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This invention relates to electric circuits and
more particularly to improvements in control
circuits for automatic voltage regulators which
adjust the voltage of interconnected power cir-
cuits.

When power circuits, each of which has its
own automatic voltage regulator, are intercon-
nected, a troublesome circulating current often
flows in the circuits. This is because the loop
circuit comprising two or more power circuits
and their interconnections usually has a rela-
tively low impedance so that relatively small
unbalanced voltages will cause relatively large
circulating currents to flow. These circulating
currents ordinarily do no useful work and cause
wasteful losses in the system. One way to cor-
rect this is to provide a mechanical or positive
interconnection between the regulators so that
the voltages of the interconnected power circuits
must always be the same, However, this is often
impractical so that it is very desirable to be able
to provide electrical means which will automati-
cally control the regulators so as to minimize
circulating currents.

The problem is further complicated when the
regulators are provided with line drop compen-
sators. These are current responsive devices
which, in effect, overcompound the regulators
so as to compensate for the increased voltage
drop in the power and load circuits with in-
creases in load with the result that the voltage
is maintained constant at some point on the load
circuit, such as a so-called center of distribution
which is remote from the regulators. Hereto-
fore, these line drop compensators have re-
sponded to the total current in their associated
power circuits and as the total current includes
the circulating current the line drop compensa-
tors have also responded to the circulating cur-
rent. The result has been that the line drop
compensators and any circulating current com-
pensators which have responded to circulating
current have operated against each other in that
when the effect of circulating current on the
circulating current compensator has been to
lower the voltage held by the regulator the effect
of the same current on the line drop compensa-

tor has been to raise the voltage of the regulator. *

In accordance with the present invention there
is provided a new and improved regulator control
system in which the power circuit current is
separated into its load and circulating current
components and only the load component is used
to energize the line drop compensator and only

the circulating component is used to energize :

the circulating current compensator.

An object of the invention is to provide a new
and improved electric circuit.

Another object of the invention is to provide
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a new and improved control circuit for auto-
matic voltage regulators.

- A further object of the invention is to provide
a new and improved system for controlling cir-
culating current in interconnected individually
voltage regulated power circuits.

A still further object of the invention is to
provide a novel system for segregating the load
and circulating components of the current in
interconnected circuits.

The invention will be better understood from
the following description taken in connection
with the accompanying drawings and its scope
will be pointed out in the appended claims.

In the drawings, Fig. 1 illustrates diagram-
matically an embodiment of the invention in
which three single-phase automatic voltage reg-
ulating transformers are delta-connected, Fig. 2
is a vector diagram for explaining the operation
of Fig. 1, Fig. 3 is a modification in which circu-
lating currents in a plurality of parallel-con-
nected single-phase power circuits are controlled
by a system employing as many auxiliary cur-
rent transformers as there are power circuits,
and Fig. 4 is a modification of Fig. 3 in which
the number of necessary auxiliary current trans-
formers is reduced to one less than the number
of power circuits and in which the circulating
current and line drop compensators are physi-
cally combined.

Referring now to the drawings and more par-
ticularly to Fig. 1, there are shown therein three
single-phase variable-ratio transformers {, I’,
and {’* which serve to interconnect a pair of
three-phase circuits 2 and 3. These transform-
ers are shown connected delta-delta and it will
be assumed that the circuit 2 is the supply circuit
and the circuit 3 is the load circuit. The ratios
of these transformers may be varied in any suit-
able manner and, as shown, they are provided
with tap changers 4, 4’, and 4’ respectively. The
tap changer 4 is operated through any suitable
and well-known driving mechanism 5 by means
of a reversible motor 6. As the automatic regu-
jators and most of the control for all of the
transformers are the same, corresponding ele-
ments in the regulators will henceforth be given
the same reference numeral and will be distin-
guished by the appropriate prime and double-
prime marks without referring to them specifi-
cally in each case. The motor 6 is controlled
by a primary electroresponsive device 1 which
is shown as consisting essentially of a solenoid
winding connected by schematically illustrated
mechanical means to actuate the equivalent of
a single-pole, double-throw switch. The wind-
ing T is connected in a voltage sensitive control
circuit which is energized by a potential trans-
former 11 which is connected to respond to the
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voltage of the secondary winding of its asso-
clated power transformer.

