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Our invention relates to protective apparatus
for distribution systems, and particularly to au-
tomatic protectors for contrclling the connection
and disconnection of polyphase distribution sys-
tems 1In accordance w1th electrical conditions
thereof,

Although not Iimited thereto, our invention is
particularly applicable to automatic network pro-
tectors for conirolling the connection and discon-
nection of distribution networks in systems of the
so-called secondary network type. Our invention

is also applicable to the control of any disiribu- -

tion circuits in which a. sectionalizing action in
response to polyphase directional power or to any
vector product of polyphase voltages and currents
is required. Similarly, the invention may be
practiced in the automatic connection of any
polyphase alternating-current circuits in respoise

- to a predetermined relationship of magnitude

and phase angle of the voltages thereof, |

In distribution systems of the secondary net-
work type, a number of low voltage circuits from
which the loads are directly supplied, are con-
nected together to form a secondary grid or net-
work, which is supplied by means of a plurality
of feeders. The feeders may be energized from
the same or different sources, and are usually

of comparatively high voltage and connected to

the network by a plurality of banks of step-down
transformers. A network protector, consisting of
a circuit breaker and one or more control relays,
is interposed between the secondary side of each
transformer bank and the network, to automati-
cally control the connection of the feeders and
the network,

The proper protection of a system of the type
described ahove depends largely upon the char-
acteristics and performance of the network pro-
tectors. TFor satisfactory operation, the network
protectors must perform the following functions:

1. The network protector must close when the
feeder with which it is associated is energized
and the secondary network is deenergized.

2. 1T closed, the network protector must open

and remain open, and if it is already open, it
must remain open when the associated feeder is
deenergized and the secondary network is ener-
gizad. -

3. When both the feeder and network are ener-
ogized, the network protector must close only if
the relative magnitude and phase relationship of
the feeder and network voltages is such that the
nower flow immediately following closure will not
calise the protector to reopen.

4, The protector must be capable of opening
in response to reverse power occasioned by the
magnetizing losses in its associated transformer

‘bank or must be otherwise controllable so that

all protectors connected to a feeder may bhe

(CL 175—294)
opened upon the opening of the feeder circuit

breaker.
5. The characteristics of the protectors must

ke such that upon failure of a protector to open,

because of a mechanical or electrical failure, the
other protectors connected to the same feeder
will not pump, that is repeatedly open and re-
close.

Pumping of the protectors usually results from
hich feeder voltages which may occur when the

feeder circuit breaker is open. If the resultant

of feeder charging current and transformer mag-
netizing current is leading, as may be the case

in g hieh voltage feeder, the sticking or failure

to open of a protector causes a leading reverse
current to flow from the network to the feeder,
This leading current flowing through the induc-

tive network impedance and transformer wind-
ings causes a rise of network voltage in the vicin-

ity of the closed protector and a further rise of
voltage in the feeder itself. If the characteristics
of the open protectors are such that they reclose

when the transformer secondary voltage exceeds

the network voltage, the open protectors will
reclose. However, as soon as a protector recloses,

it carries part of the reverse current to the
feeder, and the reverse power corresponding to

transformer magnetizing losses causes it to re-
open. The protectors will, therefore, open and
reclose. indefinitely unless means are provided
for preventing reclosure under these conditions.
As the rise of feeder voltage produced by the
stuck protector results from impedance drops
which lag the network voltage, the pumping ac-
tion described above can be eliminated by pre-
venting the reclosure of the network protectors
when the feeder voltage is high and lagging.
The principal advantages of the secondary
network system, as described above, lie in its
economy of operation, reliability of service to
consumer and that any faulty feeder can be com-
pletely disconnected for repairs without inter-
ruption of the supply of power to the network.
As the feeders can be worked upon dead, there
is no necessity for limiting feeder voltages to
4000 volts for safety to workmen. Substations
for reducing generated voltages to 4000 volts are,
therefore, unnecessary and the entire transfor-
mation of voltage can be effected in the trans-
former banks interconnecting the network and
the feeders. Where such substations are already
in existence, however, their apparatus can be eco-

‘nomically used by connecting 4000 volt substa-

tion feeders through transformer banks and pro-
tectors to the network. A commercial secondary
network system may, therefore, include 4000 volt
feeders as well as feeders of higher voltages such
as 6,600, 11,000, 13,800 and 27,600 volts.

Because of the diversified impedance charac-
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2

teristics of the feeders in such a system, the dis-
tribution of load between the feeders changes
considerably with changes of total load and lcad
location. Because of voltage and phase angle
differences at various points in the network, large
reverse power currents may flow, following the
normal laws of energy interchange through a
complicated network. Careful adjustment of the
protectors at some lecations is, accordingly, nec-
essary to prevent excessive operations in responge
to reverse power currents.

If radial loads are drawn from substations
from which feeders emanate to the network, part

of the loads may flow through the network to
the substation at periods of light load on the
network, causing a reverse power flow in the sub-
station feeders. For this reason an insensitive
setting of the protectors connected to the sub-
station feeders may be desirable to permit the
flow of this reverse power without opening of the
network protectors. Momentary power reversals

may also occur because of synchronizing opera-

tions and regenerative operation of motors fed
from the network. To avoid unnecessary pro-
tector operations from these causes, it is in many
instances desirable to give the protectors a high
reverse power setting of 20% to 1009% of the rat-
ing of the associated transformer bank.

