponding Cartesian components of V7. Similarly, the
(k = 1, 2, 3,4) with respect to. Vgis will be determined for
the four tap setting positions adjacent to V¢ (grid positions
shown in Fig: 2(e)). The tap=setting combination corresponding
to Vi with the smallest €, is selected as the best tap-setting to
implement V5. The detailed algorithm to determine the best
tap-setting for Vg4 is:described in [3].

III. DETAILED TRANSIENT MODEL OF THE ST

The ST is modeled as a twelve-winding transformer with
three primary and nine secondary windings. Considering the
schematic of the ST shown in Fig. 1, one can categorize the 12
different windings into four distinct sets of windings, as follows.

1) A, B, C (Primary windings (P)).

2) a1, ba, cs. (First set of secondary windings (S1)).

3) asz, b3, c1. (Second set of secondary windings (S2)).

4) as, by, co. (Third set of secondary windings (S3)).

The reason for grouping secondary windings in this manner is
that the three secondary windings in each set undergo the same
tap setting.

The modeling steps include:

1) development of linear equations for the ST and power
system;

2) addition of nonlinear branches to the ST to model satura-
tion;

3) inclusion of tap changing effect on the ST parameters.

A. Linear Model of the ST and Power System

The ST linear model is based on the BCTRAN model [4] of a
transformer. The dynamic equation of the ST can be expressed
as

di -1 : -1
Rt CE R O e D RO

In the above equation, [¢] and [v] are the vectors of currents
and voltages in the 12 windings of the ST, and [Rsr| and
[Lsr]™! are 12 x 12 matrices of the ST resistance and inverse
inductance.

Despite the fact that the ST has twelve windings, due to the se-
ries connection between different secondary windings as shown
in Fig. 1, there would only be six independent currents in the
circuit; the three primary currents (%54, s, and %s.) and three
secondary currents (¢, ¢y, and 7.) which are also the line cur-
rents. Therefore, the unknowns in (3) are six currents and nine
voltages of the secondary windings. Considering the network
and the ST as shown in Fig. 1, the voltages on the primary wind-
ings of the ST can be described in terms of unknown currents
and voltage sources. Also, the following voltage equations can
be derived:

disq di, . .
Ls (Lit + (Ls + LTL)# + Rszsa + (Rs + RTL)Za

= Va1 + Vp1 + Ve1 + Vo — Upa

di di _ _
L= 4 (Ly+ Lri) 7> + Reiso + (Ro + Rrp )iy

= Vg2 + Vb2 + V2 + Vp — Urp

dise di ‘ .
LSW + (LQ + LTL) dt + RSZS(‘ + (Re + RTL)'LC

= Vq3 + Vb3 + V3 + Ve — Ure (4)
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where v,1 to v.3 are the terminal voltages of the secondary
windings a; to c3. v, Up, Ve, and Vypq, Upp, Up. are the
sending-end and receiving-end voltage sources in each phase.
L., L1, R, and Ry, are the source and transmission line
inductance and resistance, respectively. Rearranging (3) and
(4) in terms of unknown voltages and currents, the final system
of equations for the ST and the power system can be expressed
as the following matrix equation:

Cx = Ax+ Bu ®)]
where

X = [isa isb isc ia ib ic Val Vb2 Ve3 Va2

T
Up3 Vel Ve U1 Ue2]  (6)

and

T
u = [Ua Vo Ve Upa Urp UTC] - (7)

The A, B, and C matrices are calculated in terms of re-
sistances and inductances of the electrical network and [Rst],
[Lsr]~! matrices of the ST.

Since the voltage derivatives in (3) and (4) are all zeroes, ma-
trix C is rank deficient and (5) would be a system of differ-
ential-algebraic equations (DAEs). Due to the strong coupling
between different equations of the system, we preferred to keep
(5) in its original format and solve all the equations together
rather than separating the algebraic and differential equations
from each other.

B. Saturation Effect

The nonlinear magnetizing inductance of the ST is modeled
as a set of three two-slope piecewise linear inductances which
are externally connected to the terminals of primary windings.
The knee point of magnetizing curve is set to 1.5 times of rated
flux, according to the data from the manufacturer. During the
simulation, the flux linkages-are estimated separately for each
phase to decide the propervalue of magnetizing inductances in
each time-step. The equation for flux linkage estimation of the
primary winding A is as follows:

a s / <v A VY 4 ‘“S“) i ®

dt

where V;, is the terminal voltage, and R4 and Ls4 are the re-
sistance and leakage inductance of the primary winding A, re-
spectively.

