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Transformer For Controlling Independent Active And Reactive Power Flows

In A Transmission Line

FIELD

[0001] The present disclosure relates to a transformer, and more particularly to a transformer

that generates a compensating voltage.

BACKGROUND

[0002] In the past, electrical engineering technology implemented power flow control
techniques using inductors, capacitors, transformers and load tap changers. In recent years,
power clectronics-based solutions are the preferred means for addressing power flow control
schemes. Power flow control solutions can vary widely in cost and complexity from building
new transmission lines to utilizing the existing transmission lines more efficiently. An important
consideration for any solution is identifying the underutilized transmission lines and harness their
dormant capacities to increase the power flows to the lines' thermal limits using the most cost-
effective and time-tested solutions.

[0003] The power flow control in a line is performed either by regulating the effective line
reactance with a series-connected capacitor or a reactor in the line and or by regulating the
effective phase angle between the voltages at the sending and receiving ends of the line. In
either case, the active and reactive power flows in the line change simultaneously, which means
that the active and reactive power flows cannot be controlled independently.

[0004] An independent control of active and reactive power flows in the line as desired can
only be realized by emulating an independently regulated resistance and reactance using an
Impedance Regulator (IR).

[0005] A realizable Power Flow Controller emulates a four-quadrant impedance (R, +R, Xc
and X1) using a compensating voltage that is at any phase angle with the line current flowing
through it. The ratio of thc compcnsating voltage and the prevailing linc current is the ecmulated
impedance. This compensating voltage exchanges active and reactive powers with the line. For

the exchanged power to flow freely, the compensating voltage is linked with either a shunt-
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connected voltage to the same line as in case of a power electronics-based Unified Power Flow
Controller, electric machine-based Rotary Transformer and transformers/LTC-based Sen
Transformer or series-connected voltage as in case of a power electronics-based Interline Power
Flow Controller or transformers/L.TC-based Multiline Sen Transformer. In special cases, when
the compensating voltage and the line current that flows through it are in quadrature, the
compensating voltage that is made out of power electronics-based or electric machine-based,
does not need to be linked with another voltage source. These special cases are equivalent to
using a capacitor or a reactor for compensation.

[0006] U.S. Patent 7,835,128 proposes a Distributed Series Reactor (DSR) that inserts a
magnetizing inductance of a transformer into a conductor when the conductor current reaches a
predetermined value and removes the magnetizing inductance when the conductor current
returns below the predetermined value. The disclosed method inserts a reactor in series with the
line and only reduces the power flow in the line. Because a capacitor cannot be inserted in series
with the line using this method, the system cannot increase the power flow in the line. Also, this
system does not implement —R or +R; therefore, it is not an Impedance Regulator and cannot
control the active and reactive power flows in the line independently.

[0007] U.S. Patent 5,198,746 discloses a technique that emulates a series capacitor or a
reactor by connecting a compensating voltage in series with the line and maintaining its phase
angle at 90° lagging or leading the prevailing line current. Through control action, the
magnitude of the series-compensating voltage is varied in order to vary the emulated capacitor or
reactor. A variable magnitude, series-compensating voltage was proposed to be implemented
through the use of power clectronics inverters. Impedance compensation is achieved based on
using an energy storage across the DC capacitor of the inverter so that additional active power
can be exchanged with the line on a transient basis. Impedance compensation depends on the
rating of the storage device; therefore, its duration of operation is limited. An impedance
compensation on a continuous basis is needed for a Power Flow Controller that is capable of
implementing a four-quadrant impedance and controlling active and reactive powers
independently. The disclosed technique also uses a reactance control method that is used to

operate the Reactance Regulator (RR) so that the series-compensating voltage (Vsy) is
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proportional to the prevailing line current (/) with the emulated reactance (X;.) being the constant
of proportionality. For this control algorithm to work successfully, a line current must exist.
Also, in the reactance control method, the polarity of the reactance is defined before the desired
control action is to take place. If it is defined to be inductive, the most that can be achieved is
the reduction of the line current to somewhat lower than the corresponding uncompensated
value. The line current can never be brought to nearly zero by the controller since the successful
operation of the control algorithm depends on the existence of the line current. If the emulated
reactance is to be defined as capacitive, the line current, at first, increases. If the emulated
capacitive reactance demand is higher than the line inductive reactance, the effective line
reactance becomes capacitive and the power flow in the line reverses. But reversing the power
flow while the line current is high, causes a number of problems. During the transition, when the
power flow reverses, the line may operate beyond its maximum thermal capability. Also, during
the emulation of a higher capacitive reactance, there exists a point at which the inductive
reactance of the line and the capacitive reactance emulated by the Reactance Regulator become
equal, which can cause instability in the power flow of the line. The reactance control method
provides the basic features of the RR in terms of decreasing or increasing the power flow in the
line. However, the undesirable feature of this control method appears during the reversal of
power flow in the line when the line current is too high and causes even higher transients. In a
practical implementation, if the current through the RR exceeds its rating, the inverter-based RR
will be bypassed.

[0008] U.S. Patent 5,754,035 discloses a voltage control method that offers all the desirable
features offered by the reactance control method in terms of controlling the power flow in the
line. In addition, the voltage control method offers an absolute stability in the power flow,
causing the power to go through near zero while changing its direction of flow.

[0009] U.S. Patent 9,197,065 discloses a Phase Angle Regulator (PAR) that provides a
series-compensating voltage that is at £90° relative phase angle with the line voltage. The
purpose of a PAR is to regulate the phase-shift angle of the line voltage in order to control the
power flow in the line; however, the phase angle regulation cannot control the active and reactive

power flows in the line independently. The PAR's inability to use the relative phase angle in the
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range of 0° to 360°, other than £90°, precludes it to facilitate the active and reactive power flows
independently. A power electronics-based PAR can provide dynamic compensation in
milliseconds as power electronics-based Impedance Regulator (Unified Power Flow Controller)
demonstrated at American Electric Power's Inez substation in 1998. In contrast, the dynamic
performance of a PAR is limited by the speed of operation of the mechanical LTCs, which
respond in seconds; however, this level of response time has been acceptable in most utility
applications for decades.

[0010] A PAR injects a compensating voltage in series with the line and, thereby, emulates a
compensating impedance that is the ratio of the compensating voltage and the prevailing line
current. However, this emulated impedance is not an independently regulated resistance and
reactance; therefore, a PAR cannot control the active and reactive power flows in the line
independently, whereas an Impedance Regulator (IR) offers an independent control of active and
reactive power flows in the line as desired.

[0011] U.S. Patent 5,841,267 discloses independent control of active and reactive power
flows such that the compensating voltage was generated using electrical machines.

[0012] U.S. Patent 8,054,011 discloscs an independent active and reactive power flow
controller that is electric machine based. The machine uses a shunt-shunt configuration, which
results in the power rating and cost being much higher than an equivalent shunt-series Power
Flow Controller.

[0013] FIG. I illustrates a Sen Transformer in accordance with a known implementation.
U.S. Patent Nos. 6,335,613; 6,384,581; 6,396,248; and 6,420,856 disclose a Sen Transformer in
a Shunt-Series configuration that is used as a versatile power {low transformer for compensating
power flow in a transmission line. The Sen Transformer provides independent control of active
and reactive power flows, using an IR in a low-cost way by using redesigned transformer/LTC
technology. The reason is that the transformer/LTC technology has been proven to be efficient,
simple and reliable in utility applications for decades. The Sen Transformer uses three primary
windings and nine secondary windings to create a compensating voltage that modifies the line
voltage to be a specific magnitude and phase angle, whereas the conventional transformer only

modifies the magnitude of the line voltage, and a PAR modifies only the phase angle of the line
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voltage. As a result, by using a Sen Transformer, the active and reactive power flows in the line
can be regulated independently to maximize the revenue-generating active power flow and
minimize the reactive power {low while maintaining the stability of the line voltage.

[0014]  Transformers used in power system applications typically include two types: Voltage-
Regulating Transformer (VRT) and Phase Angle Regulator (PAR). The VRT primarily regulates
the magnitude of the line voltage (i.e., increase or decrease of the line voltage) without
significantly changing its original phase angle. In a symmetric configuration, the PAR (sym)
primarily regulates the phase angle of the line voltage with little or no change in its original
voltage magnitude. In an asymmetric configuration, the PAR primarily regulates the phase angle
of the line voltage with some increase in the magnitude of the line voltage.

[0015] FIGS. 2A and 2B illustrate Voltage-Regulation Transformers in accordance with
known implementations. The VRT can be of two kinds: (a) autotransformer 202 as shown in
FIG. 2A and (b) two-winding transformer 204 as shown in FIG. 2B. Because a transformer is
configured to transform electrical energy from one voltage and current level at its input to
another voltage and current level at its output, if the primary voltage (v,) is applied across the
primary winding with #, turns and the secondary voltage (vs) is induced across the secondary

winding with ng turns, an ideal transformer operates with the following principle:
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[0016] Depending on the configuration of the transformer, the output voltage (vou) is related

to the input voltage (vir) as
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[0017]  Where primary voltage (v,) is applied across the primary winding with #, turns and
the secondary voltage (vs) is induced across the secondary winding with »s turns. The input

current (ii») 1s related to the output current (iow) as
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[0018]  using the fact that the magnetomotive force is balanced in the primary and secondary
windings as

n, X i, =ng X i (6)
[0019] In both configurations of FIGS. 2A and 2B, it can be verified from Equations (2), (3),
(4) and (5) that input power is the same as the output power. In other words,

Vi X Lip = Vour X Lows (N
[0020] 1In a two-winding transformer, the primary and secondary voltages are electrically
isolated. The induced voltage in the secondary winding is connected in shunt with the line. For
a voltage step-up transformer, ny > np. This is useful to increase the voltage from the output of a
generator before transmitting electrical energy through high voltage alternating current
transmission lines. For a voltage step-down transformer, #s < np. This is useful to decrease the
voltage of a transmission line before its use at various lower voltages required by loads. When
n, = ns, the primary and the secondary voltages and currents are the same and the transformer is
used as an isolation transformer, since the primary and the secondary voltages are electrically
isolated. In both the autotransformer and the two-winding transformer, the active number of
turns in the secondary windings are varied with the use of LTCs.
[0021] From Equations (1) and (6), it can be written as

v, X 1, = vy X i ®)
[0022]  which ensures the power balance in both primary and secondary windings since an
ideal transformer neither generates nor absorbs power.
[0023] The autotransformer of FIG. 2A is referred to as having a shunt-series configuration,
because the exciting (i.e., primary) winding 206, is connected to the line in shunt and the
compensating (i.e., secondary) winding 206; is connected to the line in series. The two-winding
transformer of FIG. 2B is referred to as having a shunt-shunt configuration, because both the
exciting (i.e., primary) winding 208, and the compensating (i.e., secondary) winding 208; are

connected to the line in shunt. A shunt-series configuration is electrically connected between the
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primary and secondary windings; however, a shunt-shunt configuration is electrically isolated
between the primary and secondary windings.