In order to meet the rather exacting protector
requirements indicated above, it has heretofore
been the practice to provide each network pro-
tector with g three-element power-directional in-
duction-disc type relay which serves to open the
protector breaker when the power flow from the
network to the associated transformer bank ex-
ceeds a predetermined value. This value may
correspond to transformer magnetizing losses or
to a considerably higher reverse power flow de-
pending upon the particular application of the
protector. 'The power-directional relay also
serves to reclose the protector circuit breaker
when the component of transformer secondary
voltage in phase with the network voltage ex-
ceeds the network voltage by a predetermined
amount. In order to prevent pumping of the
protector, a single-element phasing relay is in
some cases provided for preventing closure of the
protector circuit breaker when the transformer
secondary voltage is high and lags the network
voltage, |

It is an object of our invention to provide a
novel polyphase network protector in which a
single-element power directional relay performs
the function heretofore performed by a poly-
phase power directional master relay and a single
phase phasing relay.

Another object of our invention is to provide'

a novel polyphase network protector in which
the protector circuit breaker is opened in response
to reverse positive phase-sequence power.

A further object of our invention is to provide |

a novel polyphase network protector in which
the protector breaker is closed in response to a
predetermined relationship of a symmetrical
component of voltage on one side of the protector
circuit breaker and a voltage derived from the
other side of the protector circuit breaker.

In accordance with our invention, we provide
phase sequence segregating filters to produce
symmetrical components of polyphase voltages
and currents, and utilize a single-element power-
directional relay for controlling the opening of
the network circuit breaker in accordance with
a vector product of symmetrical current and volt-
age components. We also utilize the power direc-
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tional relay to automatically reclose the net-
work circuit breaker when the relationship of
voltages on the transformer and network sides
of the protector is such that power will flow
from the feeder to the network upon closure of 5
the breaker.

In order to produce a closing torque in the sin-
gle-element power directional relay when voltage
conditions are correct for closure of the protector,
we may use any of a number of voltage combi- 10
nations based upon the phase-sequence principle.
in the preferred forms of our invention, the po-
tential winding of the power directional relay
1s connected to a voltage phase-sequence sesre-
gating filter to be energized in accordance with 15
a positive symmetrical component of polyphase
network voltage. With the potential winding en-
ergized in this manner, the phasing windings of
the relay may be energized in any of the fol-
lowing ways: 20

1. The phasing windings may be energized in
accordance with the voltage difference between
symmetrical components of the transformer sec-
ondary voltage and of the network voltage.

2. The phasing windings may be connected to 25
a voltage phase-sequence filter to be energized in
accordance with a positive symmetrical compo-
nent of the polyphase voltage on the transformer
side of the open protector.

3. The phasing windings may be energized in 30
accordance with the voltage difference between 3z
symmetrical component of transformer second-
ary voltage and a line-to-neutral or line-to-line
voltage on the network side of the open protector.

Our invention may be better understood by ref- 35
erence to the accompanying drawings in which:

Figure 1 is a diagrammatic view of a network
protector embodying our invention.

Figs. 2 and 3 are perspective and diagrammadtic
views, respectively, of details of the relay shown 40
in Fig. 1.

BFig. 4 is a vector diagram showing the phas-
ing characteristics of the protector shown in
Fig. 1.

Fig. 5 is a diagrammatic view of a modification 45
of the protector shown in Fig. 1.

Fig. 6 is a diagrammatic view showing part of
a distribution system in which protectors of the
type shown in Fig. b are used.

Fig. 7 is a diagrammatic view of a further 50
modified form of protector embodying cur inven-
tion.

Fig. 8 is a diagrammatic view of modified phas-
ing circuits which may be used in the practice of
our invention. 65

Fig. § is a diagrammatic view of a modification
of our invention.

Fig. 10 is a vector diagram showing the phas-
ing characteristics of the protector shown in
Fig. 7. 60

Referring to Fig. 1 in detall a polyphase feed-
er | is connected by means of a bank of trans-
formers 2 to one side of a network circuit breaker
3. The other side of the network circuit breaker
3 is connected to a distribution grid or network 65
4, which is energized by other transformer banks
(not shown), and which directly supplies part or
all of the system load. Although we have shown
the primary windings of the transformer bank 2
connected in delta to the feeder {. and the trans- 70
former secondary windings connected in star with
neutral grounded, it will be understood that our
invention may be practiced with other trans-
former connections known in the art.

"The circuit breaker 3 is provided with 3 clos- 75
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ing motor or coil 3a, and with any suitable trip-
ping mechanism which we have illustrated as a

shunt trip coil 3b. The closing coil 3a¢ and the

trip coil 3b are controlled in the usual manner
by contact members of a power directional relay
b, shown diagrammatically as a movable contact
member 5c¢, a closing contact member %a and a
tripping contact member 35b.

'The relay 9 is preferably of the induction-disc
type and comprises an induction disc 5d rigidly

secured to a rotatable spindle d%e in a position

to rotate between the poles of a drag magnet 5f
and a driving magnet d¢g in the usual manner.