Fig. 3 shows the piece-wise linear approximation of the
magnetizing curve of the ST. If the value of the estimated flux
linkage in each phase is less than 1.5 p.u., the unsaturated
magnetizing inductance (L,,1) will be connected to the pri-
mary terminal of that phase. Otherwise saturated magnetizing
inductance (L,,2) will be used to model the saturation of the
ST in the simulation.

C. Tap-Changing Effect on the ST Parameters

The inclusion of taps in the ST model is achieved by using
appropriate base values to convert elements of [Lsz]~" from
p-u. to real quantities, according to the following equation:

—1 u.—1 Sratin
[Lsrlin = [L?}T ik TV: ©)
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Fig. 3. Piece-wise linear approximation of the magnetizing curve of the ST.

where [Lsr];! represents the entry on the ith row and kth
column of matrix [Lsz]?, Srating is the three-phase power
rating used as the common base for all p.u. values, V; and Vj
are the rated voltages of windings ¢ and £ in their corresponding
tap positions.

Since the exact values of p.u..inductances for different tap
positions were not available, it was assumed that the per-unit
inductances of the ST were not affected by the tap position.
Winding resistances of the ST are also determined for each tap
position as follows:

!/
[Rsrl; = <= [Rstl;

v, (10)

where [Rszl%, [Rsr]j, V), and V] are the resistance and rated
voltage of jth winding at the current and full tap positions,
respectively. Note that those elements of [Rsr| and [Lsr]|™!
which are only related to the primary windings do not change
during the simulation because there is no tap-changing mecha-
nism on the primary windings. Since the magnetizing branches
are connected to the primary side of the ST, the magnetizing in-
ductances are also independent of tap position.

D. Time-Step Loop

In order to discretize (5), the Trapezoidal rule was used due
to its well accepted accuracy and stability even with a compar-
atively large time-step. The time marching formula for the un-
known vector x using this rule can be written as follows:

-1
xMl = (C - %A)

X [(C + %A) xF + ﬂB(uk +urth| an

2
where the superscripts (k + 1) and (k) denote the values of dif-
ferent quantities in the present and previous time-steps, respec-
tively.

Switching events occur in the system due to the tap changing
as well as saturation of the ST core. Also the numerical solu-
tions of differential-algebraic equations (DAEs) are well known
for their tendency to drift away from the manifold which is de-
fined by a set of algebraic equations that must be satisfied by
system state variables at each time-step [6]. A common method
to suppress unrealistic oscillations in the simulation results as
well as avoiding the drift error is to use a combination of Back-
ward Euler method and trapezoidal rule which is referred to as
the critical damping adjustment (CDA) [7]. Therefore, we begin
the simulation with trapezoidal rule until reaching a switching

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on April 19,2022 at 07:54:57 UTC from IEEE Xplore. Restrictions apply.



ASGHARI et al.: DETAILED REAL-TIME TRANSIENT MODEL OF THE “SEN” TRANSFORMER

Read short-circuit and
test data

| Build [Lsr] ;.. and [Rs1]

‘ Begin time marching Ioop‘

—

Pret  Qurer

Update input vector |

Read the tap information Controller
from controller

in tap values
Or saturation

Solve (6) |

core flux |

[ Update history terms |

Fig. 4. Flowchart of the ST transient simulation.

point or convergence problem, then switched to the backward
Euler method for a few steps followed by trapezoidal steps: The
time-step of backward Euler is set to be half of that of the trape-
zoidal method in order to use the same A, By and C matrices
for both methods.

The complete simulation of the ST requires the simulation
of two parts: 1) the electrical system which consists of the'ST
and the power system models and 2) the control system. In the
electrical system model, per-unit elements of {L 5]~ ! are cal-
culated once at the very beginning of the program from short
circuit and excitation testdata at the full tap position of all sec-
ondary windings. These values are given in Table III.