[0024] FIG. 3 illustrates a transformer circuit according to a known implementation. As
shown in FIG. 3, a transformer circuit 300 can include both a Voltage Regulator 302 and a Phase
Angle Regulator 304. The Voltage Regulator (VR) or autotransformer 302 regulates the line
voltage by connecting a compensating voltage of variable magnitude in series with the line at 0°
or 180° with respect to the line voltage. The Phase Angle Regulator (PAR) 304 regulates the
phase angle of the line voltage by connecting a compensating voltage of variable magnitude in
series with the line at 90° or —90° with respect to the line voltage. The compensating voltage
(V1s) in the autotransformer 302 varies with LTCs 306 in-phase (0°) or out-of-phase (180°) with
the line voltage and, therefore, regulates the magnitude of the transmission line voltage. The
compensating voltage (Vs1) in the PAR 304 varies with LTCs 308 in quadrature (90° or —-90°)
with the line voltage and, therefore, regulates the phase angle of the transmission line voltage.
FIG. 3 shows how these two orthogonal compensating voltages — V1s from the autotransformer
302 and V1 from the PAR 304 — can be combined to generate a new compensating voltage (Vss)
that is variable in magnitude and variable in phase angle. The new compensating voltage (Vss) is
not restricted to any particular phase angle, such as 0°, 180°, or £90°. Because of its variable
magnitude and variable phase angle compensating voltage, the line voltage can be modified to be
at variable magnitude and phase angle. Creating two orthogonal voltages using an
autotransformer and a PAR requires more hardware than what a single unit of Sen Transformer
would require for the creation of the same compensating voltage (Vs's).

[0025] FIGS. 4A and 4B illustrate a single-line diagram of Sen Transformer and associated
phasor diagram, respectively, in accordance with a known implementation. The Sen
Transformer 400 combines the functions of an autotransformer and a PAR into a smaller
physical package that results in a reduced amount of hardware from what is required separately
for an autotransformer and a PAR. As shown in FIG. 4A, the Sen Transformer 400 uses a Shunt
Unit (Exciter Unit) 402 and a Series Unit (Compensating-Voltage Unit) 404 and creates a series-
compensating voltage (Vss) that is variable in magnitude (Vi) and relative phase angle (5) to

modify the line voltage from (Vs) to (Vs') and controls both magnitude (V) and phase-shift angle
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(w) simultaneously in order to achieve an independent control of active and reactive power flows
in the line. As shown in FIGS. 4A and 4B, the Sen Transformer 400 regulates the magnitude
(Vs and phase-shifi angle () of the line voltage simultaneously by connecting a compensating
voltage of variable magnitude (Vsv) in series with the line at any relative phase angle, 0° < f <
360°.
[0026] Turning back to FIG. 1A, the Sen Transformer includes an Exciter Unit 102 and a
three-phase transformer with Y-connected primary windings (108A, 108B, and 108C). The
Compensating-Voltage Unit 104 includes nine secondary windings (three windings in each
phase: 10641, 10642, and 10643 on the core of the A phase; 106p1, 10612, and 106p3 on the core of
the B phase; and 106.1, 1062, and 1063 on the core of the C phase. The compensating
secondary windings 106,1, 10642, 10643, 10651, 1062, 10653, 106.1, 1062, and 1063 are allocated
in groups arranged in terms of taps at specified intervals. By choosing the number of turns of a
group of secondary windings with the use of an LTC 110 associated with the group, the
magnitude of the compensating voltage (¥y5) is varied in a specified range and the relative phase
angle (/) is varied between 0° to 360°. The three-phase sending-end voltages (Vsa, Vss, and V)
are applied to the Exciter Unit 102. The LTCs change their positions in steps, and in tumn the
compensating points are discrete in the allowable control range of the relative phase angle of 0 <
£ <360°.
[0027] The LTCs can be grouped as follows:

J 10641, 106v2 and 1063 for the first three-phase LTC1

o 10601, 1062 and 10643 for the second three-phase LTC2

. 106.1, 10642 and 1063 for the third three-phase LTC3.
[0028] That means each of the windings (10641, 1062 and 106.3) is tapped at the same
number of turns through LTC1; each of the windings (106n1, 1062 and 106,3) is tapped at the
same number of turns through LTC2; and each of the windings (106¢1, 106,2 and 10643) is tapped
at the same number of turns through LTC3. However, the number of turns in the 10641-106p2-
1063 set, the 106b1-106c2-106,3 set, and the 106¢1-106,2-106p3 set can be different from each

other.
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[0029] By choosing the number of turns from each of the three windings through three LTCs
(LTC1, LTC2, and LTC3) and, therefore, the magnitudes of the components of the three 120°
phase-shifted induced voltages, the compensating voltage (Vss) in any phase is derived {rom the
phasor sum of the voltages induced in a three-phase secondary winding set (10641, 106p1, and
1061 for compensation in the A phase; 10642, 106p2, and 1062 for compensation in the B phase;
and 106a3, 106p3, and 106¢3 for compensation in the C phase). The magnitude of the induced
voltage (V) in a secondary winding, the voltage (x) across each tap of the LTC, and the number
(N) of taps in the LTC are related by the following equation:

N== ©)
[0030] The magnitude (Vys) and the relative phase angle (f) of the compensating voltage
(Vs's) can be calculated in terms of taps associated with a particular phase. The modified
sending-end voltage (Vs') is generated by connecting the compensating voltage (Vs's) with
magnitude (Vys) and the relative phase angle (f5) in series with the sending-end voltage (Vs). This

can bc written for the A phasc as:

vs'A = VSA + Vs'sA (10)
or

VS'AL(/JA = VSALOo + VS’SALﬁA (1 1)
where

VsisalPa = Vgisa = Va1 + Vp1 + Vg (12)
or

VorsalBa = kayVsa + kpy Vs + key Ve = karVia + kppe 723V, + ke 23V, (13)
Where:
[0031] Va1, Vb, and Ve are active voltages in the series-compensating windings (al, b1, and
cl) of the A phase,
[0032] k., = 0.05,ky; = 0,and k., = 0.20 are the arbitrarily chosen active turns-ratios of
the secondary, series-compensating windings in the A phase and the corresponding primary
windings,

[0033] Vs is the magnitude of the series-compensating voltage in the A phase, and
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[0034] . is the relative phase angle of the series-compensating voltage in the A phase.
[0035] FIGS. 5A to 5F illustrate plural single-phase transformers in accordance with a
known implementation. Each single-phase transformer in FIGS. 5A 1o 5B is an ideal transformer
in which an alternating current (AC) source voltage is applied at the input or primary winding
and, as a result, an AC current flows in the primary winding. The primary current (i,) creates an
AC primary magnetic flux (¢,). The primary voltage (v,), the primary magnetic flux (¢,) and the
number of turns (#,) in the primary winding are related, according to Faraday's Law of induction,
as

¢
v, = npd—tp (14)

[0036] Inrcality, an idcal transformer does not cxist because a part of the primary magnetic
flux (@), which is referred to as leakage primary magnetic flux (¢y), does not flow through the
magnctic core. The remaining part is referred to as mutual magnetic flux (4») as illustrated in
FIG. 5C.

[0037] The difference between the two voltages — primary voltage (v,) and the modified
primary voltage (v’), is represented as a voltage (vip) across the leakage primary reactance (Xjp)
as illustrated in FIG. 5D. To account for the leakage primary magnetic flux (¢), a part of the
exciting primary voltage is considered across an equivalent leakage primary reactance (X))
inside the transformer before the ideal transformer action takes place.

[0038] The primary winding acts as a load to the source. The secondary winding acts as a
source to the load. When the secondary winding supplies current to a load the polarity of the
current in the secondary winding would be such that the magnetic flux produced by the
sccondary current (is) would opposc the mutual magnetic flux (@y). In order to maintain the
same mutual flux, the primary current (i} increases when the secondary current (is) increases. A
part of the secondary magnetic flux (¢) that does not flow through the magnetic core is referred
to as secondary leakage magnetic flux (¢) that opposes the mutual magnetic flux (@») as
illustrated in FIG. 5E.

[0039] The difference of the two voltages — modified secondary voltage (v's) and the

secondary voltage (vs), is represented as a voltage (vis) across the leakage secondary reactance
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(Xis). To account for the leakage secondary magnetic flux (g), a part of the induced secondary
voltage is considered across an equivalent leakage secondary reactance (Xi) inside the
transformer before the remaining voltage is available at the output terminals as illustrated in FIG.
SF.

[0040] FIGS. 6A to 6C illustrate three single-phase transformers in accordance with a known
implementation. As shown in FIGS. 6A three single-phase transformers 602A, 602B, and 602C
are excited with a three-phase primary voltage (v,4, V3, and v,c) where each phase voltage is
displaced by a phase angle o[ 120°; in the induced three-phase secondary voltage (vs4, vsg, and
vsc), each phase voltage is also displaced by a phase angle of 120°. The turns in the primary and
secondary windings in each phase are #p4 and ng4, npp and nsp, and npc and nsc, respectively.
FIGS. 6B and 6C illustrate the single-phase transformers of FIG. 6A arranged as a three-phase
transformer 604 where there is only one primary winding and one secondary winding on each leg
of the core 606, the leakage impedance in cach phase is the same and the voltage across the
leakage impedance in each phase is the same.

[0041] FIGS. 7A and 7B illustrate one three-phase transformer in accordance with another
known implementation. As shown in FIGS. 7A and 7B, each leg of the core has a single primary
winding and secondary winding in a nested arrangement where the primary and secondary
windings are concentric about each core leg. Even in a nested and concentric arrangement, the
one primary winding and one secondary winding on each leg of the core results in the leakage
impedance in each phase being the same regardless of whether the primary winding is the inner
winding, which is placed next to the core, and the secondary winding is the outer winding as
illustrated in FIG. 7A or vice versa as illustrated in FIG. 7B. In general, a lower voltage winding
may be placed next to the core and a higher voltage winding may be placed further away from
the core. However, if a winding consists of taps, it may be a better design to place the winding
outside, regardless of its voltage because of other benefits, such as an easy access to the taps. As
shown in FIGS. 7A and 7B, all primary windings in the transformer have the same internal
diameters (IDs) and outer diameters (ODs). Also, all the secondary windings in the transformer

have the same IDs and ODs.
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[0042] Sen Transformers can have an arrangement in which at least multiple secondary
windings can be placed on each leg of the core. For this arrangement special care must be taken
to make the leakage impedance in each phase the same so that the voltage across the leakage
impedance is balanced in each phase; otherwise, the voltage in the three phases at the output
would result unbalanced, which is not desirable. Also, the compensating voltage in each of the

three phases be equal in magnitude and be displaced by a phase angle of 120°,

SUMMARY

[0043] An cxemplary transformer that generates a compensating voltage is discloscd, the
transformer comprising: an Exciter Unit; and a Compensating-Voltage Unit, the Exciter Unit
including three single-phase transformers or a three-phase transformer with shunt Y-connected
primary windings, the Compensating-Voltage Unit including: plural series-connected secondary
windings that includes one secondary winding from each phase of the Exciter Unit; and plural
load tap changers, wherein each load tap changer is associated with a group of secondary
windings that includes one secondary winding {rom each phase of the Exciter Unit, wherein each
secondary winding in a group of secondary windings is located at a same distance from an
associated primary winding of the Exciter Unit, wherein all secondary windings and sub-
windings between two consecutive taps and primary windings have similar heights, the sub-
windings may or may not be interleaved, and wherein each load tap changer is configured to
vary an effective number of turns of the associated group of secondary windings by connecting
to one of plural taps associated with each secondary winding according to a selected operating
point.