The driving magnet 5g may be of any suitable
type having a potential pole 8% and a pair of
current poles 51 symmetrically displaced from the
potential pole. A potential winding & is mounted
upon the potential pole 5h and is connected to
a voltage-phase-sequence filter 1, to be energized
in accordance with a positive symmetrical com-
ponent of the voltage of the distribution network
4. The potential winding 6 has resistance and
reactance of such ratio that the current through
the winding at system frequency lags the volt-
age applied to the winding by a phase angle which
will be assumed as 65°,

A pair of current windings 8 are mounted on
the current poles 5i of the relay 5 and are con-
nected to a current phase-sequence filter 9 to
he energized in accordance with a positive sym-
metrical component of line current when the cir-
cuit breaker 3 is closed. The current phase-se-
quence filter 9 is energized by means of two pairs
of current transformers (0 and (0a having their
secondaries connected in opposition for a pur-
pose which will be hereinafter more fully ex-
plained,.

A pair of phasing windings [{ are mounted with
the current windings 8 on the current poles %i.
The phasing windings {1 are controlled by two
sets of auxiliary contact members 3¢ and 3d of
the circuit breaker 3, in suich a manner that the
phasing windings | f are connected in a local cir-
cuit with g saturable reactor {2 when the circuit
breaker 3 is closed, and are connected in series
with the saturable reactor 12 and a phasing lamp
I3 in a circuit which includes the output termi-
nals of a voltage phase-sequence filter 14 and the
secondary terminals of a transformer 15, when
the circuit breaker 3 is open. The voltage phase-
sequence filter 14 is connected to the secondary

terminals of the transformer bank 2, and the

primary winding of the transformer 5 is con-
nected between the C-phase. conductor of the
network 4 and ground.

The power directional relay » is provided Wlth
a spring 5% for biasing the movable contact mem-
ber 5c into engagement with the closing contact
member dq. An over-voltage adjusting loop, in-
dicated diagrammatically at 51 is provided for
biasing the movable contact member bc away
from the contact member 3¢ when the potentiail

- winding 6 is energized. The consfruction of the

over-voltage adjusting loop 681 is shown in Fig. 2.
As may be seen from the latter figure, the loop

5f{ comprises a stamping, preferably of copper,

which is perforated and bent to form a short-

circuited turn lving directly over the face of the

potential pole 5k, between the pole 84 and the
induction disc 5d (not shown in Fig. 2). An ad-
justing bolt (not shiown) is provided for shifting
the loop 51 tangential to the disc 9d, to thereby

shade or lag part of the flux produced by the
potential pole Sh. The adjusting loop 9 is so

adjusted that the shifting component of flux

grammatically in Fig. 3.

produced by it in conjunction with the potential
pole Bh, produces a relay torque in opposition to
and slightly greater than the torque produced
by the spring 5k. The spring 5k is therefore ef-
fective to maintain the movable contact member
2c in engagement with the closing contact mem-
ber da, only as long as the potential winding € of
the relay is deenergized. When the potential
winding 6 is energized in response to normal bal-
anced voltage of the network 4, the torque vro

duced by the action aof the over-mltam au;luat-
ing loop 51 rotates the movable contact member
¢ out of engagement with the closing contact

12mber 8a, against the bias of the spring 5k.

- Another detail of the relay 5 is shown dia-
The contact arm 5m,
upon which the movable contact member 5%¢ is
mounted, is provided with a flat radial spring
8n. An adiustable stop member 51 1s mounted
in the path of travel of the spring 5n to produee
a biasing torque tending to prevent the engage-
ment of the contact member 8¢ and the tripping
contact member Bb. It will be evident that by
adiusving the stop member §p, the reverse power
setting of the relay 5 may be aJJusted over a Hm-
ited range of valuyes.

Rneturning to Fig. 1, the voltage phase-~-seguence
filters T and 4 are preferably of the tvne dis-
ciosed in the copending application of B. E. Lene-
han, Serial No. 613,583, filed May 25, 1932 and
assigned to the Westinghouse Electric and Manil-
facturing Company. The voltage phase sequence
filter T consists of an auto-transformer T¢ having

2. tap to provide a voltage less than half the tots)]

T

veitage Impressad on the auto-transformer, ior
example, a 40% tap, a resistor 16 and a re
tc. The constants of the elements of the filter
T are so related that the voltage drcp across the
resistor b is equal to the same percentage of
the total voltage impressed on the resistor 75
and reactor Tc¢ in series, as the ratio of the auto-
transformer Ta, but lags the total voltage im-
pressed on the resistor and reactor by a phase
angle of 60°. Assuming that the phase seauence
of voltages of the distribution network 4 is as in-
dicated by the subscrips a, b, e of the network
conductors, the voltage applied to the notenvial
winding b is proportional to the positive sym-
metrical components of network voltage, as will
oe hereinafter more fully explained. The volta gn
phase-sequence filter 14 is similar to the filtey
T and produces an output voltage proportional
t¢ the positive symmetrical components of sec-
onaary voltage of the transformer bank 2.

