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Description
FIELD OF THE INVENTION

[0001] The present invention relates generally to volt-
age stabilization. More particularly, the invention relates
to methods and systems that employ a variable induct-
ance to compensate for voltage variations that may arise
in power supply lines.

BACKGROUND OF THE INVENTION

[0002] Undersized lines for electric power transmis-
sion, also referred to as "weak lines", have too small a
conductor cross section in relation to the load require-
ments and a relatively high resistance. Excessive voltage
drop will result from the losses caused by undersized
conductors. The excessive voltage drop results in inad-
equate voltage levels for the electric power connected to
the lines.

[0003] A transformer is a static unit which supplies a
fixed voltage determined by the number of windings on
the primary and secondary sides, i.e., the transformer
ratio. A fixed transformer ratio may result in a voltage that
is too low, (i.e., an undervoltage) when the load is high,
and a voltage that is too high, (i.e., an overvoltage con-
dition) when the load is low. Because the load is depend-
ent at all times on the highly variable requirements of
individual electric power consumers, fixed ratio trans-
formers are often inadequate to serve a dynamic load.
[0004] The low voltage level can be compensated for
by increasing the voltage in steps at the transformer that
is supplying the line. In one prior art approach, the voltage
level is controlled by means of a load tap changer on the
transformer which is connected to the individual phase
at the location where the voltage reaches an unaccept-
ably low level.

[0005] At present, the problem of weak lines is often
solved by replacing existing lines with new lines having
alarger cross section and correspondingly lower resistive
losses. Presently, several methods are employed for up-
grading the line. If there is room on the existing pole, a
new line can be installed on the other side of the pole in
parallel with the weak line. Once the new line is installed,
the old one is disconnected and removed from service.
This approach allows the power transmission system to
be upgraded without a noticeable interruption in service.
Another method involves installing hardware for securing
new lines to the existing poles, disconnecting the weak
lines, and quickly installing the new lines. This approach
results in a longer interruption in service when compare
with the preceding approach. In a third method, used
mainly when the old route cannot be used, a new route
is constructed. Such construction involves the installation
of new poles and new conductors. Significantly, before
construction begins, the new route may have to be ap-
proved by local government and property owners.
[0006] In another prior art approach to voltage regula-
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tion, a mechanically controlled variac (i.e., a transformer
with variable transformer ratio) is used in connection with
atransformer. However, mechanically controlled variacs,
generally, are no longer used because the mechanical
components required frequent service.

[0007] Another method thatis currently employed con-
sists of relocating the electric lines closer to users and
connecting a new transformer to the relocated line where
itwill be closerto users. This approachis also undesirable
because of the large scope of work required to relocate
electric lines and the high cost associated with such a
project.

[0008] U.S. Patent No. 3,409,822 to Wanlass (herein-
after "Wanlass") describes a voltage regulator that in-
cludes a device with an AC or load winding and a DC or
control winding wound on a ferromagnetic core. In a por-
tion of the core, a DC generated flux component and an
AC generated flux component are provided along the
same path but with an opposite direction at all times. As
a result in these portions, the flux components are sub-
tracted and the core has a permeability that, to a limited
extent, corresponds to the resulting flux. In other portions,
but not the entire core, the fluxes are orthogonal to one
another. For example, Wanlass shows a regulator based
onflux controlin the core’s legs via addition or subtraction
of magnetic fluxes lying in the same path (coincident flux-
es with opposite signs). However, the power handling
capability of the device is limited because the regulator
described in Wanlass is meant for operation in the non-
saturated area of the core, and the permeability range is
limited to the linear region of the core.

[0009] United States patent publication no. US
3,612,988 discloses a voltage regulator in which an in-
ductor having a saturable core is connected in series with
a capacitor, the output being taken from across the in-
ductor. After startup, the combined effect of the input volt-
age and the capacitor cause the core of the inductor to
periodically switch from a nonsaturated to a saturated
condition and vice versa so that the impedance of the
inductance switches correspondingly from a high to a low
value. The result is a square wave voltage developed
across the inductor that has a constant amplitude regard-
less of input voltage variations if the input frequency re-
mains constant.

[0010] United States patent publication no. US
4,020,440 discloses apparatus for controlling and con-
verting electrical energy by electromagnetic induction.
When in use, electrical energy in alternating or direct cur-
rent from at any selected power, voltage, current, or fre-
quency, within wide limits, is converted and controlled to
other forms of electrical energy at uniformly and contin-
uously controlled output waveform and voltage or current
by means of progressive variation of magnetic flux in as-
sociated magnetic paths. For electrical energy regener-
ation, this relies on electromagnetic induction in windings
surrounding variable permeance magnetic paths of fer-
romagnetic or ferromagnetic materials. The controlling
means rely upon progressive saturation and/or domain
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rotation for selected portions of the magnetic paths to
yield a uniformly controllable permeance within the mag-
netic paths. Feedback techniques are used to stabilize
the output and provide the means for external control of
power output in combination with a reference source.

SUMMARY OF THE INVENTION

[0011] The present invention addresses the problems
related to prior solutions of the problem created by weak
lines. In contrast to prior methods, the permeability con-
trol is performed using orthogonal fields and it is not per-
formed by means of parallel fields which are added or
subtracted.