[0044] An exemplary method of generating a compensating voltage through a transformer is
disclosed, the transformer having an Exciter Unit and a Compensating-Voltage Unit, including
three single-phase transformers or a three-phase transformer with shunt Y-connected primary
windings, the Compensating-Voltage Unit including: plural series-connected secondary windings
that includes one secondary winding from each phase of the Exciter Unit; and plural load tap
changers, wherein each load tap changer is associated with a group of secondary windings that

includes one secondary winding from each phase of the Exciter Unit, wherein each secondary
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winding in a group of secondary windings is located at a same distance from an associated
primary winding of the Exciter Unit, wherein all secondary windings and sub-windings between
two conseculive taps and primary windings have similar heights, the sub-windings may or may
not be interleaved, the method comprising: selecting an operating point of the transformer;
selecting a load tap position for each secondary winding in the group of secondary windings
associated with each load tap changer based on the operating point; and generating a
compensating voltage by summing effective voltages induced in the group of secondary

windings for each load tap changer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0045] The patent or application file contains at least one drawing executed in color. Copies
of this patent or patent application publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

[0046] Exemplary embodiments are best understood from the following detailed description
when read in conjunction with the accompanying drawings. Included in the drawings are the
following figures:

[0047] FIGS. 1A and 1B illustrate a Sen Transformer in a Shunt-Series configuration and the
related phasor diagram in accordance with a known implementation.

[0048] FIGS. 2A and 2B illustrate Voltage-Regulation Transformers, namely
Autotransformer and Two-Winding Transformer, respectively, in accordance with known
implementations.

[0049] FIG. 3 illustrates a transformer circuit, integrating an Autotransformer and a Phase
Angle Regulator (asymmetric), according to a known implementation.

[0050] FIGS. 4A and 4B illustrate a single-line diagram of Sen Transformer in a Shunt-
Series configuration and the associated phasor diagram, respectively, in accordance with a
known implementation.

[0051] FIGS. 5A, 5C and 5E illustrate plural single-phase transformers and their equivalent
circuit diagrams in FIGS. 5B, 5D and 5F, respectively, in accordance with a known

implementation.
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[0052] FIG. 6A illustrates three single-phase transformers in accordance with a known
implementation.

[0053] FIGS. 6B and 6C illustrate one three-phase transformer in accordance with a known
implementation.

[0054] FIG. 7A illustrates an arrangement of primary windings (closest to the core) and
secondary windings in accordance with a known implementation.

[0055] FIG. 7B illustrates an arrangement of primary windings and secondary windings
(closest to the core) in accordance with a known implementation.

[0056] FIGS. 8A to 8P illustrate exemplary winding arrangements for a Sen Transformer
according to an exemplary embodiment of the present disclosure.

[0057] FIGS. 9A and 9B illustrate modified sending-end voltages operating points and the
respective active and reactive power flows (P and Q,) operating points, numbered 0 through 60,
in accordance with an exemplary embodiment of the present disclosure.

[0058] FIGS. 9C to 9AC illustrate the maximum active power flow enhancement doubling
capability of the Sen Transformer in accordance with an exemplary embodiment of the present
disclosure.

[0059] FIGS. 10A to 10E are tables showing operating points of the Sen Transformer in
accordance with an exemplary embodiment of the present disclosure.

[0060] FIG. 11 illustrates an exemplary winding layout and a distribution of Ampere-Turns
at = 0° in accordance with an exemplary embodiment of the present disclosure.

[0061] FIG. 12 illustrates an exemplary winding layout and a distribution of Ampere-Turns
at = 60° in accordance with an exemplary embodiment of the present disclosure.

[0062] FIG. 13 illustrates an exemplary winding layout and a distribution of Ampere-Turns
at = 120° in accordance with an exemplary embodiment of the present disclosure.

[0063] FIG. 14 illustrates an exemplary winding layout and a distribution of Ampere-Turns
at = 180° in accordance with an exemplary embodiment of the present disclosure.

[0064] FIG. 15 illustrates an exemplary winding layout and a distribution of Ampere-Turns

at # = 240° in accordance with an exemplary embodiment of the present disclosure.
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[0065] FIG. 16 illustrates an exemplary winding layout and a distribution of Ampere-Turns
at = 300° in accordance with an exemplary embodiment of the present disclosure.

[0066] FIGS. 17A to 17AN illustrate a Sen Transformer arranged in a shunt-shunt
configuration and having a winding arrangement according to an exemplary embodiment of the
present disclosure.

[0067] FIGS. 18A to 18B illustrate a series-series transformer configuration according to an
exemplary embodiment of the present disclosure.

[0068] FIG. 19 illustrates a Generalized Sen Transformer (GST) configured to generate both
the shunt- and series-compensating voltages in a single unit in accordance with an exemplary
embodiment of the present disclosure.

[0069] FIG. 20 illustrates a method of generating a compensating voltage in accordance with
an exemplary embodiment of the present disclosure.

[0070]  Further areas of applicability of the present disclosure will become apparent from the
detailed description provided hereinafter. It should be understood that the detailed description of
exemplary embodiments is intended for illustration purposes only and is, therefore, not intended

to ncccssarily limit the scope of the disclosure.

DETAILED DESCRIPTION

[0071] Exemplary embodiments of the present disclosure are directed to a Sen Transformer
in which the compensating voltage is a phasor sum of three voltages, induced in the secondary
windings, each from a different phase — A, B or C. The windings are strategically arranged
about the legs of the transformer so that a balanced leakage impedance in each phase is realized.
According to exemplary embodiments which will be described in further detail, all the primary
windings have the same internal diameters (ID1) and outer diameters (OD1), and substantially
similar heights; and all secondary windings and sub-windings between two consecutive taps
associated with a group according to a specified load tap changer have the same internal
diameters and outer diameters, and have substantially similar heights (i.c., lengths). The sub-

windings may or may not be interlcaved.
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[0072] Exemplary embodiments of the present disclosure are based on the Sen Transformer
800 of FIG. 8A, which can be configured for controlling independent active and reactive power
flows in a transmission line as described herein. The transformer 800 includes an Exciter Unit
802 and a Compensating-Voltage Unit 804. According to an exemplary embodiment, the Exciter
Unit 802 includes a three-phase transformer with shunt Y-connected primary windings 808A,
808B, and 808C. The Compensating-Voltage Unit 804 includes plural series-connected
secondary windings 806 in each phase of the Exciter Unit 802. The Compensating-Voltage Unit
804 also includes plural load tap changers 810, wherein each load tap changer 810 is associated
with one of the plural secondary windings 806a1, 80642, 80623, 80661, 806p2, 806163, 8061, 8062,
and 806.3. The secondary windings can be allocated to three groups of LTC control, where each
group has one secondary winding from each phase (A, B, and C) of the Exciter Unit 802, and
each secondary winding in a group is set to the same load setting. Each secondary winding
80641, 80642, 80643, 80611, 80612, 80613, 806c1, 8062, and 8063 in a group of secondary windings
associated with LTC1, LTC2, and LTC3 is located at a same distance from an associated primary
winding 808A, 808B, and 808C of the Exciter Unit 802, and wherein each load tap changer is
configured to vary an effective number of turns of the associated group LTC1, LTC2, and LTC3
of secondary windings by connecting to one of plural taps 810 associated with cach secondary
winding 806a1, 80642, 80643, 806b1, 80612, 80613, 8061, 8062, and 8063 according to a selected
operating point.

[0073] FIGS. 8A to 8P illustrate exemplary winding arrangements for a Sen Transformer
according to an exemplary embodiment of the present disclosure.

[0074]  As shown in FIG. 8C, the three (3) exciter windings 808A, 808B, 808C may be the
innermost windings. The winding placement of FIG. 8C can be configured such that all the
primary windings have the same internal diameters (IDs) and outer diameters (ODs), and all the
secondary windings have the same internal diameters IDs and outer diameters ODs. In addition,
all the windings (i.e., the primary windings and the secondary windings) can have substantially
the same height or length. Furthermore, the secondary windings can be placed on top of the

primary windings in a sequence according to the LTC grouping. According to an exemplary
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embodiment, the nine (9) compensating windings 806a1, 80642, 80643, 806p1, 80612, 80613, 8061,
8062, 806.3 (secondary windings) can be arranged as follows:
. As shown in FIGS. 8C, 8D and 8E, secondary windings 80641, 806p2, and 8063
that are connected to LTC1 have the same inner diameter (ID2) and outer diameter (OD2)
and can be placed over the exciter windings 808A, 808B, and 808C, respectively.
o As shown in FIGS. 8C, 8D and 8G, secondary windings 80642, 806e3, and 8061
that are connected to LTC3 have the same internal diameter (ID3) and outer diameter
(OD3) and can be placed over the secondary windings 806a1, 806w2, and 8063,
respectively.
° As shown in FIGS. 8C, 8D and 8F, secondary windings 806,3, 806p1, and 806>
that are connected to LTC2 have the same internal diameter (OD4) and outer diameter
(OD4) and can be placed over the secondary windings 8064, 806p3, and 806,
respectively.
[0075]  According to an exemplary embodiment, the LTC windings can be concentric over
cach other, the exciter windings 808A, 808B, and 808C are fully rated. The three (3) sets of
compensating windings (806a1, 806b2, and 806c3), (806b1, 806¢2, and 806a3), and (806c1, 806az,
and 806bs) are each rated at full power.
[0076] FIGS. 8A and 8B illustrate series compensating voltages generated, by a Sen
Transformer 800, having the winding placement of FIG. 8A in accordance with an exemplary
embodiment of the present disclosure. Based on the winding placement of FIG. 8A, the series-
compensating voltage (Vssa) is constructed by taking three available induced voltages Va1, Vb1,
and Ve from the exciter phases that are 120° apart and adding them up. Similarly, the series-
compensating voltage (Vssp) is constructed by taking three available induced voltages Vaz, Vuz,
and Ve from the exciter phases that are 120° apart and computing the sum; and the series-
compensating voltage (Vesc) is constructed by summing the three available induced voltages
Va3, Vi3, and Ve from the exciter phases that are 120° apart. With the use of LTCs (LTCI1,
LTC2, and LTC3), the effective number of turns in each secondary (i.e., compensating) winding

in the three (3) sets of secondary (i.c., compensating) windings (806.1, 80612, and 8063), (8061,
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8062, and 80643), and (8061, 80642, and 806p3), respectively, in each phase is varied, and the
composite voltage becomes variable in magnitude and phase angle.
[0077] The magnitude of the induced voltage (¥) in one or more of the secondary windings
806a;1, 806a2, 806a3, 806b1, 806b2, 806bs, 806¢1, 806¢2, and 806¢; that are active, the voltage (x)
across each tap of LTC1, LTC2, and LTC3, and the number (V) of taps in the LTC are related by
the following equation:

N=2 (15)
[0078]  According to an exemplary embodiment of the present disclosure, the sending-end
voltage, V; = 1, the allowable magnitude (V) of the induced voltage (V) can be set to 0.2 and the
voltage (x) across each tap of an LTC can be 0.05. Therefore, the Sen Transformer 800 has N =
0.2/0.05 or N = 4 taps in each secondary winding 806.1, 806a2, 806a3, 80661, 80612, 80603, 806¢1,
806¢2, and 806.3. Therefore, according to the exemplary configuration of the Sen Transformer
800, each of the secondary windings 8061, 80642, 806,43, 80651, 80612, 80613, 8061, 8062, and
8063 may be tapped at one of tap positions 0, 1, 2, 3 or 4. The selected tap position determines
the percentage, for example, 0%, 5%, 10%, 15%, and 20%, respectively, of the primary, i.e.,
exciting voltage by which each of the secondary windings 806a1, 80642, 80643, 8061, 80612,
80613, 8061, 8062, and 8063 is active. The selected tap position also determines how much the
associated secondary windings 8061, 80642, 80643, 80651, 806p2, 806p3, 806.1, 8062, and 8063
contribute toward forming the compensating voltage. For example, for tap positions 0, 1, 2, 3, or
4, the secondary winding's contribution to the compensating voltage can be 0.0 (0%), 0.05 (5%),
0.10 (10%), 0.15 (15%), or 0.20 (20%), respectively.
[0079] The tap positions for load tap changers LTC1, LTC2, and LTC3 for an arbitrary
operating point of the Sen Transformer 800 are shown in FIGS. 8E through 8G. For example,
the secondary windings associated with the first phase of the Exciter Unit 802, the compensating
winding 806ay, is tapped for 0.05 pu voltage, the compensating-winding 806b is tapped for 0.0
pu voltage, and the compensating winding 806c: is tapped for 0.20 pu voltage.
[0080] According to exemplary embodiments of the present disclosure, moving the contacts

of the LTCs to a higher tap position (e.g., 0—1, 152, 2—3, 3—4, ctc.,) (i.c., toward the dot)
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increases the series-compensating voltage, Vy.. The primary 808A, 808B, and 808C and
secondary windings 806.1, 80642, 80643, 806ui1, 806p2, 80613, 806c1, 8062, and 8063 are
considered to have 1 pu and 0.20 pu voltage ratings, respectively. According to exemplary
embodiments described herein, each of the secondary windings 806a1, 80642, 80643, 80611, 806p2,
80603, 806c1, 8062, and 8063 can have an LTC contact located at every 5% tap position and
includes five taps, marked O through 4. At tap position 0, each secondary winding is bypassed.
[0081] FIG. 8H illustrates an exemplary winding arrangement in which multiple secondary
windings for each primary winding are placed having the same inner diameter (1ID2) as well as
the outer diameter (OD2). For example, for a phase A of the Sen Transformer 800, the primary
winding 808A is placed as the inner winding on the core leg, and the secondary windings 806.1,
80642, and 80643 form plural rings around the primary winding 808A. Each of the secondary
windings is having the same inner diameter (1D2) and outer diameter (OD2). Similarly, for the
phase B, the primary winding 808B is the inner winding on the corresponding core leg, and the
secondary windings 806b1, 80612, and 806y3 are the outer windings that form plural rings around
the primary winding 808B; and for the phase C, the primary winding 808C is the inner winding
on the corresponding core leg, and the secondary windings 806c1, 806>, and 8063 are the outer
windings that form plural rings around the primary winding 808C. Just as with phase A, the
secondary windings for the B and C phases of the Sen Transformer 800 are having the same ID
and OD.

[0082] FIGS. 81 and 8] illustrate winding arrangements for the Sen Transformer of FIG. 8A,
that include a tertiary winding in accordance with an exemplary embodiment of the present
disclosure. As shown in FIG. 81, the winding arrangement can include plural nested and
concentric windings such that for phase A, the tertiary winding 812 is the innermost winding and
placed closest to the core leg, and the three secondary windings 8061, 80642, and 806,53 are the
outer windings where secondary winding 8063 is the outermost winding. The primary winding
808A is placed as the middle winding between the tertiary winding 812 and inner secondary
winding 806.1. The winding arrangement of FIG. 8] is similar to the arrangement shown in FIG.
8H with the addition of tertiary winding 812. As shown in FIG. 8], the tertiary winding 812 is

the innermost winding and the set of secondary windings 80641, 806,2, and 806,3 are the
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outermost windings. The primary winding 808A is arranged as the middle winding between the
tertiary winding 812 and the set of secondary windings 80641, 80642, and 806,3. The set of
secondary windings 8061, 8062, and 80643 form plural rings around the primary winding 808A.
While the tertiary winding 812 is only shown in relation to phase A, it should be understood that
the arrangements shown in FIGS. 8I and 8] are equally applicable and available for phases B and
C of the Sen Transformer 800. According to the exemplary embodiments of FIGS. 81 and 8J, the
tertiary winding 812 is delta-connected, meaning it is a delta winding whose only one terminal
comes out of the transformer for grounding purpose. In addition, the tertiary winding 812 does
not supply power to any load and is always closed. The tertiary winding remains in a closed
state and serves as a safety measure under conditions when the LTCs switch taps on the
secondary windings 800641, 806,2, 80643, 806p1, 80612, 806p3, 806.1, 8062, and 8063, which can be
in an open state during the switching transition from one tap position to the next. This condition
results in an unbalanced current flow through the secondary windings, which is not desirable.
The tertiary winding 812 has a zero-sequence impedance that will produce a zero-sequence
voltage drop when the zero-sequence current flows through the tertiary winding. The tertiary
winding 812 is a stabilizing winding which acts as a "bridge" when switching transition from one
tap position to the next occurs.

[0083] FIG. 8K illustrates a non-interleaved arrangement of any one of the nine secondary
windings (8061, 80622, 806,43, 806p1, 80612, 80613, 8061, 8062, and 806.3) in a Sen Transformer
in accordance with an exemplary embodiment of the present disclosure. The sub windings
between any two tap positions of each secondary winding can be placed in a non-interleaved
arrangement. For example, the taps of each winding are associated with a sequential
arrangement of the taps sequence (i.e., O to 3 and 4 to 1).

[0084] FIG. 8L illustrates an interleaved arrangement of any one of the nine secondary
windings (806a1, 80622, 80643, 8061, 80642, 806p3, 8061, 8062, and 806¢3) in a Sen Transformer
in accordance with an exemplary embodiment of the present disclosure. The sub windings
between any two tap positions of each secondary winding can be placed in an interleaved
arrangement. For example, the taps of each winding are associated with a non-sequential

arrangement of the taps sequence (i.e., 0,2, 3, 1 and 2, 4, 3, 1).
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[0085] FIG. 8M illustrates a winding arrangement for a set of three single-phase Sen
Transformers with a tertiary winding in accordance with an exemplary embodiment of the
present disclosure. As shown in FIG. 8M, the windings can be arranged such that for each
single-phase transformer the primary winding 808 A, 808B, or 808C is the innermost winding
(closest to the core) on one limb with ID1 and OD1 and the tertiary winding 812 with ID5 and
ODS5 is also located closest to the core on another limb. For the single-phase transformer with A-
phase-excited voltage, the secondary winding 806a1 can be placed over the exciter winding 808A
(closest to the core) on one limb such that the windings are concentric. In addition, secondary
windings 80642 and 806,3 can be placed over the tertiary winding 812 on another limb where the
secondary winding 80643 is the outermost winding and the three windings 812, 8062, and 806.3
are concentric on the same limb. For the single-phase transformer with B-phase-excited voltage,
the secondary winding 806r2 can be placed over the exciter winding 808B (closest to the core) on
one limb such that the windings are concentric. In addition, secondary windings 806p3 and 806p;
can be placed over the tertiary winding 812 on another limb where the secondary winding 806b;
1s the outermost winding and the three windings 812, 806b3, and 806y are concentric on the same
limb. Similarly, for the single-phase transformer with C-phase-excited voltage, the secondary
winding 806¢3 can be placed over the exciter winding 808C (closest to the core) on one limb such
that the windings are concentric. In addition, secondary windings 8061 and 806 can be placed
over the tertiary winding 812 on another limb where the secondary winding 8062 is the
outermost winding and the three windings 812, 8061, and 806> are concentric on the same limb.
The secondary windings that are connected to the same LTC have the same inner diameter (ID)
and outer diameter (OD). For example, based on the winding placement shown in FIG. 8M,
secondary windings 806a1, 806p2, and 8063 with ID2 and OD2 can be connected to LTC1,
secondary windings 806a2, 806v3, and 8061 with ID3 and OD3 can be connected to LTC3, and
secondary windings 806,3, 806p1, and 806¢> with ID4 and OD4 can be connected to LTC2.
[0086] FIG. 8N illustrates a winding arrangement for a set of three single-phase Sen
Transformers with a tertiary winding in accordance with an exemplary embodiment of the
present disclosure. As shown in FIG. 8N, the windings can be arranged such that for each

single-phase transformer the primary winding 808 A, 808B, or 808C is the innermost winding
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(closest to the core) on one limb with ID1 and OD1 and the tertiary winding 812 with ID5 and
ODS5 is also located closest to the core on another limb. For the single-phase transformer with A-
phase-excited voltage, the secondary windings 806.1, 80622, and 80643 form plural rings around
the primary winding 808 A. Each of the secondary windings is having the same inner diameter
(ID2) and outer diameter (OD2). For the single-phase transformer with B-phase-excited voltage,
the secondary windings 806wz, 80613, and 806y form plural rings around the primary winding
808B. Each of the secondary windings is having the same inner diameter (ID2) and outer
diameter (OD2). Similarly, for the single-phase transformer with C-phase-excited voltage, the
secondary windings 8063, 806¢1, and 806> form plural rings around the primary winding 808C.
Each of the secondary windings is having the same inner diameter (ID2) and outer diameter
(OD2).

[0087] The exemplary embodiments of FIGS. 8A-8N disclose a core type transformer
structure in which the transformer windings are wrapped around the core. It should be
understood that the exemplary embodiments of the present disclosure are applicable and can be
implemented in a shell-type transformer structure in which the core wraps around the
transformer windings. FIGS. 80 and &P illustrate winding arrangements of a core type
transformer as compared to a shell type transformer according to exemplary embodiments of the
present disclosure. As shown in FIGS. 80 and 8P, the primary windings 808A, 808B, and 808C
and the secondary windings 806a, 806b, and 806¢ of the shell-type transformer are enclosed
within the transformer core by an outer limb.