The current phase-seauence flter 9 camsists
O‘F a Wheatstone bridge havine a resistor a

eactor §b, the current windinegs 8 of tha w’ay
9, and a lagging impedance eiement 8§¢ includeqd
in its four branches. The constants of these cle-
ments are related as follows: The resistance and
reactance of the impedance element Sc are equal

- respectively to the resistance and reactance of

the current windings 8. The impedance of the
reactor 9% and the current windings 8 in series
is equal to the absolute value of the impedance of
the resistor 8« and the current windings 8 in

series, rotated through a phase angle of 60° in
the positive or leading direction.

- It was mentioned above that when the circuit
breaker 3 is closed, the saturable reactor {7 is
connected in & lecal circuit with the phasing wind-
ings 11. The effect of this Jloeal circuit is to
cause the flux produced by the current pcles i
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the same manner as a shading coil. The un-
saturated reactance of the reactor 12 is so re-
Iated to the remsaining constants of this local
circuit that the angle of lag of current pole flux
benind the current in the current windings 8 is

- approximately 5°.
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The phagsing lamp {3 is preferably of the tung-
sten filament type and has a high temperature
coeflicient of resistance. The minimum resist-
ance of the phasing lamp 13 and the maximum
reactance of the saturable reactor {2 are so re-
lated that for low phasing voltages when the cir-
cuit breaker 3 is open, the current in the phasing
windings 1! lags the output voltage of the voli-
age phase-sequence filter 14 by a phase angle of
approximately 45°, It will be understood that the
angular relationships of potential and phasing
circuits given above are illustrative only and that
in practice the actual relationship may be widely
different from those given,

The operation of the above-described appara-
tus may be set forth as follows: It is assumed
that initially the feeder I and the network 4 are
deenergized, and the circuit breaker 3 and relay
v are in the position shown in the fisure.

If the feeder is first energized, the secondary
windings of transformer bank | develop a poly-
phase voltage, and the voltage phase sequence
filter 14 supplies a positive symmetrical compo-
nent of this voltage, to the phasing windings 1.
As the circuit breaker 3 is oven, no current flows
through the current transformers 18 and I8¢,
and the current in the current windings 8 is
zero. As the network 4 is dead, no voltage is
applied to the potential winding 6 of the relay 5.
‘The relay § accordingly develops no torque and
the spring 5 maintains the movable contact
membper oe in engagement with the closing con-
tact member 5g. Because of the engagement of
contaclt members 8¢ and Bea, a circuit is completed
for the closing coil 3¢ of the circuit breaker 83,
and the circuit breaker 3 closes and is latched in.

Upon closure of the circuit breaker 3, the dis-
tibution network 4 is energized, and the voltage
phase-sequence filter T supplies a positive sym-
metrical voltage component to the potential wind-
ing 6 of the relay 5. Power now flows from left
to right in the figure to supply the load of net-

| work 2.

60

As the potential winding 6 is now energized
through the voliage phase-sequence filter 7, and
the current-windings 8 are energized through the
current phase-sequence filter 9, the relay 5 now
davelops a torque dependent upon the magnitude
and phase relationships of the currents in the
windings 6 and 8.

It may be shown that the output current of
the current phase sequence filter 9, because of
the impedance relationships and connections de-
scribed above, is

Ig= 1.738_3;300(

i, 1,eil20° 1 ; oi240°
- (1)

where

ig=current in the current winding 8

iy

1, p=star currents of the network 4
I

w

e—=the base of the natural logarithms

7=the imaginary v/ —1

Tn the above notation, ei20° gnd ei240° gre op-
erators which rotate their respective multipliers
through 120° and 240°, respectively, in the coun-
terclockwise or leading direction.

2,042,187

It may also be shown that the output voltage
of the voltage phase sequence filter T is

[ E,+ E;eil20° L E i240°
Ea"—*SIce“’G””< a1 Eve 3 - Bee ) (2)
where |
Es=voltage impressed on the potential winding 6
E.
Eyt—=star voltages of the network 4
E,;

Lk=the turn ratio of the autotransformer 7a.
Tt

is=current in the potential winding 6

Zel®° =impedance of the potential winding 6
Because of the 69° lagging impedance of the po-
tential coil 6,

Eg=—= 13 Ze765° (3)

Multiplying both sides of (3) by e—¥85° and re-ar-
ranging

Ejy

I =7, e i65° (4)
Substituting (2) in (4)
1900 12400
1"[3:3I{ei"lz"i‘:(E"'l*I—E'be:r 3 - Eee? ) (5)

Rquation (8) gives the current in the potential
winding & in terms of the network voltages Ea, Eb,
and Eke. |

By means of the symmetrical component rela-
tionships, explained in many engineering papers
on the subject, any unbalanced system of poly-
phase vectors such as the star currents 7., &%, and
e may be resolved into three systems of sym-
metrical polyphase components, called positive,
negacive and zero sequence components, Denot-
ing the a-phase components of the positive, neg-
ative and zero phase-sequence systems by a1, fas,

and a0 respectively, the relationships are
fa{]“Iu—I—g}—l—IG (5)
: . 2
iai_fﬂ—{—azsb—!—a 1, (7)
X 2 )
fﬂzwfu+a :?’h_i— &l (8)

where ¢ is the 120° rotational operator eit20°, and
@2 is the 240° rotational operator ei240°,