With these p.u. values, the time marching loop begins after re-
ceiving the tap position information from the controller in order
to regulate the active and reactive powers to the desired level.
If there is any change'in the tap positions, per-unit inductances
are converted to real values according to the new tap information
and winding resistances are also updated. In the case of entering
or leaving the saturation state, the values of magnetizing induc-
tances are adjusted accordingly. The A, B, and C matrices are
then calculated from the new values of [Lsr]~* and [Rs7]. Fi-
nally, (11) is solved to obtain the unknown vector of x for the
current time-step. The time marching loop continues until an-
other change in power level is requested by the controller or
saturation state of the ST changes. The flow chart of the simu-
lation program is given in Fig. 4.

IV. REAL-TIME IMPLEMENTATION

The real-time simulation of the ST and its controller was car-
ried out on a state-of-the-art PC-Cluster based real-time simu-
lator [8].
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Fig. 5. Architecture of the simulator for the real-time simulation of the ST.

A. Simulator Details

The simulator is builtout of a high-speed computer known as
the target which works as the main computational engine, and
the host which is used for model development and monitoring
the results. FPGA based I/Os provide external communication,
and a gigabit ethernet network is used for communication be-
tween the computers. The. target processors are 3.0 GHz dual
Intel Xeon and the host processor is 3.0 GHz Pentium I'V. Fig. 5
shows the simulator setup. The target computer runs on a Linux
based real-time operating system which offers eXtra High Per-
formance (XHP) mode operation through CPU shielding where
one CPU is dedicated for the simulation while the other CPU
is responsible for running the OS and other jobs such as in-
terrupt handling, writing to the disk and I/O operations. The
host computer runs on Windows XP on which a real-time inter-
facing software RT-LAB [9] from Opal RT Technologies, Inc.,
is installed to perform the co-ordination of all the hardware in-
volved in the simulation. MATLAB/SIMULINK and SimPow-
erSystem toolbox along with other toolboxes are used to prepare
the model for simulation. Real-time simulation results are ob-
served through an oscilloscope connected to the I/O terminals
of the target node.

B. Real-Time Implementation of the ST Model and Controller

As mentioned earlier, there is no readily available model for
the ST in a commercial transient simulation program, there-
fore, the entire system was coded using C language and em-
bedded as a dynamically linked program (S-function) in the
SIMULINK model. SIMULINK uses state-space approach to
solve the system, on the other hand, EMTP model of the ST
is based on DAEs. To perform a transient simulation of the ST
in the MATLAB/SIMULINK environment, S-function is, there-
fore, the best option.

V. RESULTS AND ANALYSIS

All the off-line and real-time simulations are performed using
a time step of 100 us. In these simulations, it is assumed that
each secondary winding is capable of injecting up to 0.4 p.u.
series voltage in the line (9 tap positions for each secondary
winding), although in Fig. 1 only 5 tap positions are shown.
Before injecting any series voltage, the system was simulated
in an uncompensated mode with the network parameters listed
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Fig. 7. Reactive power (2, for various magnitudes of injected voltage at
varying angle 3.

in Table III. The equations used for the calculation of instan-
taneous active and reactive power at the receiving-end, are as
follows:

Qr = \/g(vaz'c - 'Uc'ia)~ (12)

Pr = (Uaia + Ubib + 'Ucic)v

In an uncompensated mode, P, and (),. become natural power
flows and are denoted by P,, and @,,. In the compensated mode,
with the ST rating of 30 MVA;, the following cases have been
simulated.

e Case I: Steady-state performance of the ST when [ is
varied between 0° and 360° while |Vg/g| is kept constant
between 0.1.to-0.4 p.u. with a step’of 0.1 p.u.

* Case II: Transient response of the ST showing the energiza-
tion and the step responses of active and reactive power de-
mand.

A. Case I: Steady-State Results

In this case, the simulation of the ST is carried out for a com-
pensated series voltage of 0.1 p.u. to 0.4 p.u. The angle [ is
varied at a discrete step of 1° in the range of 0° to 360° for a tap
resolution of 5%. The variation of both P, and @,. are shown in
Fig. 6 and Fig. 7, respectively, for four magnitudes of injected
voltage as well as the uncompensated mode (zero voltage injec-
tion).