[0088] FIG. 9A shows the theoretically possible compensating points of the modified
sending-end voltage with the use of the Sen Transformer 800. FIG. 9B shows the corresponding
active and reactive power flows at the receiving end within the entire range of the relative phase
angle of 0° < 5 <360° FIG. 9B also shows that the maximum active power flow enhancement at
the receiving end is 0.40 pu (from 1 pu to 1.4 pu) in this particular example. FIG. 9A shows that
the theoretical circular control area with 0.20 pu fixed compensating voltage is a hexagon when a
Sen Transformer is used. A larger number of taps in the LTCs make the compensating points

closer to cach other and vice versa.
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[0089] FIG. 9A also shows the locations of the tip of modified sending-end voltage phasor,
Ve. FIG. 9B shows the active and reactive power flows (P, and Q) operating points in
accordance with an exemplary embodiment of the present disclosure. Each modified sending-
end voltage operating point shown in FIG. 9A corresponds to a power flow operating point in the
P-Q plane, shown in FIG. 9B. A subset of operating points (1, 7, 19, 37, 4, 13, 28, and 49)
represent the operating points of a Voltage Regulator (VR). While the VR operating points lie
on a straight line that is related to a relative phase angle, f=0° and =180°, the Sen Transformer
800 operating points lie in a two-dimensional operating plane. In an actual application, for a
desired active and reactive power flows (P and O,) requirement from 61 possible operating
points, the corresponding modified sending-end voltage (V) phasor tip can be mapped in FIG.
9A and the proper tap position of the LTCs can be selected from the Tables shown in FIGS. 10A
to 10E.

[0090] FIGS. 9C and 9D illustrate modified sending-end voltages operating points and the
respective active and reactive power flows (P and Q,) operating points for a limited relative
phase angle operation in the range of = 0° to # = 120°. A relative phase angle operation at f =
60° offers the maximum active power flow operating points.

[0091] FIGS. 9E and 9G illustrate the Sen Transformer of FIG. 8 A being configured for a
limited relative phase angle operation in the range of f=0°to # = 120°, according to an
exemplary embodiment of the present disclosure for the voltage operating points as shown in
FIG. 9F. As shown in FIG. 9E, because the Sen Transformer 800 is configured to operate in a
limited relative phase angle range of § = 0° to f = 120°, the compensating voltage unit 804 can
be modified by removing the secondary windings associated with the phases outside of the
relative phase angle range of interest. For example, for the compensating voltage unit 804 of
FIG. 9E, the secondary windings 806b1, 806c2, and 806a3 are made inactive during operation or
can be omitted or removed from the transformer configuration. Omission or removal of the
secondary windings from the transformer or making them inactive during operation can result in
more thermal efficient operation of the Sen Transformer 800. Furthermore, omission and/or
removal can lead to a reduction in size and cost of the transformer. The tap positions for load tap

changers LTC1 and LTC3 for the maximum active power flow operating point (1.4 pu in this
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particular example) of the Sen Transformer 800 are shown in FIGS. 9H and 91. Only two tap
changers are required for operation since one secondary winding corresponding to phases outside
of the limited range of phase angles is made inactive during operation or is omitied or removed
from the transformer configuration as already discussed.

[0092] FIGS. 97 and 9K illustrate modified sending-end voltages operating points and the
respective active and reactive power flows (P, and Q,) operating points for a limited relative
phase angle operation at § = 240°, which offers the minimum active power flow operating points.
[0093] FIGS. 9L and 9N illustrate the Sen Transformer of FIG. 8 A for a limited relative
phase angle operation at § = 240° according to an exemplary embodiment of the present
disclosure for the voltage operating points as shown in FIG. 9M. As shown in FIG. 9L, because
the Sen Transformer 800 is configured to operate in the limited relative phase angle operation at
S =240°, the compensating voltage unit 804 can be modified by removing the secondary
windings associated with the phases outside of the relative phase angle of interest. For example,
for the compensating voltage unit 804 of FIG. 9L, the secondary windings 806a1, 806c1, 806az,
806b2, and 806bs, 806¢3 are made inactive during operation or can be omitted or removed from
the transformer configuration. Omission or removal of the secondary windings from the
transformer or making them inactive during operation can result in more thermal efficient
operation of the Sen Transformer 800. Furthermore, omission and/or removal can lead to a
reduction in size and cost of the transformer. The tap position for load tap changer LTC2 for the
minimum active power flow operating point (0.6 pu in this particular example) of the Sen
Transformer 800 is shown in FIG. 90. Only one tap changer is required for operation since two
secondary windings, which correspond to phases outside of the limited phase angles are made
inactive during operation or are removed or omitted from the transformer configuration as
already discussed.

[0094] FIGS. 9P and 9Q illustrate modified sending-end voltages operating points and the
respective active and reactive power flows (P-and Q,) operating points for a limited relative
phase angle operation at f = 60°, which offers the maximum active power flow operating points.
[0095] FIGS. 9R and 9T illustrate the Sen Transformer of FIG. 8A for a limited relative

phase angle operation at § = 60° according to an exemplary embodiment of the present disclosure

24



WO 2024/263618 PCT/US2024/034576

for the voltage operating points as shown in FIG. 9S when the applied voltage on the secondary
windings 806y1, 8062, and 8063 is reversed using a switch 901. As shown in FIG. 9R, because
the Sen Transformer 800 is configured to operate in the limited relative phase angle operation at
p = 60°, the compensating voltage unit 804 can be modified by removing the secondary windings
associated with the phases outside of the phase angle of interest. For example, for the
compensating voltage unit 804 of FIG. 9R, the secondary windings 806a1, 806c1, 806a2, 806bs,
and 806bs, 806¢3 are made inactive during operation or can be omitted or removed from the
transformer configuration. The tap position for load tap changer LTC2 for the maximum active
power flow operating point (1.4 pu in this particular example) of the Sen Transformer 800 is
shown in FIG. 9U. Only one tap changer is required for operation since two secondary
windings, which correspond to phases outside of the limited phase angles are made inactive
during operation or are omitted or removed from the transformer configuration as already
discussed.

[0096] FIGS. 9V and 9W illustrate modified sending-end voltages operating points and the
respective active and reactive power flows (P and ;) operating points for a limited relative
phase angle operation in the range of 5 = 0° to = 120° with doubling the maximum active
power flow enhancement feature activated. FIG. 9W also shows that the maximum active power
flow enhancement at the receiving end is 0.80 pu (from 1 pu to 1.8 pu) in this particular example.
[0097] FIGS. 9X and 9Z illustrate the Sen Transformer of FIG. 8 A being configured for a
limited relative phase angle operation in the range of 5= 0° to f = 120° with doubling the
maximum active power flow feature activated, according to an exemplary embodiment of the
present disclosure for the voltage operating points as shown in FIG. 9Y. The tap positions for
load tap changers LTC1, LTC2, and LTC3 for a double maximum active power flow
enhancement operating point (1.8 pu in this particular example) of the Sen Transformer 800 are
shown in FIGS. 9AA through 9AC.

[0098] FIG. 11 illustrates an exemplary winding layout and a distribution of Ampere-Turns
at #=0° in accordance with an exemplary embodiment of the present disclosure. As shown in
FIGS. 8D and 11, the primary windings A, B, and C and the secondary windings 806a1, 80612,
and 8063 associated with LTC1 are active; the LTC2 and LTC3 are set at their minimum tap
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positions. The magnetomotive force (mmf) is generated in the primary windings and applied
across the secondary windings associated with LTC1.

[0099] FIG. 12 illustrates an exemplary winding layout and a distribution of Ampere-Turns
at = 60° in accordance with an exemplary embodiment of the present disclosure. As shown in
FIGS. 8D and 12, the primary windings A, B, and C and the secondary windings 806a1, 8062,
and 8063 associated with LTC1 and the secondary windings 8061, 80642, and 806p3 associated
with LTC3 are active; the LTC2 is set at its minimum tap position. The mmf is generated in the
primary windings and applied across the secondary windings associated with LTC1 and LTC3.
[0100] FIG. 13 illustrates an exemplary winding layout and a distribution of Ampere-Turns
at = 120° in accordance with an exemplary embodiment of the present disclosure. As shown in
FIGS. 8D and 13, the primary windings A, B, and C and the secondary windings 8061, 8062,
and 806y; associated with LTC3 are active; the LTC1 and LTC2 are set at their minimum tap
positions. The mmf is generated in the primary windings and applied across the secondary
windings associated with LTC3.

[0101] FIG. 14 illustrates an exemplary winding layout and a distribution of Ampere-Turns
at /= 180° in accordancc with an cxemplary cmbodiment of the present disclosurc. As shown in
FIGS. 8D and 14, the primary windings A, B, and C and the secondary windings 806¢1, 8062,
and 806p3 associated with LTC3 and the secondary windings 806b1, 806¢c2, and 806a3 associated
with LTC2 are active; the LTCI is set at its minimum tap position. The mmf is generated in the
primary windings and applied across the secondary windings associated with LTC3 and LTC2.
[0102] FIG. 15 illustrates an exemplary winding layout and a distribution of Ampere-Turns
at = 240° in accordance with an exemplary embodiment of the present disclosure. As shown in
FIGS. 8D and 15, the primary windings A, B, and C and the secondary windings 806p1, 8062,
and 806a3 associated with LTC2 are active; the LTC1 and LTC3 are set at their minimum tap
positions. The mmf is generated in the primary windings and applied across the secondary
windings associated with LTC2.

[0103] FIG. 16 illustrates an exemplary winding layout and a distribution of Ampere-Turns
at #=300° in accordance with an exemplary embodiment of the present disclosure. As shown in

FIGS. 8D and 16, the primary windings A, B, and C and the secondary windings 8061, 8062,

26



WO 2024/263618 PCT/US2024/034576

and 80643 associated with LTC2 and the secondary windings 80641, 806y2, and 8063 associated
with LTC1 are active; the LTC3 is set at its minimum tap position. The mmf is generated in the
primary windings and applied across the secondary windings associated with LTC2 and LTC1.
[0104] FIGS. 17A to 17AN illustrate a Sen Transformer arranged in a Shunt-Shunt
configuration and having a winding arrangement according to an exemplary embodiment of the
present disclosure. As shown in FIGS. 17A and 17B, the Sen Transformer 1700 includes an
Exciter Unit 1702 and a Compensating-Voltage Unit 1704 arranged in a Shunt-Shunt
configuration. FIG. 17A illustrates a Sen Transformer 1700, a single-phase Exciter Unit 1702
and a Compensating-Voltage Unit 1704 with three compensating windings 17064, 1706, 1706,
in the single-phase arrangement. FIGS. 17C and 17E illustrate the Sen Transformer of FIG. 17A
in a three-phase arrangement. The Exciter Unit 1702 in FIGS. 17C and 17E consists of three
shunt-Y connected primary windings 1708A, 1708B, and 1708C and the Compensating-Voltage
Unit 1704 consists of nine (9) nine secondary windings (three windings in each phase: 170641,
170642, and 170643 on the core of the A phase; 1706b1, 170652, and 1706,3 on the core of the B
phase; and 1706.1, 17062, and 17063 on the core of the C phase). The three-phase sending-end
voltages (Vsa, Vs, and Vsc) are applied to the Exciter Unit 1702, The Sen Transformer 1700
can achieve the power flow operating points of FIGS. 10A to 10E by summing three available
induced voltages from the A, B, and C phases of the primary winding(s) of the Exciter Unit 1702
that are 120° apart. The Sen Transformers of FIGS. 17A, 17C, and 17E also include LTCs 1710
(LTCI1, LTC2, and LTC3). In using LTCs, the effective number of turns in each compensating
winding in each phase is varied and the composite voltage becomes variable in magnitude and
phase angle.