For improving the operation of the primary
controller 7 there is provided a so-called mono-
cyclic ballast 8 consisting of a reactor and a
capacitor, one of which is connected in shunt
circuit relation with the coil of the primary con-
troller and the other of which is connected in
series circuit relation therewith. These ele-
ments constitute a simple form of monocyclic
circuit having the well-known property of con-
verting constant voltage to constant current, so
that with constant voltage applied to the con-
.trol circuit by the secondary winding of the po-
tential transformer 1’ the operating coil of the
primary controller will have constant current
regardless of its impedance.

The motor 8 is also energized by the potential
transformer T; by connecting thie movable one of
the control contacts directly to cne side of the
secondary winding of the potential transformer
and connecting a termingl of the motor to the
other side of the secondary winding of the po-
tential transformer 1. through the contacts of
a protective relay 9 whose function will be de-
scribed later. Also connected in the control cir-
cuit is a circulating current compensator {0 and
a line drop compensator {1. The former may
comprise simply a reactance transformer; that is
to say, a transformer having an air gap in its
core s0 as to give a linear relation between its
voltage and its abnormally high magnetizing cur-
rent. The secondary winding of this device is
connected in the control circuit and the result

is that the voltage which it inserts in the control 3;

circuit is substantially in quadrature with the
current in its primary winding. The line drop
compensator comprises another reactance trans-
former combined with a rheostat, each of these
devices being provided with taps for adjusting
the ratio between the current circulated through
them and the voltages or voltage drops which
they insert in the control circuit.

The current circulated through both of the
compensators is derived from a current trans-
former 12 connected in series with the secondary
winding & within the delta connection but, as
will be explained more fully below, the output
current of the current transformer 12 is sep-

arated into circulating and load components :

which are caused respectively to flow through the
circulating current and line drop compensators.

Ignoring for the time being the circulating cur-
rent and line drop compensators, the operation
of each automatic regulator is as follows: When
the voltage of the secondary winding of the power
transformer is at a predetermined normal value,
the energization of the winding of the main con-
trol element T will be such as to keep its contacts
open so that the motor € will be at rest. If,
however, the voltage departs from normal in
either direction, the change in energization of
the device T will be such as to close one or the
other of its sets of contacts, thereby to connect
the motor 8 across the secondary winding of the
potential transformer 11 through one or the other
of its fleld windings, thereby to cause the motor
to drive the tap-changing means 4 in such a di-
rection as to restore the voltage to normal. The
three primary controllers are all set or adjusted
to balance at the same voltage but as a practical
matter it is impossible to have them all operate
their respective contacts at exactly the same
value of voltage. The result is that one regu-

&

20

Bl

40

4

G0

85

70

lator may produce a tap change before the others 75

2,323,716

do, thereby causing inequality between the phase
voltages of the delta-connected system with the
result that a circulating current flows therein.
This condition is illustrated in Fig. 2 in which
the three full-line vectors {1, I’ and 1’’ represent
the voltages of the three secondary windings
during balanced conditions when all the volt-
ages are equal. Assuming that the regulator for
transformer { has gotten out of step with the
others and has raised the voltage of the second-
ary winding an amount corresponding to one tap
change, the new internal value of voltage of the
secondary winding will be the vector (1. How-
ever, because of the delta connection, this causes

» the voltage of the other two phases to change

to 11" and I11’. These voltages will not be in
phase with the voltage of the primary windings
of the transformers and consequently a circu-
lating current is set up in the two deltas which
results in impedance voltage drops which reduce
voltage 11 to I2 and reduce 11’ to {2’ and reduce
11"’ to 12’’ as shown in the diagram. The im-
pedance voltage due to the circulating current
in each phase will be equal to (11—12) ‘and will
have the same phase position in all three trans-
formers because it is set up by the same circulat-
ing current.