[0012] In one aspect, the invention provides a system
for voltage stabilization of a power supply line, the system
comprising: an autotransformer comprising a series
winding and a parallel winding; a variable inductance
connected to the autotransformer, the variable induct-
ance comprising a magnetic core, a main winding wound
around a first axis, and a control winding wound around
a second axis, wherein the first axis and the second axis
are orthogonal axes so that when the main winding and
the control winding are energized orthogonal fluxes are
generated in the magnetic core; and a control system
arranged to control the permeability of the magnetic core
to compensate automatically for voltage variations in the
power supply line.

[0013] This voltage stabilization system automatically
compensates for voltage variations in the power supply
line to which it is connected. In one embodiment, the
orthogonal fluxes are generated in substantially all of the
magnetic core. In another embodiment, the magnetic
core is made from anisotropic magnetic material.
[0014] In one embodiment of the voltage stabilization
system described above, the control system includes a
processor unit which controls a control current supplied
to the control winding, a setpoint adjustment unit in elec-
trical communication with the processor unit, and a
switch. The switch connects and disconnects the regu-
lation and is in electrical communication with the proces-
sor unit. The system also includes a feedback input which
senses an output voltage. The feedback input is in elec-
trical communication with the processor unitand the pow-
er supply line. The control system also includes a rectifier
circuit in electrical communication with both the proces-
sor unit and the control winding.

[0015] In one version of the above embodiment, the
series winding of the autotransformer is connected in se-
ries with a first power supply line and the parallel winding
is connected in series with both the main winding and a
second power supply line.

[0016] In another version of the above embodiment,
the series winding and the main winding are connected
in series with a first power supply line, the main winding
is located on a line side of the series winding, and the
parallel winding is directly connected to a second power
supply line.
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[0017] In yet another version of the above embodi-
ment, the series winding and the main winding are con-
nected in series with a first power supply line, the main
winding is located on the load side of the series winding,
and the parallel winding is directly connected to a second
power supply line.

[0018] In another aspect, the invention provides a
method of stabilizing a voltage, the method comprising
the steps of: supplying an input voltage to an autotrans-
former; connecting a controllable inductance in series
with at least one winding of the autotransformer; sensing
an output voltage; generating orthogonal magnetic fields
in a magnetic core of the controllable inductance; and
adjusting at least one of the orthogonal magnetic fields
to control a permeability of the magnetic core to adjust
the voltage in response to the output voltage sensed.
[0019] In systems according to an embodiment of the
invention there is practically no transformer action be-
tween the main winding and the control winding because
the two fields are orthogonal in all parts of the core. Thus,
the operation of the device can be extended into the sat-
urable region of the core. This extended operation in-
creases the power handling capacity of the variable in-
ductance by one order of magnitude, because the power
handling capacity is proportional to the inverse of the
permeability of the material (when the permeability is
halved, the power handling is doubled). Thus, the inven-
tion can be used in high power applications.

[0020] Further, a dynamic voltage booster or voltage
stabilization system employing orthogonal flux control to
increase a line voltage as required to avoid an undcrvolt-
age condition and to adjust the line voltage to maintain
the voltage at a desired value is a very efficient alternative
for improving weak lines. Such a unit can be connected
to a weak line and dynamically compensate for a load-
dependent voltage drop.

[0021] The system according to the invention includes
an electronically controlled orthogonal flux inductance.
Together with a transformer, this inductance provides a
variable output voltage which compensates for undesir-
able drops in voltage.

[0022] A voltage stabilization system for power supply
lines, in one embodiment, includes a control system for
controlling the current in the control winding as a function
of the desired and actual operating parameters of the
line. In one version, the operating parameter is the line
voltage. The regulating system supplies power to the
control winding in the variable inductance based on line
measurements and desired values of the line voltage
(e.g., setpoints), with the result that the output voltage
maintains the desired value.

[0023] Embodiments of the invention permit existing
weak lines to be adapted to maintain adequate voltage
in a simple and inexpensive manner when there is an
increase in energy use. In one embodiment, adequate
voltage is maintained by connecting the voltage stabili-
zation system in the line between the distribution trans-
former and the users. In a version on the embodiment,
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the autotransformer adds a voltage in series with the sup-
ply voltage, thus enabling the line voltage to be stabilized.
The variable inductance regulates the voltage across the
inductance (by altering the permeability of the inductance
core by means of orthogonal fields), or the time voltage
integral across it, in order to regulate the voltage across
the series winding in the autotransformer.

[0024] This voltage stabilization must be performed
swiftly in order to avoid damage to equipment on the user
side, because damage of this kind could occur if a rapid
change of load leads to an excessive overvoltage. In the
system according to an embodiment of the invention,
changes in the voltage will be controlled by means of the
currentin the control winding. The low inertia and respon-
siveness of the system allows it to absorb voltage peaks
and troughs.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The foregoing and other objects, features and
advantages of the present invention will be more fully
understood from the following description when read to-
gether with the accompanying drawings.

Figure 1 illustrates an autotransformer.

Figure 2 illustrates a first embodiment of the inven-
tion.

Figure 3 illustrates a second embodiment of the in-
vention.

Figure 4 illustrates a third embodiment of the inven-
tion.

Figure 5 illustrates a general block diagram of an
embodiment according to the invention.

Figure 6 illustrates the embodiment of Figure 2 in
greater detail.