It is evident that both of the active and reactive power follow
an almost first-order-hold sinusoidal pattern by varying the
phase angle. Nevertheless, looking at the active power profile,
it can be seen that the difference between the peak magnitude
of the compensated and uncompensated active power in the
first half cycle is smaller than that in the second half cycle.
In other words, the ST has a higher capacity when regulating
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TABLE I
TAP POSITIONS OF THE ST SECONDARY WINDINGS FOR FOUR EXTREME CASES

Tap Position
Power Level S1 S2 S3
pmax Full | Full 0
pmn 0 0 Full
QRa* Full 0 0
QX" 0 Full | Full
Vc'1

| Vol}& Prop

¢ Va1
: lva'1

'jX52,53|c

“«.ASZ.‘VoItage

(a) Boost (b)

Fig. 8. (a)Phasordiagram of V,, during the high levels of positive active power
(P.) and (b) phasor diagram of ¥4 during the high levels of negative reactive
power ((Q,.):

active power below the natural power rather than above it.
The reason for this asymmetry in the behavior of the ST can
be described as follows. As we reach the peak magnitude of
active power, a large amount of in-phase currents flow through
the transmission line and ST impedances, which results in a
large voltage drop across these impedances. Also, the ST is
modeled as a set of 12 coupled windings with nonzero coupling
coefficients between the secondary windings. This means that
if more than one secondary winding has a non-zero tap value,
then there would be a secondary effect voltage drop or voltage
boost in the ST injected voltage due to the currents flowing
through the other secondary windings.

Table I shows the tap positions of the ST secondary windings
for four extreme values of P, and @),.. As can be seen, at the
peak magnitude of active power ( P™2*) secondary windings of
S1 and S2 are in series with the line and both of them are in
their full tap positions (maximum resistance and inductance).
The effect of interaction of these two sets of secondary winding
on the ST injected voltage at high levels of active power can be
explained by the phasor diagram shown in Fig. 8(a), which is
drawn based on the following assumptions.

» Resistances of secondary windings are neglected.

* All the inter-phase coupling coefficients are assumed to
be zero; in practice inter-phase couplings are very small
compared to same-phase couplings.

e Quadrature component of line current is neglected in the
peak value of active power; in the simulation results it was
about 7% of the in-phase component.

The phasor equation for V,3 which is the output voltage of
a1, one of the S1 windings in series with phase A, can be de-
scribed as follows:

Va1 = Van — jXiala — j X solb. 13)

Va1 denotes the induced voltage in a; from the primary side.
Neglecting the small voltage drop due to the sending-end source
and the ST primary winding impedances, this voltage is almost
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equal to the rated voltage of the secondary windings (0.4 p.u.),
and is in phase with phase A of the sending-end voltage. The
phasor voltage due to the leakage inductance of a1 (—jX;s11a)
is added to V1. Also because of the phase B current flowing
through the other coil coupled to phase A (a2), an extra phasor
(—jX SLSQIb) denoting the effect of mutual inductance between
a1 and as is added to V1. Note that the value of mutual induc-
tance between a; and as is larger than the leakage inductance
of a1. The net effect of adding these two phasors would result in
a considerable voltage drop, and a small phase shift across the
terminals of a;, as shown in Fig. 8(a). At the highest level of
active power the value of this voltage drop reaches about 11%
of rated voltage. Almost the same voltage drop would appear on
the terminals of ¢; which will further decrease the value of ac-
tive power on the line. This effect does not appear in the negative
peak of active power (P™i") since the current flowing through
the line is small, and there is only one set of secondary windings
(S3) in series with the line. The amount of asymmetry between
the two half cycles become smaller as the magnitude of the de-
sired injected voltage decreases, which can be seen from Fig. 6.

For the case of reactive power, the situation is reversed; flow
of high quadrature current in the line will increase the ST in-
jected voltage rather than decreasing it. This can be seen from
Fig. 7, where the distance between the negative peak value of Q).
and @, is larger than the distance between positive peak value
of Q, and Q.

This effect can be described by the use of a phasor diagram
shown in Fig. 8(b). In this case the line current is assumed to be
in quadrature with the sending-end voltage. Now consider the
peak magnitude of (), in the negative direction(Q™™"), when
from Table I the secondary windings of S2 andS3 are at their full
tap positions. The phasor equation for V,; which is the output
voltage of by, one of the S3 windings in series with phase A, can
be written as

Vi1 = Vi1 — jXie3la — X631 (14)

Again, two phasors are-added to the induced voltage by the
primary side in b;—one due to_the phase A current flowing
through the leakage inductance©f by (—j X531, ), and the other
due to the phase € current flowing through the other winding
coupled to phase B (b3), which is equal to —j X2 s31c. The net
effect is a small voltage boost and phase shift in the series in-
jected voltage and thus a higher negative peak for Q..