It will be observed from the above vector dia-
gram that although the tap change was made by
tap changer 4, the voltage of its winding was not
increased by the full amount represented by one
tap and that the voltages of the other two phases
are increased from their original values to the
sub-2-values, although no tap change has oc-
curred in them. Consequently, a tap change is
less likely to follow by tap changers 8’ and 4’'
and a further tap change may be necessary by
tap changer 4 in order to give the required cor-
rection in case of low voltage on the load cireuit
3. Thus the effect of the circulating current is
to move the tap-changing equipments further
apart on the different transformers or phases.

The segregation of the load and circulating
components of the output currents of the three
current transformers is accomplished by means
of a pair of inductive reactance devices (3 and
14, These are three-phase devices and they are
connected effectively in parallel with each other
to the three-phase output circuit of the three
current transformers. Device 13 is a so-called
zigzag transformer which has relatively low re-
actance with respect to the circulating current
component and relatively high reactance with
respect to the load current component, whereas
device 14 which is a simple reactor has the op-
posite characteristics in that it has high reac-
tance with respect to the circulating current com-
ponent and low reactance with respect to the
load current component. The result is that sub-
stantially all of the circulating current compo-
nent flows through the device 13 and substantial-
ly all of the load current component flows through
the device 4.

As shown, the secondary windings of the three
current transformers are connected to a com-
mon neutral conductor 15 and their remaining
terminals are connected by means of conductors
16, 18’, and I8’’ to junction points 171, 11’ and
i1"’. The zigzag transformer {3 has a neutral
18 which is connected to the neutral {5 of the
current transformer secondary windings by a
conductor 19 in series with which are connected
the primary windings of the three circulating
current compensators 10 and the operating wind-
ings of the three protective relays 9. The three
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windings of the reactor |4 are connected respec-
tively to the junctions 17, 17, and 11’ and their
remaining terminals are connected to a neutral
conductor 20 through the respective line drop
compensators (I, 11’ and 14*’.

Specifically, the zigzag transformer 3 com-
prises a three-legged core similar to the core of
a three-phase transformer. Mounted on each
leg is a pair of windings and all six windings
have the same number of turns. Serially con-
nected between each of the junction points 17,
{7’ and 17"’ and the neutral I8 are two of the
windings which are on different legs. They are
s0 connected that their instantaneous magneto-
.motive forces are in opposite directions with re-
spect to the legs upon which they are mounteq.
The entire connection is symmetrical. The re-
sult-is that with respect to a symmetrical three-
phase voltage impressed between the junctions
11, 17’ and (7'’ the leg voltages between each
of these junctions and the neutral 18 will be the
vector difference between the voltages of the two
windings serially connected between each junc-
-tion and the neutral. These leg voltages will,
of course, not be in phase with the voltage of
any one of the windings but the major compo-
nents of the currents in the two windings on
each leg will be in phase with each other so that
the core will be magnetized like a conventional
three-phase transformer core. Consequently, the
device will act like a three-phase reactor with
respeéct to a three-phase voltage and therefore
the three-phase current will be limited to an
insignificant value corresponding to the mag-
netizing current of a reactor. However, if the
currents in all six windings are in phase with
each other, which would be the result if the leg
voltages between the junctions 171, A7’ and 17"’
and the neutral I8 were all in phase with each
other, then the magnetizing effects of the two
windings on each leg would be exactly equal and
opposite to each other so that the core would be

“unmagnetized and the device would have sub-
stantially zero reactance. .