Figure 7 illustrates a control system for controlling
the embodiments shown in Figures 6 and 8.

Figure 8 illustrates the embodiment of Figure 4 in
greater detail.

Figure 9 illustrates the embodiment of Figure 3 in
greater detail.

Figure 10 illustrates a control system for control of
the embodiment in Figure 9.

Figure 11 illustrates a three-phase embodiment of
the invention.

Figure 12 illustrates a control system for control of
the embodiment of Figure 1.

Figure 13 illustrates a second three-phase embodi-
ment of the invention.

Figure 14 illustrates a control system for control of
the embodiment of Figure 13.

Figure 15 illustrates a third three-phase embodiment
of the invention.

Figures 16-18 illustrate control systems for control-
ling the embodiment of Figure 15.

Figures 19 and 20 illustrate a controllable inductance
according to an embodiment of the invention.
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DETAILED DESCRIPTION

[0026] An autotransformer is a transformer with a se-
ries winding S and a parallel winding P. Figure 1 illus-
trates an autotransformer T1 where the parallel winding
P and the series windings S are connected in series. The
series winding S has a relatively small number of turns,
while the parallel winding P has a relatively large number
of turns. In one embodiment, the series winding has ap-
proximately 20 turns and the parallel winding has approx-
imately 230 turns. An applied voltage V1 is divided in
proportion to the number of turns in the series winding in
S and in the parallel winding P. If the total combined
number of turns included in parallel winding P and series
winding S is N1, and the number of turns in the parallel
winding P is N2, a voltage V2 having a value of V 1
(N2/N1) will appear across the parallel winding P. This
device is also reversible, so that if a voltage V2 is applied
across the parallel winding P, a flux is established which
links both the parallel winding P and the series winding
S. As a result, a potential difference of V1 = V2(N1/N2)
appears across N1 turns.

[0027] In a first embodiment of the invention shown in
Figure 2, the series winding S is connected in series with
a first power supply line (e.g., a first phase) from the line
input LI to the line output LU. In this embodiment, the
parallel winding is connected to a second power supply
line (e.g., a second phase) L via an orthogonal field var-
iable inductance LR. The voltage in the series winding S
can be changed here by changing the voltage in the par-
allel winding P by means of the variable inductance LR.
[0028] Inasecond embodimentof the invention shown
in Figure 3, the variable inductance LR and the series
winding S are connected in series with the first power
supply line from LI to LU, with the variable inductance
connected to the line side LI of the series winding S. The
parallel winding P is connected to the second power sup-
ply line.

[0029] In a third embodiment of the invention shown
in Figure 4, the variable inductance LR and the series
winding S are connected in series with the power supply
line from LI to LU, with the variable inductance connected
to the load side LU of the series winding S. The parallel
winding is connected directly to the second power supply
line L. In versions of the preceding embodiments, the
second phase is a neutral conductor.

[0030] Inthe second and the third embodiments of the
invention, the voltage in the first power supply line LI -
LU will be changed because the variable inductance LR
absorbs a time voltage integral that remains in series with
the voltage from the series winding S of the autotrans-
former.

[0031] Because the voltage absorbed by the variable
inductance is a reactive voltage, the voltage leads the
current by 90°. As a result, the voltage to be subtracted
or added to the load voltage is 90° out of phase with a
resistive current drawn by the load. In the autotransform-
er there is an ampere-turn balance between the series
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winding S and the parallel winding P. The current drawn
by the load is therefore reflected in the parallel winding
P and causes a voltage drop in the variable inductor. The
magnitude of the voltage drop depends on the value of
the variable inductance and the amount of current.
[0032] Inone embodiment, afixed inductoris mounted
in parallel with the parallel winding of the autotransform-
er. This reduces the harmonics generated by the system
and stabilizes control of the system. Alternatively, a var-
iable inductance may be used.

[0033] Inthe second embodiment, the current through
the variable inductance is the sum of the load current
through the series winding and the current through the
parallel winding, whereas in the third embodiment, the
current through the variable inductance is the load cur-
rent. In the first embodiment, the current through the var-
iable inductance is the current in the parallel winding.
Because these currents have different magnitudes, an
embodiment can be selected based on the particular ap-
plication.

[0034] Figure 5is a block diagram illustrating both the
voltage stabilizer and the associated control system (e.qg.,
regulating system). The first power supply line LI passes
through the voltage stabilizer which is controlled by the
control system. K1, K2 and K3 are switches which allow
the voltage stabilizer to be connected to, or disconnected
from the network. In Figure 5, K1 is illustrated in a closed
state and K2 and K3 are shown as open, corresponding
to the situation where the voltage stabilizer is not in use.
When the voltage stabilizer is in use, K1 and K2 are
opened and K3 is closed.

[0035] Figures6and 7 illustrate a single-phase voltage
stabilizer in more detail. T1 is the autotransformer with
the series winding S located between terminals 1-2 and
3, and the parallel winding P located between terminals
1-2 and 4. This corresponds to the first embodiment of
the invention illustrated schematically in Figure 2.
[0036] In Figure 6, T4 is the orthogonal field variable
inductance LR with a working winding or main winding
H located between terminals 1 and 2, and control winding
ST located between terminals 3 and 4. The controllable
inductance LR is connected to the parallel winding P of
transformer T1 with terminal 2 of T4 connected to terminal
4 of T1. Terminals 1L1 and 1L2 supply voltage to a rec-
tifier circuit U9 shown in Figure 7.