Denoting the a-phase zero, positive and nega-
tive voltage components by Eao, Eat, and Eas re-
spectively, the system of network voltages Ea, Fp
and Fe may be similarly represented by com-

ponerits:
E,+ E,-- E,
Eﬂ"—ﬂ — + 3b (9)
E, E 2E,
By ="etafita (10)
E,1-a%FE E.
Eaz == + 2 3 - = (1 1)

Recalling that @¢=e’12%° gnd a2=e7240° Equa-
tion (7)) may be substituted directly into Equa-
tion (1) giving

15=1.73e30°%; . (12)

From Equation (12) it may be seen that the
current in the current windings 8 is proportional
to the positive symmetrical components of line

current and lags the a-phase positive component
by 30°. However, the flux produced hy the cur-
rent io lags the current .1 by 30°-4-5° or 35°, be-
cause of the lagging effect of the local circuit
through the vhasing windings 11 and reactor 12,
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Similarly Equation (10) may be substituted in-
to Equation (5) giving .

ig=3ke~1125°E 41 (13>

Eduation (13) shows that the current in the
potential winding 6 of the relay 5 is proportional
to the positive symmetrical components of net-
work voltage and lags the a-phase positive volt-
As the
flux produced by the potential winding 6 is in
phase with the current is, the potential pole flux
also lags Fa1 by a phase angle of 125°.

It will be seen from Eqguations (12) and (13)
that the torque of the relay 5§ is a function of
the power product Eailaz and is a maximum
when iz1 is in phase with Eai, as the fluxes pro-
duced by the windings 6 and 8 are, under these
conditions, in quadrature. |
ingly has watt tripping characteristics for the
product Eai?a1, and its torque is proportional to
Eaiza1 €S 61, where 61 is the phase angle between
Ea1 and ia1, neglecting current transformer phase
anigle and voltage errors.

The physical significance of the positive power
product Eaiza1 may be explained as follows. The
power in a polyohase circuit of any number of
conductors may, as is well known, be measured
by using any conductor of the circuit as a ref-
erence conductor, and measuring the voltages
between the reference conductor and each of the
remaining conductors, and the current in each
conductor except the reference conductor. The
total power then is the algebraic sum of the
vector products of each voltage measured and
the corresponding current

P=3E,i, (14)

If there are n circuits at a section of the poly-
phase system, (n—1) voltages and (n—1) cur-
rents or 2(n-—1) independent parameters are
necessary to completely determine the power flow
at the section. In a three-phase four-wire sys-
tem Z(n—1)=6, and therefore six independent
varagmeters are necessary to determine the power
flow. In order to distribute the voltage stresses
in relay or meter windings in a three-phase four-
wire syscem, it is usually preferable to use the

neutral conductor as reference and measure vol-

tages and currents in the manner explained
above. However, any other conductor may be
used as reference conductor without affecting
the result. The total power of the three-phase
four-wire system, expressed in star voltages and
currents is | | |

-Ebib+chc (15)

The three power products on the right side of
Eqguation (15) represent power flow in each of
the three phases referred to the neutral con-
ductor as reference. These products are equiva-
lent to single-phase power flow in each of three
separate circuits. By shifting the reference point
to other conductors, such as the a-phase con-

P=—Fqlq

ductor, the total power could be represented by
three power products having the same total value,

but now corresponding to single-phase power
flow in three fictitious circuits taken from the a-
piiase conductor as reference., By using the sym-
metrical component relationships, the total power
can also be expressed in terms of power com-
ponenis representing polyphase power flow
through all of the conductors togethier, as will be
hereinaiter more fully explained.

The equations given above are all based on the
conception of alternating currents and voltages

The relay b accord-

S

as stationary vectors having magnitude and an-

gular position. Actually they are alternating
scalar quantities, that is, products of scalar max-
imum values such as I and scalar time functions
such as cos wt. A power quantity is accordingly
a product of two scalar alternating quantities of
line frequency.

p=+/2E cos wt /21 cos (wt+86) -
=2 EI cos wt cos (wt+0)

fwt —ijwl i{w i+8) —f(wt t.0)
:2EI(? —I:?e )(_E-‘ +26 X )

_ EI{(E}I'E ._l_z.e“fﬁ?) _|- (ef(Zw t4-8) —‘—23“1'(21&! ¢-+8) )}

= EI cos 0+ EI cos (2wt-}6) (17)

Prom Equation (1Y), it may be seen that the
power product consists of a direct or zero fre-
guency term EI cos ¢ and a term of double the
line frequency EI cos (2Qwi-6). The double fre-
quency term disappears when integrated over a

(16)

10

18

20

complete cycle, and hence represents a double

frequency pulsation which does not change the

average value of total power. In power-respons-
ive meters or relays, the average power value EI
cos ¢ produces the instrument deflection, and
the double frequency term appears as a double
frequency torque which produces no average de-
flection. The double frequency term may ac-
cordingly be neglected so far as its effect upon
relays or meters is concerned.