It is to be noted that if separate units (zero mutual couplings)
are used for different sets of secondary windings, the mutual
effect of secondaries on each other will be eliminated and the
above asymmetry in active and reactive powers will disappear.

The relationship between P, and @, for Vy/, of 0.1 p.u., 0.2
p-u., 0.3 p.u.,and 0.4 p.u. is shown in Fig. 9. It was found that the
ST produces a nearly hexagon profile compared to the circular
profile of UPFC [2].

B. Case II: Transient Results

Real-time transient simulation of the model begins with the
energization of the ST and power system in the uncompensated
mode. As expected, inrush currents flow through the primary
winding of the ST at the beginning. The magnitude of inrush
current in each phase depends on the instant of energizing the
system. Fig. 10 shows the real-time inrush currents for a number
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Fig. 9. Relationship between P, and (), at various phase angle, 3 and series
voltage, Vs, for the ST.
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Fig. 10. Real-time oscilloscope trace of inrush currents ¢, A (X0.1), 25, A
(x0.02) and ¢, A (x0.02) in the primary windings of the ST when the system
is energized at wt = /2 (Chl Max = 2.8 A, Ch2 Max = 11.8 A,
Ch3 Min = —16.6 A).

of cycles, when the system is energized at wt = /2. It can be
seen that the current flowing through phase A (i) is in the
sinusoidal steady-state mode from the beginning while phases
B and C carry a relatively large magnitude of inrush currents
(255 and ¢5.) which decay slowly to the steady-state. The peak
magnitude of the inrush current at no-load condition happens in
phase C and reach 140% of the ST rated current. In the uncom-
pensated mode the natural powers P, and @),, are equal to 210
MW and —67 MVAr, respectively, shown by a small dot at the
center of Fig. 9 when Vgg = 0 p.u..

Fig. 11 shows the real-time transient response of P, and @,
over 40 s of simulation time. At ¢; = 5 s an injected voltage of
0.25 p.u. magnitude with the phase angle of 0° is requested by
the controller, which means that the secondary windings of S1
should be placed at the tap position of 0.25 p.u. In this simula-
tion a 5% tap-to-tap voltage is assumed, so that reaching the tap
position of 0.25 p.u. for one set of windings will take 5 steps.
Each step of the tap changing transition will take 2 s thus re-
quiring 10 s to complete the transition at o = 15 s. During this
period of transition the reactive power @,- begins to increase and
becomes positive (65 MVAr) at to. There would also be some
increase (40 MW) in the value of P,., but since the injected volt-
ages are in phase with the line voltages the amount of change in
Q- is larger than that of P,.

At ts = 19.2 s active power reversal is requested by the con-
troller. In this case secondary windings of S1 and S2 will be

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on April 19,2022 at 07:54:57 UTC from IEEE Xplore. Restrictions apply.



1520

Tek Stop | L ]
' !
* P.= 250 MW
Phr=-210 MW
i
i P:=. 280 MYV
o] f R
Q.= -67 MVAr_~" Q2 65 MVAr - -
k Q.= -88'MVAr
t i 2l fa ta) . Y
Chi[ 2,00V &f@ip 2.00V &M[4.00s]| A Chl & —14.6 V

Fig. 11. Real-time oscilloscope trace of transient response of P, MW (x 1/30)
and (- MVAr (x 1/30) for injected voltage demand of 0.25 £ 0 p.u. at t; and
active power reversal demand at t5.
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TABLE 1I
EXECUTION TIME FOR INDIVIDUAL TASKS WITHIN ONE TIME-STEP

Task Execution Time (1s)
Computation Time 75.452670
Idle Time 22.445000
Data Acquisition 1.247333
Status Update 0.187333
Target Request Handling 0.042333
Host Request Handling 0.323330
Synchronization Handling | 0.040000
Others 0.262001
Total Step-Size 100.000000
TABLE 111