[0037] Figure 7 shows a control system for regulating
currentin the variable inductance T4. The control system
includes a setpoint adjustment unit, a switch S3 for con-
necting or disconnecting the regulation, a feedback cir-
cuit for sensing the output voltage of the autotransformer
T1, a processor unit U8, and a rectifier circuit U9 for con-
nection to the control winding of the inductance. In one
embodiment, the setpoint adjustment unitis a potentiom-
eter R8 and the feedback circuit includes a transformer
T7. In yet another embodiment, the processor unit U8
includes a microprocessor. In a further embodiment, the
system also includes an overvoltage protection circuit
uU10.
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[0038] In more detail, in one embodiment, the setpoint
adjustment unit of Figure 7 includes a first terminal, a
second terminal, and a third terminal connected to ter-
minals 7, 11 and 10 respectively of the processor unit
U8. The switch S3 includes a first terminal and a second
terminal connected to terminals 4 and 6 respectively of
the processor unit U8. The primary terminals 1, 2 of trans-
former T7 are connected to S1and R1 to sense the output
voltage appearing at LU. In a version of this embodiment,
a primary winding of transformer T7 is protected by fuses.
A first terminal and a second terminal of a secondary
winding of transformer T7 are connected to terminals 5
and 9 respectively of the processor unit U8.

[0039] In one embodiment, terminals 1L1 and 1L2,
which correspond to R1 and S1, are connected to line
inputs of the processor unit U8. In a version of this em-
bodiment, an isolation transformer is used to reduce the
voltage that appears at 1L1 and 1L2 before it is applied
to the processor unit U8. The overvoltage protection unit
U10 includes a first terminal, a second terminal, and a
third terminal connected to 1L1, a rectifier positive output
terminal, and 1L2 respectively. In a version of this em-
bodiment, the overvoltage protection circuit includes a
first potentiometer R1 connected between the first termi-
nal and the second terminal, and a second potentiometer
R2 connected between the second terminal and the third
terminal. The over voltage protection circuit also includes
fixed resistors R3 and R4.

[0040] In one embodiment, terminals 1L1 and 1L2 of
Figure 6 are also connected to a first terminal and a sec-
ond terminal of the rectifier circuit U9. The rectifier circuit
U9 output includes a positive terminal and a negative
terminal that are connected to the control winding ST at
terminals 3T4 and 4T4 respectively. In a version of this
embodiment, a resistor network including one or more
resistors (e.g., R5, R6 and R7) is connected in series
between the negative terminal and the control winding
ST.

[0041] In one embodiment, the rectifier circuit U9 is a
full wave bridge circuit including four diodes V1, V2, V3
and V4. In a version of this embodiment, diodes V1 and
V2 are controlled rectifier diodes, e.g., thyristors. The rec-
tifier circuit U9 is connected to processor unit U8 via con-
trol terminals for diode V1 and control terminals for diode
V2. In a further version of this embodiment, diode V5 is
connected between the positive terminal and the nega-
tive terminal of the rectifier circuit U9.

[0042] In general, the control system of Figure 7 auto-
matically adjusts the voltage drop across the main wind-
ing H of the controllable inductor T4 by adjusting the pow-
er supplied to the control winding ST in response to
changes to the output voltage of the autotransformer T1.
A setpoint representative of the desired output voltage
is established via the setpoint adjustment unit R8. A feed-
back circuit provides the processor unit U8 with an indi-
cation of the autotransformer T1 output voltage. The
processor unit U8 compares the setpoint to the feedback
voltage and adjusts the power supplied at the rectifier
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output terminals by controlling the operation of the recti-
fier circuit U9. In one embodiment, the output of the rec-
tifier circuit U9 is a DC current.

[0043] This first embodiment of the invention, shown
in Figure 6, where inductance LR is series connected
with the parallel winding P on the autotransformer T1, is
implemented by a voltage across the parallel winding P
in T1. This voltage is regulated by the inductance T4
which is connected in series by means of a transformer
with the line voltage LI - LU between input terminal X1
and outputterminal X1:7. As aresult, the voltage supplied
to the load from R and S on X1:7 and X1:10 can be in-
creased. If the difference between the feedback signal
and the setpoint is large, the regulator will increase the
control current to the inductance T4, thereby increasing
the additional voltage which compensates for the voltage
drop. Conversely, if the additional voltage is too high, the
power will be decreased by downwardly adjusting the
voltage added tothe line voltage. Thus, the output voltage
supplied to the load is maintained at a level approximately
equal to the setpoint voltage.

[0044] Figure 8 illustrates in more detail the third em-
bodiment of the invention originally described broadly
with reference to Figure 4. In Figure 8, T1 is an autotrans-
former with series winding S, located between terminals
1-2 and 3, and parallel winding P located between termi-
nals 1-2 and 4. The control system related to this circuit
is illustrated in Figure 7.