The device {4 has all of its windings mounted
on the same magnetic circuit so that in-phase
currents in the three windings will produce
cumulative magnetic effects, thereby strongly to
magnetize the core with the result that the de-
vice has a high reactance with respect to such
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currents. On the other hand, if the three wind-

ings carry symmetrical three-phase currents,
then the vector sum of their magnetizing effects
is zero, so that the core is unmagnetized and the
device has very low reactance with respect to
such currents. S _

In a polyphase system of currents whose sym-
metry is disturbed by a circulating current, the
resulting unsymmetrical three-phase system is
resolvable into what are sometimes called posi-
tive and zero sequence components. The zero
sequence component is the same in all the phases
and therefore, as its name implies, it has no
phase sequence. This zere sequence component
therefore corresponds to the circulating current,
and the remaining positive sequence component
is symmetrical and it will be seen that it corre-
sponds’ to the load or power component of the
current. .

In Fig. 1 the full-line arrows represent the load

r positive sequence components of the current
/gutput of the secondary windings of the current
transformers, and the dashed arrows indicate
the circulating or zero sequence components of
this current. It should be understood, however,
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that these arrows do not represent accurately
the vector relations between the load or positive
sequence currents because they form a symmet-
rical three-phase system and consequently they
are vectorially 120 degrees apart. As will be
seen, the two currents of each phase flow tn-
gether from the windings 12 through the con- _
ductors 16 to the junction points 11. At these
Junction points they are offered the choice of
two effectively parallel paths, one through the
device 13 and the other through the device (4.
As has been previously explained, the impedance
of the device {3 is very low with respect to the
zero sequence currents and is very high with re-
spect to the positive sequence currents and, con-
versely, the impedance of the device 14 is very
low with respect to the positive sequence cur-
rents and very high with respect to the zero
sequence currents. The result is that the zero
sequence or circulating currents all flow through
the zigzag transformer {3 and the positive se-
quence or load component currents all flow
through the device (4. The zero sequence cur-
rents combine in the neutral 18—I9 and all flow
through the circulating current compensators
and the relays 8 and back to the neutral IB.
This connection of the circulating current com-
pensators is preferable to connecting each one
of them in series with the respective input phases
of the zigzag transformer 13 because obviously
the current in the neutral 18—1{8 is three times
as large as the current in the three input phases,
as the circulating currents all being in phase
add algebraically in the neutral. As indicated
by the solid arrows, the positive sequence cur-
rents when they leave the windings of the device
14 flow respectively through the line drop com-
pensators and then back to the neutral 20 where
they add up to zero so that the neutrals 20 and
18 need not be interconnected.

The device 14 is not so important when there
is no connection between the neutrals 15 and 20
because the absence of such connection will in
itself prevent the flow of.zero sequence current
in the line drop compensators. However, when
these neutrals are grounded or otherwise inter-
connected, then the device 184 is necessary to
keep the zero sequence current out of the line
drop compensators.

The - resistance and reactance elements of the
line drop compensators are adjusted so that the
voltages which they insert in the circuit of the
primary controller T are proportional respectively
to the resistance and reactance voltage drops pro-
duced by the actual load current flowing in the
power system between any particular point on the
load circuit 8 and the corresponding secondary
winding of the power transformers in the delta
connection. Because of the fact that none of
the circulating current flows through the line
drop compensators, the amount of line drop com-
pensation will be unaffected by the presence of
circulating current which is a highly desirable
result. This is especially true because in most
systems the internal impedance of the delta or
power transformer winding connections is low
compared with the impedance of the load cir-
cuit 3 and as the circulating current is confined
to the delta and does not get out into the load
circuit, it obviously has little or no effect on the
correct amount of line drop compensation.