DATA FOR THE ELECTRICAL SYSTEM AND THE ST

[ Power System Parameters

Value |

Tek Prevu E ] Base values 240MVA and 138kV
1 i HE: E Sending end and receiving end voltage 1£0°p.u. and 1£ — 20°p.u.
| ! 3 ! Source impedance at the sending-end 1.0053€2 and 19.17mH
Uy =lotas Bt i Transmission line impedance 3.0159€2 and 59.19mH
E e o i Rating of the ST transformer 30MVA
Vai= O i [ ST Short-Circuit Impedances Value |
‘?/312\0-05‘3-” Zp,s1, Lp,52, Zp,53-(positive sequence) 17.7792
B : Zp,s1,Zp, 52,4 p,53 (z€10 sequence) 17.17Q2
! 751,52, Z51,53: Z52,53 (positive sequence) | 7.12Q
i Zs1,837451,53, 482,53 (zero sequence) 6.9Q
| ST Resistances [ Value
i Primary winding resistance (per phase) 0.893¢2
! S1, S2, S3 winding resistance (per phase) 0.29892
tq T ts t5i Magnetizing Characteristic of ST Value
MMMl as] W chah BoDHWV Saturation curye knee point 1.5 times rated flux
(a) Unsaturated magnetizing inductance 12.8H
Saturated magnetizing inductance 120mH
Tek Prevu | E j

1.=09 p.u.
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Fig. 12. Real-time oscilloscope trace of transiént response of (a) v,1 kV (X 1/3)
and (b) 7, kA (Xx4) for injected voltage demand of 0.25 £ O p.u. at #; and
active powerreversal demand at t; (Chl pk — pk = 12.3 A, Ch2 pk — pk =
17 V).

1 t5

Chil -

0.00 A

placed at zero tap positions and S3 windings will reach their
full tap position (0.4 p.u.) through 8 steps. The step by step de-
crease in the value of P, from 250 MW at t3 = 19.2 s to —50
MW at t5 = 35.2 s can be seen in Fig. 11. During this period @,
will also decrease until reaching the steady-state value of —88
MVAr att4 = 30 s. In the final steps of tap transition (from ¢4 to
t5) the value of (), does not change since the angle of injected
voltage is constant (240°) and only its magnitude is increasing
from 0.2 p.u. to 0.4 p.u.

Fig. 12 shows the transient behavior of injected voltage by
winding a1 (v,1) and line current in phase A (i,) over the same
40 s interval as that of Fig. 11. The step by step change in the
value of injected voltage by changing the tap position from 0
to 0.25 p.u. and then coming back to the zero tap position can

be clearly seen in this figure. The magnitude of line current is
also decreasing during the active power reversal period since the
absolute value of active power in the negative direction (50 MW)
is much smaller than the natural active power of the system (210

MW).

C. Execution Time

A detailed breakdown of the execution time for a single
time-step of the real-time simulation is shown in Table II. As
expected, computation time is the most time-consuming task
within each time-step due to the large number of vector and ma-
trix operations in the program. Although running the real-time
simulation with even a smaller time-step is achievable, an idle
time of about 22 us is preserved to avoid any overruns during
dynamic changes of input/output parameters and have the
flexibility to increase the number of hardware 1/Os.

XHP mode was also enabled during the real-time simulation
because it was found that sharing the computational task be-
tween the two processors of a target node would result in an
excessive communication time and prevent the simulation with
a time-step of 100 us to run in real-time.

VI. CONCLUSION

The ST is aunique device for controlling voltage, phase-angle
and power flow in a transmission network. Despite its relatively
slower response in comparison to the UPFC, the advantages of
the ST lie in the simplicity of its control, the absence of unneces-
sary complexity of power electronics, and the overall lower cost
and higher-efficiency of the power-flow controller. Up to now
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a detailed transient model of the ST was not available, which
prompted users to employ approximate models of simplified
transformers available in EMTP-type programs. This precluded
transparency in the simulation and control design stages. This
paper has developed an accurate ST transient model from re-
alistic components thus providing greater insight into the ST
functionality. The two salient features of this model are the ef-
fect of mutual coupling in the ST secondary windings, and the
nonlinear excitation characteristic heretofore ignored in the pre-
vious works. The inclusion of these effects made the ST model
developed more realistic. This also opens the way for incorpo-
rating the model into commercial EMTP-type programs.

Real-time implementation of the entire system model and the
controller was carried out on a state-of-the-art simulator. The
real-time simulation is fully interactive as though the user is
communicating with the real system. Real-time oscilloscope re-
sults are given to demonstrate the performance of the model and
the controller. The execution time of the simulation is quite low;
on a 100 us time-step the ST model execution is only 75 us.
These numbers show that the developed ST model is computa-
tionally efficient, and that the control algorithm is suitable for
online applications.
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