[0045] T4 is the orthogonal field variable inductance
with main winding H located between terminals 1 and 2,
and control winding ST between terminals 3 and 4. Ter-
minal 1 of inductance T4 is coupled to the output terminal
of the series winding S at terminal T3. The control current
is fed from the positive and negative terminals of a con-
trolled rectifier circuit U9 in Figure 7 to terminals 3 and 4
on the control winding ST of Figure 8. The feedback of
the output voltage from terminals R and S of the voltage
stabilizer of Figure 8 is connected to transformer T7 ter-
minals 2 and 1 of Figure 7. This connection provides a
feedback signal to the rectifier regulator U8 of Figure 7
In one embodiment, setpoint adjustments may be made
via potentiometer R8. The voltage input to the rectifier
U9 of Figure 8 is supplied from terminal X1:2 and X1:4
of Figure 7.

[0046] In this voltage system with inductance LR con-
nected on the loadside of and in series with the output
of series winding S of autotransformer T1, stabilization
is implemented by regulating the stepped-up output volt-
age from T1 (outgoing line voltage) via a controllable in-
ductive voltage drop across the inductance T4 which lies
in series in the line.

[0047] If the difference between feedback signal and
setpointislarge (e.g., alarge undervoltage), the regulator
will increase the control current to the inductance T4,
thereby decreasing the voltage drop over the inductance
to increase the voltage and compensate for the voltage
drop. Conversely, if the additional voltage is too high
(e.g., an overvoltage), the power supplied to the induct-
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ance T4 isdecreased. As aresult, the voltage drop across
the inductance T4 increases, the voltage supplied to the
load is decreased and the output voltage is maintained
at the setpoint voltage.

[0048] Figure 9illustrates in more detail a second em-
bodiment of the invention. Here, T 1 is the autotransform-
er with series winding S located between terminals 1-2
and 3. The parallel winding P is located between termi-
nals 1-2 and 4. This embodiment corresponds to the em-
bodiment illustrated schematically in Figure 3. The asso-
ciated control system is shown in Figure 10.

[0049] T4 isthe variable inductance with main winding
H located between terminals 1 and 2, and control winding
ST located between terminals 3 and 4. Terminal T4:2 of
the controllable inductance is connected to the series
winding S at terminal T1:1-2. The parallel winding P is
also connected to the terminal T1:2. Figure 10, shows
how the control current is fed from the positive and neg-
ative terminals of a controlled rectifier circuit U9 to termi-
nals 3 and 4 on the control winding ST of Figure 9. The
feedback of the output voltage from terminal R and S of
the voltage stabilizer is connected to transformer T7 ter-
minals 2 and 1. This connection provides a feedback sig-
nal to the rectifier regulator U8. In one embodiment, set-
point adjustments may be made via potentiometer R8.
The voltage input to the rectifier U9 is supplied from ter-
minal X1:2 and X1:4 of Figure 9.

[0050] This voltage regulator connection includes the
inductance LR connected on the line side of and in series
with the series winding S. In this embodiment, stabiliza-
tion is implemented via regulation of the auto transformer
input voltage via adjustment of the voltage drop across
the inductance T4 which lies in series in the line.
[0051] If the value of the setpoint is much greater than
the value of feedback signal (e.g. an undervoltage), the
regulator will increase the control current to the induct-
ance T4, to decrease the voltage drop across the induct-
ance and compensate for the voltage drop. Conversely,
if an overvoltage condition exists, the power supplied to
the control winding is decreased in order to increase the
voltage drop across the inductance and maintain the out-
put voltage supplied to the load approximately equal to
the setpoint voltage.

[0052] A three-phase embodiment for the single-
phase solutions described thus far may be based on the
same technical method of voltage regulation based on a
comparison between the output voltage and a reference
(e.g., a setpoint).

[0053] Figures 11 and 12 illustrate a three-phase em-
bodiment of the single-phase solution according to the
second embodiment of the invention that is illustrated in
Figure 3. In Figure 11 the control windings ST of induct-
ances T4, T5 and T6 are shown connected in series and
thereby are regulated equally via the control circuit of
Figure 12. Figure 12 shows a regulation system corre-
sponding to those described earlier. The regulation sys-
tem includes a setpoint adjustment resistor R8, a switch
S3 for connecting and disconnecting the regulator, a



11 EP 1 576 437 B1 12

transformer T7 for feedback voltage from phase RS, a
processor unit U8 (e.g., reactor regulator), a diode recti-
fier U9 and an overvoltage protection circuit U10. From
the output of the regulation system (points 3T4 and 4T4),
acurrentsignalis sentto variable reactance T4. Separate
regulation for each phase is also possible in a version of
this embodiment.

[0054] Figures 13 and 14 illustrate a three-phase em-
bodiment of the single-phase solution in Figure 8, where
the control windings of inductances T4, T5 and T6 (Figure
13) are connected in series and thereby are regulated
equally. Once again, separate regulation for each phase
is also possible in a version of this embodiment. Figure
14 shows the corresponding control circuitry employed
for regulating the voltage supplied to the load.

[0055] Figures 15-18 illustrate a three-phase embod-
iment of the single-phase solution in Figure 6. In Figure
15, inductances T4, T5 and T6 are shown. Each of these
inductances T4, T5 and T6 are regulated by separate
regulating circuits. In this three-phase embodiment, the
phase sequence is important since the voltages in the
series windings S are added vectorially to the phase volt-
age from the feed transformers to the line (not shown).
The series winding is placed between points 1 and 3 while
the parallel winding is placed between points 2 and 4.
The autotransformers for each phase T1, T2 and T3 are
also shown in Figure 15. The variable inductance T4 reg-
ulates the voltage to T1 in response to the feedback sig-
nal supplied from phase R-S (X1:7 and X1:10). Variable
inductance T5 regulates the voltage to T2 in response to
the feedback signal supplied from phase S-T (X1:12 and
X1:14). Variable inductance T6 regulates the voltage to
T31 in response to the feedback signal supplied from
phase T-R (X1:14 and X1:10). In this manner, the line
voltages for each phase can be regulated independently
of one another.