Similarly, as none of the power current flows
through the circulating current compensators,
they respond only to circulating current and pro-
duce no compensating voltages when there is no
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circulating current. The voltages produced by
the circulating current compensaters have the
same phase in all three of the regulator control
circuits. This voltage will be in phase with and
additive algebraically with respect to the volt-
age of the potential transformer or the power
transformer whose voltage is above the voltage
of the others, thereby to cause the regulator con-
trol element to act as though the voltage is too
high and therefore lower the voltage. As the
voltages of the other two potential transformers
have 120-degree phase displacement with respect
to the high voltage one of the three, the circulat-
ing current compensator voltages in those con-
trol circuits will add vectorially to their respec-
tive potential transformer voltages and the re-
sultant will in both cases be lower than the volt-
age of their respective potential transformers,
thereby causing the regulators to raise the volt-
age of the low voltage power transformers. In
this manner the presence of circulating current
automatically causes effects in the regulator con-
trol circuits which are such as to change the
power circuit voltages in a manner to reduce the
circulating current to zero.

The relays 9 are adjusted to open their con-
tacts when the value of circulating current
reaches a predetermined and excessive amount.
Therefore, if for any reason the circulating cur-

rent compensators do not operate properly, the .

relays 9 will open their contacts and thereby will
cause the motors 6 to be deenergized so as to pre-
vent the regulators from being driven any further
apart and thus causing any further increase in
circulating current.

In Fig. 3 there are three power circuits 21, 21’
and 21’’ which instead of being connected in
delta, as are the power transformers I, I’ and 1"’
of Fig. 1, may be considered as being connected
in parallel with each other by any suitable con-
necting means (not shown). For the sake of sim-
plicity, the actual voltage regulating means for
these circuits have not been shown and only
the control circuits for the regulators have been
shown. These control circuits are similar to
those shown in Fig. 1 in that they each comprise
a potential transformer T: connected to measure
the voltage of the power circuit and a current
transformer 12 connected to measure the cur-
rent in the circuit. The potential transformer
circuit includes the operating element of the
main control device 1 in series with the circulat-
ing current compensator 10 and the line drop
compensator || and the current transformer 12
serves to supply current for the two compen-
sators. .

However, in Fig. 3 the means for segregating the
load and circulating components of the current in
current transformers is different. Thus, there
are provided three auxiliary current transform-
ers 22, 22’ and 22”’, all of whose secondary wind-
ings are connected in series. The primary wind-
ings of these current transformers are connected
in series respectively with the line drop com-
pensators. The effect of the auxiliary current
transformers is to force a fixed ratio of current
in the line drop compensators. This is one of
the characteristics of the load current in paral-
jel-connected alternating-current circuits be-
cause the circulating current, as its name im-
plies, does not flow through the load but only
circulates through the paralleling connections
and thus what it adds to the current in one or
more of the circuits it subtracts equally from the
current in the other circuits so that the average
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current remains unchanged. Thus, the presence
or absence of circulating current does not affect
the ratio of load currents in the parallel-con-
nected circuits.

In the simplest case in which all of the parallel
power circuits share the load equally, the current
transformers (2 will have the same ratio and
the current transformers 22 will have the same
ratio. The series connection of the secondary
windings of the current transformers 22 means
that they all carry the same current and con-
sequently by reason of the close coupling between
the primary and secondary windings of each of
them the primary windings tend to carry the
In the case where there Is no
circulating current, all of the output current from
the current transformers 12 will then flow
through the primary windings of the auxillary
current transformers 22 and through the line
drop compensators, as should be the case. If,
however, the voltages of the power circuits be-
come unequal, then the circulating current which
is additive in one or more of the power circults
and subtractive in the others will be prevented
from flowing through the line drop compensators
by the auxiliary current transformers 22 which
prevent a change of the ratio of currents through
their primary windings so that all of the cir-
culating current is forced through the relays 9
and the circulating current compensators.