As the power in a three-phase four-wire sys-
tem is completely determined by six independent
parameters, it may be expressed as a function of
six independent phase sequence quantities stich
as HEao, Ba1, Fa2, ta0, 221, and 2as. These siX phase-
sequence quantities are actually alternating
scalar quantities of the general form indicated
in connection with Equations (16) and (17).

However, any alternating scalar quantity may
be represented as the sum of two oppositely ro~
tating vectors of equal magnitude called princi-
pal and conjugate vectors. Employing the latter
conception, the effective symmetrical compon-
ents of star currents and voltages of the network
4 may be represented by

B+ B
- Eyy= sz— ___D

Eu+E,
. Eu'.l-__' Ijé-E 1

where

Using the notation of Equation (16) the zero

frequency or average total power may be ex- 75

25

30

35

40

45

60

60

65

etCoy oo o (19) »4



10

15

25

30

4()

45

50

69

60

65

70

75

6
pressed as a complex quantity P17Q, where P is
real power and Q@ is reactive power

P jQ=3(E'uﬂfaﬂ-{—éulfal—{—i'azfaz)l (20)

The proof of Equation (20) is not given here
but may be found in a paper entitled “The
Measurement of Power in Polyphase Circuits” by
C. LeG. Forfescue in the Transactions of the
A. I K. E., 1523, volume 43, page 358.

Substltutlng,

Po+7Qo==3Ealao—=2ero sequence power

P1+7i@1=3Eul«a=positive sequence power (21)
P2} jQ:=3Ewla2=negative sequence power
Equation (20) may be rewritten.

P--jQ@=Po-+P1-P2+7(Qo--Q14Q2)  (22)

- Each of the quantities on the right side of
Equation (22) represents symmetrical power
flow through all three phases of the circuit, the
P components representing real power and the
@ components reactive power. These quantities
are symmetrical in the sense that their com-
ponent voltages and currents are equal and dis-
placed by phase angles such that the sum of each
set of phase angles is 360° or a multiple thereof.
The positive components which vroduce P: and
Q1, are displaced from each other in the order
ABC by -4-120°, the negative components which
produce P2 and Q2 are displaced from each other
by -}-240° or —120°, that is are of reversed phase
sequence. The zero components which produce
Po and Qo are displaced from each other by 360°
or are in phase.

It will therefore be seen that only the positive
and negative power components represent bal-
anced three-phase power, the negative power
components P2 and Q2 being of reversed phase
seqguence, |

From (21), the positive power product is
P145@Q1=3Eqfa (23)

Substituting values of a1 and fu from (19) in
(23)

PI +jQI=3Ealefw t-iule—f(w Ii"-31) =3Ea1fule_fal (24)
However |
e’?y=cos 0;+ 7 sin 0, (25)
substituting (25) in (24)
P147Q1=3Ez1ia1 Cc0OS 01-}+73Ea1ia1 sin 61 (26)

As the real components on both sides of Equa-
tion (26) must be equal,

(27)

It was shown above that the torque of relay
9 Is proportional to the product Eaisa cos A1,
which from Equation (27) may be seen to be the
real component of positive sequence power or Pi.

It will be noted from Equation (22) that the
total real power of the system, P may be repre-
sented as the sum of three real sequence com-
ponents Po, P1, and P2, and that the total reac-
tive power Q@ may be represented as the sum of
three reactive sequence components Qo, Qi and
Q2. Itisshown in the paper of C. LeG. Fortescue,
mentioned above, that a symmetrical generator
can generate only positive sequence power, and
that where negative sequence or zero seguence
power exists, it is transformed from positive se-
quence power at the unbalanced loads. The di-
rection. of flow of negative and zero sequence

P1*~3Ea12a1 COS 61

- and the circuit breaker 3 trips open.

2,042,187

power at a symmetrical generafor is accordingly
opposite to the direction of positive sequence
power, that is, the negative and zero sequence
power gquantities flow into the generator and are
absorbed in the generator negative and zero se-
quence admittances.

It follows that the total power output P of a
symmetrical generator, as measured by a conven-
tional wattmeter, cannot be greater than Pi, the
positive symmetrical power component, and will
be less than Pi if the generator load is unbal-
anced.

As the negative sequence power is generated at
unbalanced loads or faults and is absorbed by
negative sequence admittances, a great deal of
this power is absorbed in the network by in-
duction motfors and other polyphase apparatus
having high negative sequence admittance and
hence all does not return to the generator. We
propose to use this phenomenon in connection
with the circuit shown in Fig. 5, as will herein-
after be more fully explained.

Returning to the operation of the apparatus
shown in Fig. 1, if a fault develops on the network
4, the flow of positive sequence power remains
from left to right in the figure, and the full
capacity of transformer bank 2 as well as other
transformer banks connected to the network 4 is
available to burn the fault clear in the usual man-
ner,

If an unbalanced fault develops on the feeder ,
upon opening of the feeder breaker (not shown)
the total power P flowing through the circuit
breaker o reverses as usual. As the unbalanced
fault generates a component of negative phase-
sequence power, which flows into the network 4
from the fault, the direction of negative sequence
power through the circuit breaker 3 also reverses,
and negative sequence power flows from left to
right in the figure. The reversal of both total
power and negative sequence power requires that
a positive sequence power component greater
than the total power P flow from the network 4
to the feeder I. In response to this reversed
positive sequence power filow, the torgue of the
relay 8 reverses and the movable contact member
5c moves rapidly into engagement with the trip-
ping contact member 5b.