[0056] Figure 16 illustrates regulation of the voltage in
T1 by means of T4 in response to the desired voltage
represented by the set point established by setpoint ad-
justment R8. The output signal (see bottom right in Figure
16) is applied to the points 3and 4 on T4. A corresponding
regulation of T2 by means of T5 in response to setpoint
adjustment R10 is illustrated in Figure 17. Regulation of
the voltage in T3 by means of T6is illustrated in Figure 18.
[0057] The three-phase system as described above
shows a delta connection of the parallel winding. How-
ever, other connections may also be employed. For ex-
ample, in one embodiment, the parallel windings are con-
nected in a star (i.e., a wye) configuration which is well
known connection topology for three-phase systems.
[0058] Figure 19 shows an embodiment of the control-
lable inductor T4. The controllable inductor 4 includes a
first pipe element 101, a main winding H wound around
the first pipe element 101. The controllable inductor also
includes magnetic end couplers 105, 106 in one embod-
iment. In one embodiment, the controllable inductor T4
is manufactured from anisotropic material. In a version
of this embodiment, the anisotropic material is grain ori-
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ented anisotropic material. Where grain oriented material
is used a grain oriented direction (GO) and a transverse
direction (TD) can be defined.

[0059] Asshownin Figure 20, the controllable inductor
T4 also includes a second pipe element 102. A control
winding ST is wound around the second pipe element
and a second axis that is orthogonal to a first axis around
which the main winding H is wound. In a version of this
embodiment the second pipe element 102 is located con-
centrically within the first pipe element 101. End couplers
105 and 106 each connect an end of the first pipe element
101 to a corresponding end of the second pipe element
102. In a version of this embodiment, a magnetic core is
formed by the first pipe element 101, the second pipe
element 102, and end couplers 105, 106.

[0060] Inthe embodiment shown in Figure 20, the first
axis M is an annular axis relative to the second axis L.
In this embodiment, second axis L is a linear axis located
at the center of the second pipe member 102.

[0061] Inoperation, the controllable inductor T4 of Fig-
ures 19 and 20 develops two orthogonal fluxes. A first
magnetic field H; and a first magnetic flux B; are gener-
ated when the main winding H is energized. A second
magpnetic field Hg and a second magnetic flux Bs are gen-
erated when the control winding ST is energized. In a
version of this embodiment, the magnetic fields H;, Hg
are orthogonal to one another in substantially all of the
magnetic core, and the magnetic fluxes By, Bg are orthog-
onal to one another in substantially all of the magnetic
core.

Claims

1. A system for voltage stabilization of a power supply
line (LI, LU), the system comprising:

an autotransformer (S, P) comprising a series
winding (S) and a parallel winding (P);

a variable inductance (LR) connected to the au-
totransformer, the variable inductance compris-
ing a magnetic core, a main winding wound
around a first axis, and a control winding wound
around a second axis, wherein the first axis and
the second axis are orthogonal axes so that
when the main winding and the control winding
are energized orthogonal fluxes are generated
in the magnetic core; and

a control system arranged to control the perme-
ability of the magnetic core to compensate au-
tomatically for voltage variations in the power
supply line.

2. The system according to claim 1, the control system
further comprising:

a processor unit (U8);
a setpoint adjustment unit in electrical commu-
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nication with the processor unit;

a switch (S3) in electrical communication with
the processor unit;

a feedback input in electrical communication
with both the processor unit and the power sup-
ply line; and

a rectifier circuit (U9) in electrical communica-
tion with both the processor unit and the control
winding,

wherein the switch is operable to connect and
disconnect regulation,

wherein the feedback input senses an output
voltage, and

wherein the processor unit controls a control cur-
rent supplied to the control winding.

The system according to claim 1, wherein the series
winding of the autotransformer is connected in series
with a first power supply line, and

wherein the parallel winding is connected in series
with both the main winding and a second power sup-

ply line.

A system according to claim 1, wherein the series
winding and the main winding are connected in se-
ries with a first power supply line,

wherein the main winding is located on a line side of
the series winding, and

wherein the parallel winding is directly connected to
a second power supply line.

The system according to claim 1, wherein the series
winding and the main winding are connected in se-
ries with a first power supply line,

wherein the main winding is located on a load side
of the series winding, and

wherein the parallel winding is directly connected to
a second power supply line.

A three-phase system for voltage stabilization, com-
prising a system according to any of claim 2, 3, or 4
for voltage stabilization of each phase.

A three-phase system according to claim 6, wherein
control windings for three phases are connected in
series and regulated together.

A three-phase system according to claim 6, wherein
control windings for the three phases are controlled
independently of one another.

The system according to claim 1 wherein the mag-
netic core comprises anisotropic material.