The solid and dashed arrows indicate the op-

- eration of the circuit for the case where the
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voltage of circuit 21 is higher than the voltages
of the other two circuits. In this case there are
two units of circulating current which flow in
the current transformer 12 and down to the junc-
tion point i1. They then flow through the relay
9 and through the circulating current compen-
sator 10 and then on through an equalizing con-
ductor 23, one unit of circulating current leav-
ing the conductor 23 and flowing through the
circulating current compensator 10’ in what will
be noted to be the opposite direction to that in
which it flows through the compensator 10. This
unit of circulating current then flows through
a conductor 24 and through the current trans-
former 12’ and through a conductor 25 to the
neutral connection 5. The remaining unit of
circulating current flows on through the con-
ductor 23 and flows through the circulating cur-
rent compensator 10’/ in the same direction as
the first unit flowed through the compensator
10’. It then flows up through a conductor 28
to the current transformer {2’’ and down to the
neutral connection |5 through a conductor 21,
the two units of circulating current then recom-
bining and flowing up through a conductor 28 to
the current transformer i2. This completes the
entire circuit for the circulating current com-
ponents in the regulator control circuits. The
flow of the power component currents, which are
indicated by the solid arrows, is obvious from
the drawings.

In Fig. 4 the circuit is simplified and its cost
reduced by reducing the number of auxiliary
current transformers. For the sake of simplicity,
only two power circuits are shown and ccnse-
quently only one auxiliary current transformer
is necessary. Asshown, each of the two windings
of this current transformer is connected respec-
tively to the junctions {7 and {71’ and the remain-
ing terminals of the two windings are connected
respectively to the line drop compensators If.
By means of the close coupling between the
windings of the auxiliary current transformers
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their ratio of currents is fixed, thereby, as pre-
viously explained, forcing the load components
of the current in the main current transformers
{2 to flow through the line drop compensators.
These currents, -as in: the previous figures, are
indicgted by the solid arrows. The remaining
circulating current components therefore must
flow through the: circulating current compensa-
tors 10, as indicated by the dashed arrows. In
this figure the reactance transformers constitut-
ing the circulating current compensator {0 and
the reactance element of the line drop compen-
sator 11 have a common secondary winding. In
this manner these devices may conveniently be
physically combined into a single structure, al-
though functionally they are still separate de-
vices. )

If there are more than two parallel circuits
in the modified system of Fig. 4, all of the control
circuits except one will have auxiliary current
transformers 22 with their secondary windings
connected in series and the remaining control
circuit, which has no auxiliary current trans-
former, will have its line drop compensator con-
nected into the series circuit of these secondary
windings in the same manner in which the line
drop compensator 11’ of Fig. 4 is connected in
series with the secondary windings of the current
transformer 22.

While there have been showr and described
particular embodiments of this invention, it will
be obvious to those skilled in the art that various
changes and modifications can be made therein
without departing from the invention and there-

fore it is aimed in the appended claims to cover :

all such changes and modifications as fall within
the true spirit and scope of the invention.

What I claim as new and desire to secure by
Letters Patent of the United States, Is:

1. In combination, a plurality of alternating-
current power circuits, separate voltage regulat-
ing means for automatically maintaining the
voltage of said circuits substantially the same,
said circuits being interconnected so that in-
equality in their voltage causes a circulating
current to flow therein, a common load for said
circuits, means for deriving a current from each
of said circuits which is proportional to the load
component of the total current therein and which
is independent of the circulating component of
the total current therein, a separate line drop
~-compensator for each of said voltage regulating
means, and means for energizing each line drop
compensator with the load component current
derived from its associated power circuit.

2. In combination, a plurality of alternating-
current power circuits, separate voltage regulat-
ing means for automatically maintaining the
voltage of said circuits substantially the same,
said circuits being interconnected so that in-
equality in their voltage causes a circulating cur-
rent to fiow therein, a common load for said
circuits, a separate means associated with each
of said circuits for deriving a compensating cur-
rent therefrom which is proportional to the total
current in its associated circuit, auxiliary means
for separating each compensating current into
two components which are proportional respec-
tively to the load and circulating current com-
ponents of the total current in its associated
power circuit, separate line drop compensat-
ing and circulating current compensating means
for each voltage regulating means, means for
energizing each line drop compensating means
in accordance with the load component of the
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-pensating means in each of said control circuits
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compensating. current derived .from its asso-
ciated power circuit, and means for energizing
each circulating current compensating means in
accordance with the circulating component of the
compensating current derived from its asso-
ciated power circuit.