[0105]  According to an exemplary embodiment, the sending-end voltage for the Sen
Transformer 1700 can be Vs =1 pu, the allowable magnitude (V) of the induced voltage (V) to be
0.2 pu and the voltage (x) across each tap of an LTC 1710 is 0.05 pu, there are N = 4 taps
associated with each secondary winding 1706a1, 170622, 1706a3, 1706b1, 1706b2, 1706b3, 1706¢;,
1706¢2, and 1706¢c3. Therefore, each of the taps in LTC2 and LTC3 is setat 0, 1, 2, 3 or 4; the
corresponding secondary winding is active by 0, 5 10, 15, or 20%, respectively, and contributes

0.0, 0.05, 0.10, 0.15, or 0.20 pu toward forming the compensating voltage. However, each of the

27



WO 2024/263618 PCT/US2024/034576

taps in LTC1 is setat 0, 1, 2, 3, or 4; the corresponding secondary winding is active by 100, 105
110, 115, or 120%, respectively, and contributes 1.00, 1.05, 1.10, 1.15, or 1.20 pu toward
forming the compensating voltage Vsa, V¢B, and Vsc.

[0106] The composite voltage (V) can be at any phase angle with the prevailing line current
(I). Therefore, shunt-exchanged active and reactive powers (P2, and Qi) with the line flow
bidirectionally through the magnetic core. The compensating voltage (Vs'), being at any phase
angle with the prevailing line current, acts as an Impedance Regulator (IR). Note that the exciter
exchanges active and reactive powers (P and Qi) with the line and flow bidirectionally
through the magnetic core.

[0107] Asshown in FIGS. 17E to 17H, each of the secondary windings (170641, 17062, and
1706¢3) is tapped at the same number of turns through LTC1; each of the windings (1706w,
1706¢2, and 170643) is tapped at the same number of turns through LTC2; and each of the
windings (17061, 1706.2, and 1706p3) is tapped at the same number of turns through LTC3.
However, the number of turns in the respective sets of secondary windings for LTC1, LTC2, and
LTC3, can be different from each other.

[0108]  As shown in FIGS. 17B and 17D, by choosing the number of turns from cach of the
three windings through three LTCs (LTC1, LTC2, and LTC3) and, therefore, the magnitudes of
the components of the three 120° phase-shifted induced voltages, the compensating voltage (V)
in any phase is derived from the phasor sum of the voltages induced in a three-phase secondary
winding set (170641, 17061, and 1706¢1 for compensation in the 4 phase; 170642, 1706y2, and
1706¢> for compensation in the B phase; and 170643, 1706p3, and 17063 for compensation in the
C phase).

[0109]  According to an exemplary embodiment, each of the taps in LTC1, LTC2, and LTC3
can be setat 0, 1, 2, 3, or 4. Each of the secondary windings associated with LTC2 and LTC3
can be active by 0, 5 10, 15, or 20%, respectively and contribute 0.0, 0.05, 0.10, 0.15, or 0.20 pu
toward forming the compensating voltage. At the same time, each of the secondary windings
associated with LTCI is active by 100, 105 110, 115, or 120%, respectively and contributes 1.00,
1.05, 1.10, 1.15, or 1.20 pu toward forming the compensating voltage Vsa, Vs, and Vsc.
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[0110] Based on the exemplary winding configuration of FIG. 8A, the Sen Transformer 1700
operates according to the following:

. when y=0° and Vs>V, only LTCI is required to operate;

. when y =0° and Vi<V, only LTC2 and LTC3 are required to operate;
where v, Ws, and wc are the phase-shift angle of the modified sending-end voltages with respect
to the sending-end voltage in 4, B, and C phases.
[0111]  As shown in FIGS. 17E and 11, when sclecting an operating point having a phasc-
shift angle of 0° and V>V, the primary windings A, B, and C and the secondary windings
1706a1, 170612, and 17063 associated with LTC1 of Sen Transformer 1700 are active (i.e., tap
position 1, 2, 3, or 4); the LTC2 and LTC3 are set at their minimum tap positions (i.e., tap
position 0). The magnetomotive force (mmf) is generated in the primary windings and applied
across the secondary windings associated with LTCI.
[0112]  As shown in FIGS. 17E and 12, when selecting an operating point having a phase-
shift angle of 2.42° or 4.72° or 6.89° or 8.95°, the primary windings A, B, and C and the
secondary windings 170641, 1706p2, and 17063 associated with LTC1 and the secondary
windings 1706¢1, 170642, and 17063 associated with LTC3 are active; the LTC2 is set at its
minimum tap position. The mmf is generated in the primary windings and applied across the
secondary windings associated with LTC1 and LTC3.
[0113] Asshown in FIGS. 17E and 13, when selecting an operating point having a phase-
shift angle of 2.54° or 5.21° or 7.99° or 10.89°, the primary windings A, B, and C and the
secondary windings 1706c1, 170642, and 1706v3 associated with LTC3 are active; the LTC1 and
LTC2 are set at their minimum positions. The mmf is generated in the primary windings and
applied across the secondary windings associated with LTC3.
[0114] Asshown in FIGS. 17E and 14, when selecting an operating point having a phase-
shift angle of 0° and V<V, the primary windings A, B, and C and the secondary windings
1706¢1, 170642, and 17063 associated with LTC3 and the sccondary windings 1706b1, 1706c¢,
and 1706a3 associated with LTC2 are active; the LTC1 is set at its minimum tap position. The
mmf is generated in the primary windings and applied across the secondary windings associated

with LTC3 and LTC2.
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[0115]  As shown in FIGS. 17E and 15, when selecting an operating point having a phase
shift angle of -2.54° or -5.21° or -7.99° or -10.89°, the primary windings A, B, and C and the
secondary windings 1706p1, 17062, and 1706,3 associated with LTC2 are active; the LTC1 and
LTC3 are set at their minimum tap positions. The mmf is generated in the primary windings and
applied across the secondary windings associated with LTC2.

[0116]  As shown in FIGS. 17E and 16, when selecting an operating point having a phase
shift angle of -2.42° or -4.72° or -6.89° or -8.95°, the primary windings A, B, and C and the
secondary windings 17061, 17062, and 1706.3 associated with LTC2 and the secondary
windings 1706a1, 170612, and 17063 associated with LTC1 are active; the LCT3 is set at its
minimum tap position. The mmf is generated in the primary windings and applied across the
secondary windings of associated with LTC2 and LTCI.

[0117]  FIG. 171 illustrates the Sen Transformer 1700 being configured for modified sending-
end voltages with the same operating point as shown in FIG. 17A. As shown in FIG. 171, all the
taps of compensating voltage windings 1706a, 1706b and 1706c of the compensating voltage
unit 1704 are configured to operate closer to ground potential. This configuration can be
contrastcd with the transformer configuration shown in FIG. 17A; whilc the taps of
compensating voltage windings 1706b and 1706c¢ are configured to operate closer to ground
potential as shown in FIG. 17A, the taps of compensating voltage winding 1706a of the
compensating voltage unit 1704 are configured to operate closer to ground potential as well, not
closer to line potential as shown in FIG. 17A. Both FIGS. 17A and 171 are set up for operation
at the same operating point shown in the corresponding phasor diagrams of FIG. 17B and FIG.
17]J. As discussed with regard 1o the transformer of FIG. 17A, moving the contacts of
compensating voltage winding 1706a (LTC1) to a higher tap position (e.g., 0—1, 12, 23,
3—4, etc.,) in a direction toward the dot increases the compensating voltage in winding 1706a of
the compensating voltage unit 1704. The transformer of FIG. 171 operates differently, however,
in that moving the contacts of compensating voltage winding 1706a (LTC1) to a higher tap
position (e.g., 0—1, 152, 2—3, 3—4, etc.,) in a direction away from the dot increases the
compensating voltage in winding 1706a of the compensating voltage unit 1704. However, both

FIGS. 17A and 171 show that moving the contacts of compensating voltage windings 1706b and
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1706¢ (LTC2 and LTC3) to a higher tap position (e.g., 0—1, 1—2, 2—3, 3—4, ¢tc.,) ina
direction towards the dot increases the compensating voltage in windings b and ¢ of the
compensating voltage unit 1704. That is, in FIG. 17A the compensating voltage is increased in
each of the secondary windings by moving the contacts of the LTC1, LTC2, and LTC3 tap
positions in the same direction toward the dot. For the same operating points using the
transformer of FIG. 171, the compensating voltage is increased by changing the direction of tap
movement for LTC1 to a higher tap position away from the dot to be different from the
corresponding directional movement to a higher tap position for LTC2 and LTC3 toward the dot.
[0118] FIGS. 17K and 17M illustrate the Sen Transformer of FIG. 171 in a three-phase
arrangement for the arbitrary voltage operating points as shown in FIG. 17L. The tap positions
for load tap changers LTC1, LTC2, and LTC3 for the arbitrary operating point of the Sen
Transformer 1700 are shown in FIGS. 17N through 17P. For the compensating voltage unit
1704, the compensating voltage of secondary windings 1706a;, 1712b>, and 1714c¢; can be
increased by moving the contacts of LTC1 to a higher tap position (e.g., 0—1, 1 -2, 2—3, 3—4,
etc.,) in a direction away from the dot. For secondary windings 1706b1, 1706c1, 1706a2, 1706ca,
1706a3, and 1706bs the compensating voltage can be increased by moving the contacts of LTC2,
and LTC3 to a higher tap position (e.g., 0—1, 1—2, 2—3, 3—4, ctc.,) in a direction towards the
dot.

[0119] FIGS. 17Q and 17R illustrate modified sending-end voltages operating points and the
respective active and reactive power flows (P- and Q,) operating points, numbered 0 through 60,
in accordance with an exemplary embodiment of the present disclosure with a 10% allowable
voltage upper and lower limits.

[0120] FIG. 17S shows each of the LTC] taps for the transformer configuration of FIG. 171
being set at -1, 0, 1, 2, or 3; the corresponding secondary winding is active by 95, 100, 105, 110,
or 115%, respectively, and contributes 0.95, 1.00, 1.05, 1.10, or 1.15 pu toward forming the
compensating voltage Vea, Ve, and Vsc. The operating point as shown in FIG. 17T is the same
as that in FIG. 17B or FIG. 17J.