The system according to claim 1 wherein the orthog-
onal fluxes are generated in substantially all of the
magnetic core.
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A method of stabilizing a voltage, the method com-
prising the steps of:

supplying an input voltage to an autotransformer
(S, P);

connecting a controllable inductance in series
with at least one winding of the autotransformer;
sensing an output voltage;

generating orthogonal magnetic fields in a mag-
netic core of the controllable inductance; and
adjusting atleast one of the orthogonal magnetic
fields to control a permeability of the magnetic
core to adjust the voltage in response to the out-
put voltage sensed.

The method of claim 11 wherein the controllable in-
ductance is connected in series with a series winding
in a first phase of a circuit.

The method of claim 12 wherein the controllable in-
ductance is connected to the load side of the series
winding

The method of claim 11 wherein the step of control-
ling a permeability further comprises, adjusting a
control current supplied to a control winding of the
controllable inductance.

Patentanspriiche

1.

2.

System zur Spannungsstabilisierung einer Strom-
versorgungsleitung (LI, LU), wobei das System
umfasst :

einen Autotransformator (S, P), der eine Rei-
henwicklung (S) und eine Parallelwicklung (P)
umfasst;

eine mit dem Autotransformator verbundenen
variable Induktivitat (LR), wobei die variable In-
duktivitat einen Magnetkern, eine um eine erste
Achse gewikkelte Hauptwicklung, und eine um
eine zweite Achse gewickelte Steuerwicklung
umfasst, wobei die erste Achse und die zweite
Achse orthogonale Achsen sind, so dass beim
Energetisieren der ..Hauptwicklung und der
Steuerwicklung orthogonale Flisse im Magnet-
kern erzeugt werden; und

ein Steuersystem, das dafiir ausgelegt ist, die
Permeabilitdt des Magnetkerns zu steuern, um
automatisch Spannungsvariationen der Strom-
versorgungsleitung zu kompensieren.

System gemal Anspruch 1, wobei das Steuersy-
stem weiter umfasst:

eine Prozessoreinheit (U8);
eine Sollwerteinstelleinheit in elektrischer Kom-
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munikation mit der Prozessoreinheit;

ein Schalter (S3) in elektrischer Kommunikation
mit der Prozessoreinheit;

ein Ruckkopplungseingang in elektrischer Kom-
munikation mit sowohl der Prozessoreinheit als
auch der Stromversorgungsleitung; und

eine Gleichrichterschaltung (U9) in elektrischer
Kommunikation mit sowohl der Prozessorein-
heit als auch der Steuerwicklung,

wobei der Schalter betreibbar ist, die Regulie-
rung zu verbinden und zu trennen,

wobei der Rickkopplungseingang eine Aus-
gangsspannung erfasst, und

wobei die Prozessoreinheit einen Steuerstrom
steuert, welcher der Steuerwicklung zugefihrt
wird.

System gemanR Anspruch 1, wobei die serielle Wick-
lung des Autotransformators in Reihe mit einer er-
sten Stromversorgungsleitung geschaltet ist, und
wobei die parallele Wicklung in Reihe mit sowohl der
Hauptwicklung als auch einer zweiten Stromversor-
gungsleitung geschaltet ist.

System gemaf Anspruch 1, wobei die Reihenwick-
lung und die Hauptwicklung in Reihe mit einer ersten
Stromversorgungsleitung geschaltet sind, wobei die
Hauptwicklung auf einer Leitungsseite der Reihen-
wicklung lokalisiert ist und wobei die Parallelwick-
lung direkt mit einer zweiten Stromversorgungslei-
tung verbunden ist.

System gemaf Anspruch 1, wobei die Reihenwick-
lung und die Hauptwicklung in Reihe mit einer ersten
Stromversorgungsleitung geschaltet sind, wobei die
Hauptwicklung auf einer Lastseite der Reihenwick-
lung lokalisiert ist, und wobei die Parallelwicklung
direkt mit einer zweiten Stromversorgungsleitung
verbunden ist.

Drei-Phasen-System zur Spannungsstabilisierung,
umfassend ein System gemaf einem der Anspriiche
2,3 oder4 zur Spannungsstabilisierung jeder Phase.

Drei-Phasen-System gemaR Anspruch 6, wobei
Steuerwicklungen fir drei Phasen seriell geschaltet
und gemeinsam reguliert sind.

Drei-Phasen-System gemaR Anspruch 6, wobei
Steuerwicklungen fiir die drei Phasen unabhangig
voneinander gesteuert werden.

System gemal Anspruch 1, wobei der Magnetkern
anisotropes Material umfasst.

System gemaf Anspruch 1, wobei die orthogonalen
Flusse im Wesentlichen im gesamten Magnetkern
erzeugt werden.
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Verfahren zur Stabilisierung einer Spannung, wobei
das Verfahren die Schritte umfasst:

Zufiihren einer Eingangsspannung an einen Au-
totransformator (S, P) ;

Verbinden einer steuerbaren Induktivitat in Rei-
he mit zumindest einer Wicklung des Autotrans-
formators;

Erfassen einer Ausgangsspannung;

Erzeugen orthogonaler Magnetfelder in einem
Magnetkern der steuerbaren Induktivitat; und
Einstellen zumindest eines der orthogonalen
Magnetfelder, um eine Permeabilitdt des Ma-
gnetkernes zu steuern, um die Spannung in Re-
aktion auf die erfasste Ausgangsspannung ein-
zustellen.