If the fault on feeder 1 is balanced rather than
unbalanced, and the feeder breaker (not shown)
is opened, no negative sequence power is gener-
ated at the fault, and positive sequence power
flows from the network 4 to the fault. This
causes a reversal of torque in the relay 9, so that
the contact member 5¢ engages the contact
member 80.

Upon engagement of the contact members 5S¢
and db, a circuit for the trip coil 3b is completed,
Ag sSoon as
the circuit breaker 3 opens, the current phase-
sequence filter § and the current windings 8 of
the relay 5 becomes de-energized. As the feeder
circuit breaker (not shown) is open, the volitage
phase-sequence network {4 is deenergized. How-
ever, the secondary voltage of transformer {5 acts
upon the phasing windings [{ to produce a torque
which maintains the movable contact member Sc
in engagement with the tripping contact member
50. The over-voltage adjusting ioop Bf acts in
conjunction with the potential winding 6 to pro-
duce a torque which also tends to maintain the
movable contact member 5¢ in engagement with
the tripping conftact member 5b, so that the con-
tact member Sc is held firmly in engagement with
the tripping contact member 5b.
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- 'When the fault on feeder | has been cleared
and the feeder voltage has been restored, the
voltage phase-sequence filter {4 becomes ener-
gized and supplies a voltage to the phasing cir-
cuit which includes the phasing winding (I, sat-
urable reactor {2, phasing lamp |3 ard the sec-
cndary winding of transformer 2. It will be
recalled from Equation (2) above, that the oub-
put voltage of the voltage phase-sequence filter
1 is proportional to the positive symmetrical com-
ponents of network voltage and lags the a-phase
positive component by 60°. As the voltage filter
14 is similar to the voltage filter 7, its output volt-
age is proportional to the positive symmetrical
components of transformer secondary voltage
and lags the a-phase positive component by 60°.
However, as a voltage lagging g-phase by €0° is
180° out of phase or opposite to e~-phase, the out-
put voltage of the network (4 is edqual to the
c-phase voltage produced by the transformer {b
when the secondary voltage of transformer bant
| is in phase with the voltage of the network 4.

The voltage applied to the phasing circuit ac-
cordingly is a difference voltage which becomes
zero when the c-phase positive component of
secondary voltage of the transformer bank 2 and
the c-phase voltage of network 4 are equal and
in phase. When the difference voltage acting in
the phasing circuit is small, the current in the
chasing winding t! lags the difference voliage by
approximately 45° as explained above. When the
difference voltage is large the resistance of the
phasing lamp {3 increases because of its positive
temperature coefficient of resistance, and the re-
actance of the saturable reactor §2 decreases be-
cause of saturation. The angle of 1ag of current

‘in the phasing winding {{ accordingiy decreases

with larger values of difference voliage.

It will be recalled from BEquation (8) that the
current in the potential winding & lags the @-
phase positive component of voltage of network 4
by 125°. The maximum closing torque of the

relay 5 occurs when the currents in the phasing

windings i and the potential winding & are in
quadrature, that is, when the current in the phas-
ing windings Il lags the ¢-phase positive com-
ponents of voltage of the network 4 by 125°4-980°
or 215°, | |

However, when the difference voltage is small
it must lead the current in the phasing winding
Il by 45° or must lag the a-phase positive com-
ponent of network voltage by 215°—45° or 170°
to produce maximum torque in the relay 5.
This is equivalent to leading the c-phase positive

5 component of network by 240°—170° or T0°,

As the zero torque curve is in quadrature with

the maximum torque curve, 1t lags the c-phase

positive component of network voltage by 20°.
This relationship is shown in Fig. 4, in which
the c-phase symmetrical component of voltage
of the network !, Ee, is shown vertical for con-
venience and the zero torque characterisvic of

the relay § is indicated by characteristic curve A.

Tt will be understocd that if the e-phase positive

-5 symmetrical component of the secondary voltage

of transiormer bank 2, denoted by the vector
Heni terminates above the curve A, a closing op-
eration of the relay § is indicated. It will he
noted that if the secondary voltage of trans-
former bank 2 is high and lagging, the vector
Eenl will not interseet the curve A. This pre-
vents pumping of the protector in the event of
a, stuck protector as discussed above. Although
we prefer to practice our invention with the

- closing curve A rotated approximately 20° from

the network voltage, we may practice it with the
curve A in various other positions. By varying
the constants of the phasing lamp i3 and reacior
{2 or by varying other constants of the circuit
various desirable closing characteristics may be

Obtained.

The bend of the closing curve A at its extremes

.

&1

results from the decrease of impedance angle in

the phasing circuit with increasing difference
"voltages, as explained above. The purpose of

this bend is to prevent the closing curve A from

intersecting or approaching the voltage Ex sho-wn

in dotted lines. |
It will be apparent that upon repairing a feed-
er fault, the ends of the feeder conductors may
be incorrectly connected in several ways. The
most frequently occurring incorrect connegction
is the reversal of two phase conductors giving &
reversed pnase sequence ACB at the terminals
of the transformer bank 2. With this connec-
tion, the positive symmetrical components of
secondary voltage Tor the normal phase ge-
quence ABC becomes zero. The output voltage

of the phase-sequence filter 14 accordingly be-

comes zero, and the movable contact member 5¢
is held in engagement with the fripping contact
member &b as though the feeder | were deener-
gized. The circuit breaker 3 accordingly re-
mains open under these condilions.