3. In combination, a plurality of independ-
ently variable voltage interconnected alternat-
ing-current power circuits. having a common
load, means including a separate control cir-
cuit responsive to the voltage of each power
circuit for maintaining its voltage substantially
thie same as the voltage of the others, a séparate
une drop compensator in each of said control
circuits, a separate current transformer in each
of said power circuits, and means for intercon-
necting said current transformers with each
other and with said line drop compensators in
such a manner that each line drop compensator
carries a current which is proportional to the
load component of the current in its associated
power circuit and which is independent of any
circulating current which may be present in said
power circuits.

4. In combination, a plurality of independ-
ently variable voltage interconnected alternat-
ing-current power circuits having a common
load, means including a separate control circuit
responsive to the voltage of each power circuit
for maintaining its voltage substantially the
same as the voltage of the others, a separate
line drop compensator in each of said control
circuits, a separate circulating current compen-
sator in each of said control circuits, a separate
current transformer in each of said power cir-
cuits, each of said current transformers having
a single secondary winding, and means for inter-
connecting said secondary windings so as to ob-
tain separate currents proportional respectively
to the load and circulating components of the
total currents in said power circuits, said line
drop compensators and circulating current com-
pensgtors being connected to be energized re-
spectively by the appropriate one of said cur-
rents. :

5. In combination, a plurality of intercon-
nected electric power circuits having a common
load circuit, separate automatic voltage regu-
lators for said circuits adjusted to maintain said
voltages substantially equal, and means respon-
sive to the existence of more than a predeter-
mined amount of circulating current in said
power circuits as a result of a difference in the
voltage of said power circuits for automatically
preventing further operation of said regulators
until the value of said circulating current is less
than said predetermined value. .

6. In combination, a plurality of intercon-

‘nected power circuits having individual auto-

matic voltage regulating means each of which
includes a circulating current compensated line
drop compensated primary control circuit, a
conventional current transformer in each power
circuit, multiple circuit means for connecting
the secondary winding of each current trans-
former to the regulator control circuit of its as-
sociated power circuit, electromagnetic means
connected to said multiple circuit means for
segregating the load and circulating current
components of the secondary winding current

energized respectively by the load and circulating
current components derived from their asso-
ciated power circuits.
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7. In combination, a polyphase circuit having
combined positive and zero sequence currents,
means having relatively low impedance to posi-
tive sequence currents and relatively high im-
pedance to Zero’sequence currents, means having
relatively high impedance to positive sequence
currents and relatively low impedance to zero
sequence currents, sald two means being con-
nected in parallel circuit relation to said circuit
so as to separate said positive and zero sequence
currents, and electroresponsive means connected
to be energized by at least one of said sequence
currents.

8. In combination, a polyphase circuit having
combined positive and zero sequence currents, a
separate current transformer for each phase of
sald circuit, the secondary windings of said cur-
rent transformers being star-connected, a zigzag
transformer, a reactor having a star-connected
winding on a single magnetic circuit, said zigzag
transformer and star-connected reactor being
connected to be energized in parallel circuit rela-
tion by & star-connection of the secondary wind-
ings of said current transformers, a connection
- ‘between the neutral of said secondary windings
.- and the neutral of said zigzag transformer where-
by zero sequence current flows between said neu-
trals and positive sequence current flows in said
reactor windings, and separate electroresponsive
dévices connected to be energized respectively by
sald zerc sequence and positive sequence cur-
rénts.