[0121] FIGS. 17U and 17W illustrate the winding configuration of the Sen Transformer of
FIG. 178 in a three-phase arrangement for the voltage operating points as shown in FIG. 17V.
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The tap positions for load tap changers LTC1, LTC2 and LTC3 for an arbitrary operating point
of the Sen Transformer 1700 are shown in FIGS. 17X through 17Z. The secondary windings in
cach phase are configured to generate the modified sending-end voltages as already discussed in
FIG. 171

[0122] FIGS. 17AA and 17AB illustrate a set of modified sending-end voltages operating
points and the respective active and reactive power flows (P, and Q) operating points, in
accordance with an exemplary embodiment of the present disclosure, in the power flow increase
region. As shown in FIGS. 17AA and 17AB, power flow increase region is operable in the
relative phase angle range of approximately = 0° to f = 120°.

[0123] FIGS. 17AC and 17AE illustrate the Sen Transformer in a three-phase arrangement
for the voltage operating point as shown in FIG. 17AD, requiring only six compensating
secondary windings. Based on the winding configuration of the compensating voltage unit 1704,
the phase angle range also corresponds to a power flow increase region. Because the Sen
Transformer 1700 is configured to operate in a limited phase angle range as shown FIGS. 17AA
and 17AB, the compensating voltage unit 1704 can be modified by removing or making inactive
the secondary windings associated with the phases outside of the phase angle range of interest.
For example, for the compensating voltage unit 1704 of FIG. 17AC, the secondary windings
1706b1, 1706¢2, and 1706a3 are made inactive or can be omitted or removed from the
transformer configuration. The inactive secondary windings are grouped with LTC2. The tap
positions for load tap changers LTC1 and LTC3 for an arbitrary operating point of the Sen
Transformer 1700 are shown in FIGS. 17AF through 17AG. Only two tap changers are required
for operation since one secondary winding corresponding to phases outside of the limited range
of phase angles of interest is made inactive during operation or is omitted or removed from the
transformer configuration as already discussed.

[0124] FIGS. 17AH and 17Al illustrate a set of modified sending-end voltages operating
points and the respective active and reactive power flows (P- and Q) operating points, in
accordance with an exemplary embodiment of the present disclosure, in the power flow decrease
region. As shown in FIGS. 17AH and 17Al1, power flow decrease region is operable in the

relative phase angle range of approximately = 240° to = 360°.
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[0125] FIGS. 17A7J and 17AL illustrate the Sen Transformer in a three-phase arrangement
for the voltage operating point as shown in FIG. 17AK, requiring only six compensating
secondary windings. Based on the winding configuration of the compensating voltage unit 1704,
the phase angle range also corresponds to a power flow decrease region. Because the Sen
Transformer 1700 is configured to operate in a limited phase angle range as shown in FIGS.
17AH and 17Al, the compensating voltage unit 1704 can be modified by removing or making
inactive the secondary windings associated with the phases outside of the phase angle range of
interest. For example, for the compensating voltage unit 1704 of FIG. 17AJ, the secondary
windings 1706c¢1, 1706a2, and 1706b3 are made inactive or can be omitted or removed from the
transformer configuration. The inactive secondary windings are grouped with LTC3. The tap
positions for load tap changers LTC1 and LTC2 for an arbitrary operating point of the Sen
Transformer 1700 are shown in FIGS. 17AM through 17AN. Only two tap changers are
required for operation since one secondary winding corresponding to phases outside of the
limited range of phase angles of interest is made inactive during operation or is omitted or
removed from the transformer configuration as already discussed.

[0126] Controlling power flow in one linc using a Power Flow Controller with a shunt-scrics
or shunt-shunt configuration has a side effect, which is the neighboring lines need to adjust their
power flows to keep the overall power flow from the sources to loads unchanged. However, the
power from one line can be transferred precisely to another line through a series-series
configuration without altering power flow in any other line.

[0127] FIG. 18A illustrates a single-line diagram of a Sen Transformer with a series-series
configuration in accordance with an exemplary embodiment of the present disclosure. As shown
in FIG. 18A, the Sen Transformer 1800 includes an Exciter Unit 1802 and two Compensating-
Voltage Units 1804A and 1804B connected in series with the Exciter Unit 1802. Each
compensating voltage in the "leader" lines is of any magnitude within its allowable limit and at
any phase angle with respect to the line voltage, as well as the prevailing line current, so that the
active and reactive power flows in that line can be controlled independently as desired.
Moreover, each series-compensating voltage in the "follower" lines is of specific magnitude and

phase angle with respect to the prevailing line current, so that the active and reactive powers
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from the "leader" lines are transferred bidirectionally to the "follower" lines. This technique
provides a desirable power flow management for a multiline transmission system by decreasing
the power flow in the overloaded lines and increasing it in the underloaded lines with little
impact on the other uncompensated lines.

[0128] FIG. 18B illustrates a Sen Transformer 1800 having a Series-Series connection
between the Exciter Unit 1802 and the Compensating-Voltage Units 1804A and 1804B. As
shown in FIG. 18B, the line voltage (Vs) is applied to a shunt-connected three-phase
transformer's Y-connected primary windings 1808A, 1808B, and 1808C in the Exciter Unit
1802. In the Compensating-Voltage Unit 1804 A having a total of nine secondary windings
(1806411, 1806412, and 1806413 on the core of the A phase; 1806y11, 1806p12, and 180613 on the
core of the B phase; and 180611, 1806¢12, and 180613 on the core of the C phase) derive a three-
phase compensating voltage, each phase of which is a phasor sum of the voltages induced in a
three-winding set (1806411, 1806p11, and 1806.11 for compensating voltage in the A phase;
1806412, 1806b12, and 1806.12 for compensating voltage in the B phase; and 1806413, 180613, and
1806c13 for compensating voltage in the C phase). By choosing the number of turns from each of
the three windings via a respective LTC control for each group (LTC1, LTC2, and LTC3), and
therefore, the magnitudes of the components of the three 120° phase-shifted induced voltages,
the composite compensating voltage magnitude and the relative phase angle with respect to the
line voltage can be selected. In the Compensating-Voltage Unit 1804B having a total of nine
secondary windings (1806421, 1806.22, and 1806423 on the core of the A phase; 1806p21, 1806122,
and 1806123 on the core of the B phase; and 1806¢21, 1806¢22, and 180623 on the core of the C
phase) derive a three-phase compensating voltage, each phase of which is a phasor sum of the
voltages induced in a three-winding set (1806421, 1806p21, and 180621 for compensating voltage
in the A phase; 1806422, 1806b22, and 1806c22 for compensating voltage in the B phase; and
1806423, 1806123, and 1806¢23 for compensating voltage in the C phase). By choosing the number
of turns from cach of the three windings via a respective LTC control for each group (LTCI,
LTC2, and LTC3), and therefore, the magnitudes of the components of the three 120° phase-
shifted induced voltages, the composite compensating voltage magnitude and the relative phase

angle with respect to the line voltage can be selected.
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[0129] FIG. 19 illustrates a Generalized Sen Transformer (GST) configured to generate both
the shunt- and series-compensating voltages in a single unit in accordance with an exemplary
embodiment of the present disclosure. As shown in FIG. 19, the GST 1900 includes an Exciter
Unit 1902 and a Compensating-Voltage Unit 1904. The Compensating-Voltage Unit 1904
includes plural shunt compensator units 1906y, and plural series compensator units 1908,. Each
shunt- and series-compensator unit 1906, and 1908, respectively, is connected to a respective
power line. The series-compensator units 1908, are configured to control the active and reactive
power flows in each line independently and transfer the active and reactive powers from one or
more "leader” lines to one or more "follower" lines. The shunt-compensator units 1906, are
configured to connect the isolated networks with different voltages and phase angles to control
the active and reactive power flows in each line independently and transfer the active and
reactive powers from one or more "leader” lines to one or more "follower" lines. Each of the
series- and shunt-compensator units 1908, and 1906y, is induced from an exciter voltage through
transformer action. Therefore, any mismatch of active and reactive powers between various
compensating voltages flows to the line that supplies the Exciter Unit 1902 of the GST 1900.
[0130] The control 1910 and/or control operation for switching the LTCs bascd on a desired
operating point can be performed by a computing device. According to an exemplary
embodiment, the computing device can include one or more processing devices such as a
microprocessor, central processing unit, microcomputer, programmable logic unit or any other
suitable hardware processing device as desired. The computing device can be configured with
computer program code for performing the specialized functions described herein. The program
code can be stored on a computer usable medium, which may refer to memories, such as the
memory devices for the computing device, which can be memory semiconductors (e.g., DRAMs,
etc.). These computer program products can be a tangible non-transitory means for providing
software to the various hardware components of the respective devices as needed for performing
the tasks associated with the exemplary embodiments described herein. The computer programs
(e.g., computer control logic) or software can be stored in the memory device. According to an
exemplary embodiment, the computer programs can also be received and/or remotely accessed

via other components of the computing device such as receiver or receiving device. Such
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computer programs, when executed, can enable the processor to implement the present methods
and exemplary embodiments discussed herein, and may represent controllers of the processor.
Where the present disclosure is implemented using soliware, the software can be stored in a non-
transitory computer readable medium and loaded into the computing device using a removable
storage drive, an interface, a hard disk drive, or communications interface, etc., where applicable.
[0131]  The one or more processors of the computing device can include one or more
modules or engines configured to perform the functions of the exemplary embodiments
described herein. Each of the modules or engines can be implemented using hardware and, in
some instances, can also utilize software, such as program code and/or programs stored in
memory. In such instances, program code may be compiled by the respective processors (e.g.,
by a compiling module or engine) prior to execution. For example, the program code can be
source code written in a programming language that is translated into a lower-level language,
such as assembly language or machine code, for execution by the one or more processors and/or
any additional hardware components. The process of compiling can include the use of lexical
analysis, preprocessing, parsing, semantic analysis, syntax-directed translation, code generation,
code optimization, and any other techniques that may be suitable for translation of program code
into a lower-level language suitable for controlling the computing device to perform the
functions disclosed herein. It will be apparent to persons having skill in the relevant art that such
processes result in the computing device being specially configured computing devices uniquely
programmed to perform the functions discussed above.

[0132] FIG. 20 illustrates a method of generating a compensating voltage in accordance with
an exemplary embodiment of the present disclosure. The method can be implemented through a
transformer configured as shown in FIGS. 8A, 17C, 17K, 17U, 17AC, 17AJ, 18B, or 19. As
shown in the aforementioned figures, the transformer has an Exciter Unit and a Compensating-
Voltage Unit. The Exciter Unit includes a three-phase transformer with shunt Y-connected
primary windings. The Compensating-Voltage Unit includes plural series-connected secondary
windings that includes one secondary winding from each phase of the Exciter Unit. The
Compensating-Voltage Unit also includes plural load tap changers. Each load tap changer is

associated with a group of secondary windings that includes one secondary winding from each
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phase of the Exciter Unit. According to an exemplary embodiment, each secondary winding is
allocated to a group of secondary windings, where each secondary winding is placed (i.e.,
located) at a same distance from an associated primary winding of the Exciter Unit. According
to yet another exemplary embodiment all secondary windings and sub-windings between two
consecutive taps in the Compensating-Voltage Unit and primary windings in the Exciter Unit
have substantially similar heights. The sub-windings may or may not be interleaved. In
executing the method, a controller is configured to select an operating point of the transformer
(Step 2000). The operating point can be selected based on an input the controller (e.g., 1910)
receives from an operator or user. FIGS. 10A to 10E illustrate various operating points for
generating a compensating voltage according to one or more parameters of the transformer.
According to another exemplary embodiment, the input can be automatically generated by an
external computing system configured to monitor operation of power system and automatically
select an operating point based on desired power flow control. Based on the selected operating
point, the controller (e.g., 1910) selects a load tap position for each secondary winding in the
group of secondary windings associated with each load tap changer based on the operating point
(Step 2010). The Compensating-Voltage Unit of the transformer generates a compensating
voltage by summing effective voltages induced in the group of secondary windings for cach load
tap changer (Step 2020). FIGS. 11 to 16 illustrate the resultant compensating voltage generated
by the secondary windings of the Compensating-Voltage Unit for respective operating points.
This operation can be repeated as conditions in the power line(s), grid, and/or desired
compensating voltage change.