Verfahren gemaf Anspruch 11, wobei die steuerba-
re Induktivitat in Reihe mit einer Reihenwicklung in
einer ersten Phase einer Schaltung verbunden ist.

Verfahren nach Anspruch 12, wobei die steuerbare
Induktivitdt mit der Lastseite der Reihenwicklung
verbunden ist.

Verfahren nach Anspruch 11, wobei der Schritt des
Steuerns einer Permeabilitat weiterhin das Einstel-
len eines einer Steuerwicklung der steuerbaren In-
duktivitat zugefiihrten Steuerstroms umfasst.

Revendications

1.

2.

systéme pour la stabilisation de tension d’'une ligne
d’alimentation électrique (LI, LU), le systéme
comprenant :

* un autotransformateur (S. P) comprenant un
enroulement série (S) et un enroulement paral-
lele (P) ;

« une self variable (LR) connectée a I'autotrans-
formateur, la self variable comprenant un noyau
magnétique, un enroulement principal enroulé
autour d’'un premier axe, et un enroulement de
commande enroulé autour d’'un deuxiéme axe,
dans lequel le premier axe et le deuxiéme axe
sont orthogonaux de maniéere que, quand I'en-
roulement principal et I'enroulement de com-
mande sont alimentés, des flux orthogonaux
soient générés dans le noyau magnétique ; et

* un systéme de commande agencé pour con-
tréler la perméabilité du noyau magnétique pour
compenser automatiquement des variations de
tension dans la ligne d’alimentation électrique.

Systéme selon la revendication 1, le systéme de
commande comprenant en outre :
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* une unité de processeur (U8) ;

* une unité de réglage de valeur de consigne en
communication électrique avec l'unité de
processeur ;

» un commutateur (S3) en communication élec-
trigue avec l'unité de processeur ;

* une entrée de rétroaction en communication
électrique a la fois avec I'unité de processeur et
la ligne d’alimentation électrique ; et

* un circuit redresseur (U9) en communication
électrique a la fois avec 'unité de processeur et
'enroulement de commande,

» dans lequel le commutateur est exploitable
pour connecter et déconnecter la régulation,

« dans lequel I'entrée de rétroaction détecte une
tension de sortie, et

« dans lequel I'unité de processeur contréle un
courant de commande délivré a I'enroulement
de commande.

Systéme selon la revendication 1, dans lequel I'en-
roulement série de I'autotransformateur est connec-
té en série avec une premiere ligne d’alimentation
électrique, et

dans lequel I'enroulement parallele est connecté en
série a la fois avec I'enroulement principal et une
deuxiéme ligne d’alimentation électrique.

Systéme selon la revendication 1, dans lequel I'en-
roulement série et 'enroulement principal sont con-
nectés en série avec une premiére ligne d’alimenta-
tion électrique,

dans lequel I'enroulement principal est situé sur un
cété ligne de I'enroulement série, et

dans lequel I'enroulement paralléle est directement
connecté a une deuxieme ligne d’alimentation élec-
trique.

Systéme selon la revendication 1, dans lequel I'en-
roulement série et 'enroulement principal sont con-
nectés en série avec une premiére ligne d’alimenta-
tion électrique,

« dans lequel I'enroulement principal est situé
sur un c6té charge de I'enroulement série, et

« dans lequel I'enroulement paralléle est direc-
tement connecté a une deuxiéme ligne d’ali-
mentation électrique.

Systéme triphasé pour la stabilisation de tension,
comprenant un systéme selon 'une quelconque des
revendications 2, 3 ou 4 pour la stabilisation de ten-
sion de chaque phase.

systeme triphasé selon la revendication 6, dans le-
quel les enroulements de commande pour les trois
phases sont connectés en série et régulés ensem-
ble.
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8.

10.

11.

12.

13.

14.

Systéme triphasé selon la revendication 6, dans le-
quel les enroulements de commande pour les trois
phases sont contr6lés indépendamment I'un de
l'autre.

Systéme selon la revendication 1, dans lequel le
noyau magnétique comprend un matériau anisotro-

pe.

Systéeme selon la revendication 1, dans lequel les
flux orthogonaux sont générés sensiblement dans
la totalité du noyau magnétique.

Méthode de stabilisation d’une tension, la Méthode
comprenant les étapes consistant a :

« délivrer une tension d’entrée a un autotrans-
formateur (S, p) ;

+ connecter une self controlable en série avec
au moins un enroulement de
"autotransformateur ;

* détecter une tension de sortie ;

* générer des champs orthogonaux dans un
noyau magnétique de la self controlable ; et

* régler au moins un des champs magnétiques
dans un noyau magnétique pour contréler une
perméabilité du noyau magnétique pour ajuster
la tension en réponse a la tension de sortie dé-
tectée.

Méthode selon la revendication 11, dans laquelle la
self contrdlable est connectée en série a un enrou-
lement série dans une premiére phase d’un circuit.

Méthode selon la revendication 12, dans laquelle la
self contrOlable est connectée au c6té charge de
I’enroulement série.

Méthode selon la revendication 11, dans laquelle
I’étape de contréle d’'une perméabilité comprend en
outre le réglage d’un courant de commande délivré
a un enroulement de commande de la self contréla-
ble.
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