9. In combination, a polyphase system having a
plurality of -phages which are mesh-connected,
each of said phases having its own automatic
voltage regulator, each of said regulators having
its own line drop compensator and circulating
current compensator, means for separating the
current in each of said phases into load and cir-
culating current components, an_d eonnections for
energizing said compensators with the appropri-
ate current components of their corresponding
phases.

10. In combination, a polyphase system having
a plurality of variable voltage phases which are
mesh-connected, separate regulating means re-
sponsive respectively to the voltage of each of said
phases for automatically maintaining substantial
equality between said voltages, an individual line
drop compensator and an individual circulating
current compensator for each of said regulating
means, a separate current transformer connected
in each of said phases, and separate polyphase
impedances connected in parallel circuit relation

with each other to said current transformers, one 5:

of said impedances permitting only zero sequence
current to flow therethrough and the other of

said impedances permitting only positive se-:

quence currents to flow therethrough, said line
drop compensators being connected to be ener-
gized respectively by the phase currents of the
impedance which permits only positive sequence
currents to flow, said circulating current com-
pensators being connected to be energized by the
current in the impedance which permits only zero
sequence currents to flow.

11. In combination, a plurality of parallel-con-
nected alternating-current power circuits each
of which is provided with its own line drop com-
pensated voltage regulator control circuit, means
for energizing the respective-line drop compensa-
tors of said control circuits in accordance with a
predetermined -ratio of load currents in their
associated power circuits which is Substantially
independent of circulating current in said cir-
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cuits, circulating current compensating meang in

“each of said control circuits, and means for ener-

gizing each of sald circulating current compen-
sating means in accordance with the circulating
current in its associated power circuit.

12. In combination, a plurality of parallel-
connected power circuits, separate automatic
voltage regulating means for each of said circuits,
separate line drop compensating means for each
of said regulating means, and means for ener-
gizing said line drop compensating means in ac-
cordance with the average current in said power
circuits.

13. In combination, a plurality of parallel-con-
nected power circuits, separate automatic voltage
regulating means for each of said circuits, sepa-
rate line drop compensating means for each of
said regulating means, means for energizing sald
line drop compensating means in accordance with
the average current in sald power circuits, sepa-
rate circulating current compensating means for
each regulating means, and means for energiz-
ing each circulating current compensating means
in accordance with the difference betweén the
current in its associated power circuit and said
average current.

14. In combination, a plurality of parallel-con-
nected alternating-current power circuits each of
which is provided with its own line drop com-
pensated voltage regulator control circuit, & sepa-
rate current transformer in each of said power
circuits for energizing the line drop compensator
of its regulator control circuit, separate auxiliary
transformers having their primary windings con-
nected respectively in series with the secondary
windings of said current transforrher, the sec-
ondary windings of said auxiliary transformers
being connected in series, an equalizer connection
between said control circuits, and circulating cur-
rent compensating means for each of said control
circuits energized in accordance with the current
in said equalizer connection.

15. In combination, a plurality of parallel-con-
nected alternating-current power circuits, indi-
vidually-coatrolled automatic voltage regulating
means for each power circuit, a separate line drop
compensator for each of said regulating means, a
separate current transformer in each of said cir-
cuits, and means energized by said current trans-
formers and including at least one less auxiliary
current transformer than there are parailel-con-
nected power circuits for energizing said line drop
compensators in proportion to the average cur-
rent in said power circuits.

16. In combination, a plurality of parallel-con-
nected alternating-current power circuits, indi-
vidually controlled automatic voltage regulating
means for each power circuit, a separate line drop
compensator for each of said regulating means, a
separate main current transformer in each of
said circuits, means energized by said main cur-
rent transformers and including at least one less
auxiliary current transformer than there are
parallel-connected power circuits for energizing
said line drop compensators in accordance with
the average current in said power circuits, a sepa-
rate circulating current compensator for each of
said regulating means, and means for energizing
each of said circulaling current compensators
in accordance with the difference hetween said
average current and the current in its associated
main current transformer.
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