[0133] It will be appreciated by those skilled in the art that the present invention can be
embodied in other specific forms without departing from the spirit or essential characteristics
thereof. The presently disclosed embodiments are therefore considered in all respects to be
illustrative and not restrictive. The scope of the invention is indicated by the appended claims
rather than the foregoing description and all changes that come within the meaning, range, and

equivalence thereof are intended to be embraced therein.
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WHAT IS CLAIMED IS:

1. A transformer that generates a compensating voltage, the transformer comprising:
an exciter unit; and
a compensating voltage unit,
the exciter unit including three single-phase transformers or a three-phase transformer
with shunt Y-connected primary windings,
the compensating voltage unit including:
plural series-connected secondary windings that includes one secondary winding
from each phase of the exciter unit; and
plural load tap changers, wherein each load tap changer is associated with a group
of secondary windings that includes one secondary winding from each phase of the exciter unit,
wherein each secondary winding in a group of secondary windings is located at a same distance
from an associated primary winding of the exciter unit, wherein all windings have similar
heights, and wherein each load tap changer is configured to vary an effective number of turns of
the associated group of secondary windings by connecting to one of plural taps associated with

each secondary winding according to a selected operating point.

2. The transformer of claim 1 comprising:
a shunt-series configuration, wherein the exciter unit and the compensating voltage unit

are electrically connected.
3. The transformer of claim 1 comprising:

a shunt-shunt configuration, wherein the exciter unit and the compensating voltage unit

are electrically isolated.
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4.  The transformer of claim 1, comprising:
a series-series configuration, wherein the exciter unit is connected to a transmission line
and plural compensating voltage units, wherein each compensating voltage unit is electrically

connected to one of the plural transmission lines.

5. The transformer of claim 1, wherein the compensating voltage is a sum of effective
voltages induced by the plural secondary windings for each phase in the compensating voltage

unit,

6.  The transformer of claim 1, wherein the plural taps associated with each secondary

winding are separated at x% intervals.

7. The transformer of claim 6, wherein x is an integer value such that x > 0.

8.  The transformer of claim 5, wherein based on an interval arrangement of a five plural
taps, numbered 0, 1, 2, 3, and 4 and each tap is separated by 5%, the effective voltage in each
secondary winding varies: the series compensating voltage varies in magnitude from 0 to 20% of
the primary voltage and varies in a relative phase angle between 0° to 360°; the shunt
compensating voltage varies in magnitude from 80 to 120% of the primary voltage and varies in

a phase-shift angle between -y to +y.

9. The transformer of claim 1, wherein the load tap changers are configured as single-
phase load tap changers, three single-phase load tap changers are connected to a same number of

turns of the group of secondary windings.
10. The transformer of claim 1, wherein the load tap changers are configured as plural

three-phase load tap changers, wherein each load tap changer is connected to a same number of

turns of the group of secondary windings.
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11. The transformer of claim 1, wherein the compensating unit further comprises:
a tertiary winding for each phase, wherein the tertiary windings for the three phases are

delta-connected and only one terminal comes out of the transformer for grounding purposes.

12.  The transformer of claim 11, wherein each tertiary winding is an innermost

winding next to a core of the transformer.

13. The transformer of claim 11, wherein the tertiary winding is configured to permit

circulation of zero-sequence current.

14. A method of generating a compensating voltage through a transformer having an
exciter unit and a compensating voltage unit, including three single-phase transformers or a
three-phase transformer with shunt Y-connected primary windings, the compensating voltage
unit including: plural series-connected secondary windings that includes one secondary winding
from each phase of the exciter unit; and plural load tap changers, wherein each load tap changer
is associated with a group of secondary windings that includes one secondary winding from each
phase of the exciter unit, wherein each secondary winding in a group of secondary windings is
located at a same distance from an associated primary winding of the exciter unit, wherein all
windings have similar heights, the method comprising:

selecting an operating point of the transformer;

selecting a load tap position for each secondary winding in the group of secondary
windings associated with each load tap changer based on the operating point; and

generating a compensating voltage by summing effective voltages induced in the group

of secondary windings for each load tap changer.
15. The method of claim 14, wherein based on the selected load tap position, each

three-phase load tap changer varies a magnitude of the series compensating voltage and a relative

phase angle of the series compensating voltage.
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16.  The method of claim 15, wherein each secondary winding has 5 total taps that are
separated at 5% intervals, the method further comprising:
varying the magnitude of the series compensating voltage from 0% to 20% of the primary

voltage.

17. The method of claim 15 further comprising:

varying the relative phase angle of the series compensating voltage between 0° and 360°.

18. The method of claim 15 further comprising:

varying the relative phase angle of the series compensating voltage between 0° and 120°;
and

reversing, using an additional switch of the transformer, a voltage applied to the
secondary windings to double a maximum active power flow enhancement at a relative phase

angle of 60°.

19. The method of claim 17, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:

selecting the operating point having a relative phase angle of 0°;

setting a first load tap changer to connect load tap position 1, 2, 3, or 4 on cach secondary
winding;

setting a second load tap changer to connect load tap position 0 on each secondary
winding; and

setting a third load tap changer to connect load tap position 0 on each secondary winding.

20. The method of claim 17, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:

selecting the operating point having a relative phase angle of 60°;

setting a first load tap changer to connect load tap position 1, 2, 3, or 4 on each secondary

winding;
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setting a second load tap changer to connect load tap position 0 on each secondary
winding; and
setting a third load tap changer to connect load tap position 1, 2, 3, or 4 on each

secondary winding.

21.  The method of claim 17, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:

selecting the operating point having a relative phase angle of 120°;

setting a first load tap changer to connect load tap position 0 on each secondary winding;

setting a second load tap changer to connect load tap position 0 on each secondary
winding; and

setting a third load tap changer to connect load tap position 1, 2, 3, or 4 on each

secondary winding.

22.  The method of claim 17, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:

selecting the operating point having a relative phase angle of 180°;

setting a first load tap changer to connect load tap position 0 on each secondary winding;

setting a second load tap changer to connect load tap position 1, 2, 3, or 4 on each
secondary winding; and

setting a third load tap changer to connect load tap position 1, 2, 3, or 4 on each

secondary winding.

23.  The method of claim 17, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:

selecting the operating point having a relative phase angle of 240°;

setting a first load tap changer to connect load tap position 0 on each secondary winding;

setting a second load tap changer to connect load tap position 1, 2, 3, or 4 on each

secondary winding; and
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setting a third load tap changer to connect load tap position 0 on each secondary winding.

24.  The method of claim 17, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:

selecting the operating point having a relative phase angle of 300°;

setting a first load tap changer to connect load tap position 1, 2, 3, or 4 on each secondary
winding;

setting a second load tap changer to connect load tap position 1, 2, 3, or 4 on each
secondary winding; and

setting a third load tap changer to connect load tap position 0 on each secondary winding,

25. The method of claim 14, wherein based on the selected load tap position, each
three-phase load tap changer varies a magnitude of the shunt compensating voltage and a phase-

shift angle of the shunt compensating voltage.

26. The method of claim 24, wherein each secondary winding has 5 total taps that are
separated at 5% intervals, the method further comprising:
varying the magnitude of the shunt compensating voltage from 80 to 120% of the primary

voltage.

27. The method of claim 24 further comprising:

varying the phase-shift angle of the shunt compensating voltage between -y to +y.

28.  The method of claim 26, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:

selecting the operating point having a phase-shift angle of 0°;

setting a first load tap changer to connect load tap position 1, 2, 3, or 4 on cach secondary

winding;
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setting a second load tap changer to connect load tap position 0 on each secondary
winding; and

setting a third load tap changer to connect load tap position 0 on each secondary winding.

29.  The method of claim 26, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:

selecting the operating point having a phase-shift angle of 2.42° or 4.72° or 6.89° or
8.95°;

setting a first load tap changer to connect load tap position 1, 2, 3, or 4 on each seccondary
winding;

setting a second load tap changer to connect load tap position 0 on each secondary
winding; and

setting a third load tap changer to connect load tap position 1, 2, 3, or 4 on each

secondary winding.

30. The method of claim 26, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:

selecting the operating point having a phase-shift angle of 2.54° or 5.21° or 7.99° or
10.89%

setting a first load tap changer to connect load tap position 0 on each secondary winding;

setting a second load tap changer to connect load tap position 0 on each secondary
winding; and

setting a third load tap changer to connect load tap position 1, 2, 3, or 4 on each

secondary winding.

31. The method of claim 26, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:
selecting the operating point having a phase-shift angle of 0°;

setting a first load tap changer to connect load tap position 0 on each secondary winding;
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setting a second load tap changer to connect load tap position 1, 2, 3, or 4 on each
secondary winding; and
setting a third load tap changer to connect load tap position 1, 2, 3, or 4 on each

secondary winding.

32.  The method of claim 26, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:

selecting the operating point having a phase-shift angle of -2.54° or -5.21° or -7.99° or -
10.89%

setting a first load tap changer to connect load tap position 0 on each secondary winding;

setting a second load tap changer to connect load tap position 1, 2, 3, or 4 on each
secondary winding; and

setting a third load tap changer to connect load tap position 0 on each secondary winding.

33. The method of claim 26, wherein each load tap changer includes load tap
positions 0, 1, 2, 3, and 4, the method comprising:

selecting the operating point having a phase-shift angle of -2.42° or -4.72° or -6.89° or -
8.95°;

setting a first load tap changer to connect load tap position 1, 2, 3, or 4 on each secondary
winding;

setting a second load tap changer to connect load tap position 1, 2, 3, or 4 on each
secondary winding; and

setting a third load tap changer to connect load tap position 0 on each secondary winding.

34. The method of claim 24 further comprising:
varying a phase-shift angle of a shunt compensating voltage between -y to +y when all
taps of the compensating voltage unit are closer to ground potential for a most cost-saving

configuration of the transformer.
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35. The method of claim 24 further comprising:

varying a phase-shift angle of a shunt compensating voltage between -y to 0.

36.  The method of claim 24 further comprising:

varying a phase-shift angle of a shunt compensating voltage between 0 to +y.
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