If in splicing the feeder cable, the ends of the

cable are incorrectly connected to produce the
sequenice BCA or CAB at the terminals of trans-
former bank {, the direction of phase rotation
remains the same and the phase-sequence filter
i& supplies a voltage of normal value to the
phasing windings {{, but displaced by --1206°
or 4+-240° from the normal phase position. These

voltages correspond to voltages Ex and By of

Fig. 4. It will be seen that only the voltage ¥«
terminates in the neighborhocd of the curve A.
However because of the bend of curve A, the
voltage Ex cannot intersect the curve and the
circuif breaker 3 remains open.,

By incorrectly connecting the transformers 2
and the phases of feeder [, various incorrect
voltages different from Ex and &y may be pro-
duced. However, as the voltages across the
open circuit breaker contact members are always
checked upon installing a new protector, any

voliages which involve incorrect transformer con- ¢

nections may be disregarded as sources of faulty
operation,

When the difference between the c-phase posi-
tive symmetrical component of the secondarv
voltage of transformer bank 2 and the e-phase
voltage of the network 4 exceeds the positive
symmetrical component of the voltage of nst-
work 4 by a predetermined amount correspond-

ing to the adjustment of the over-voltage ad-

justing loop 51, gnd terminates within the lead-
ing range of voltages determined by cuyrve A of
Fig. 4, the movable contact member 5¢ of the
relay 9 moves into engagement with the closing
contact member Jda. |

Upon engagement of the contact members Be
and 9g, a circult for the closing coil 3¢ is com-
pleted, and the circuit breaker 3 closes. It will
be ghserved that in the above operation, the
relay 9 performs the functions of both the 3-ele-
ment power directional relay and the single-
element phasing relay ordinarily used in auto-
matic protectors.

Fig. 5 shows a modification of the protector
shown in Fig. 1. Referring to Fig. 5 in detail,
the feeder |, transformer bank 2, circuit breaker
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3, network &, relay 5, voltage phase sequence fil-
ters 7 and [4, current transformers 10 and i0a,
saturable reactor 12, the phasing lamp 13 and
transforimer 15 are similar to the corresponding
clemients of Fig. 1 and are connected in the same
manner, |

However, in Fig, 5, an over-current relay 16 is
substituted for the impedance element 9¢ of Fig.
1. A second over-current relay 17 is included in
the circuit of the current windings 8. The con-
tact members of the relays 16 and 1T are con-
nected in parallel in the circuit of the trip coil 3b.

ihe relationship of impedances in the current
phase-sequence filter 9 of Fig. 5 is as follows:
'Ine impedance of the relay 16 is equal in abso-
lute value and in phas2 angle to the impedance
of the relay {1 and phasing winding 1! in series.
'The impedance of the relay 18 and reactor 9p
in series is equal to the impedance of the resistor
8a and the relay i6 in series rotated through an
angle of 60° in the leading direction. It will be
seen that fthe impedance relationships of the
netwoirk 9 as a whole are the same in Fig. 5
as In big., 1.
because of the impedance relationships in the
pnase ssquence filter 8, the current in the relay
i6 is proportional to the negative symmetrical
components of the star currents ia, i, and ic.

The reverse-power setting mechanism of Fig. 3
may be omitted from the relay 5 in the protector
shown in Fig., 5. However, if the reverse power
setting mechanism is used it should be set for
sucihr a low value of reverse power that the mov-
aple contact member &c¢ will engage the tripping
contact member 8b in response to the reverse
power Iflow corresponding to the magnetizing
losses of the transformer bank 2. The over-cur-
rent relay 17 is designed to close when the posi-
tlve sequence current flowing through the pro-
tecior corresponds to a comparatively high per-
centage such as 20% to 100% of the rating of
the transformer bank 2. The over-current relay
IG is desizned to remain open as long as the flow
of negative sequence current through the pro-
tector is within the normal limits encountered
during operation, and to close when negative
pinase-sequence currents of comparatively large
value are forced through the protector.

Tne operation of the protector shown in Fig. 5
may be set forth as follows: The closing opera-
tions when the network 4 is dead and when both
the feeder | and the network 4 are energized
are the same as described above in connection
with Fig. 1. |

However, for a tripping operation to occur in
the nrotector shown in Fig, 5, it is necessary that
the negative symmetrical component of star cur-
rents supplied by the current phase seauence
flter 8 exceeds the setting of relav {8 or that
the positive symmetrical component exceeds the
setting of relay {7 and that the direction of flow
of positive sequence power is from the network 4
tc the feeder §.

it was explained above that negative phase-
sequence power is produced at unbalanced loads
and is absorbed by negative phase sequence ad-
mittances either in the neitwork or at the gen-
erator. As the negative phase-sequence admit-
tances of induction motors and other polyphase
apparatus connected to a network such as is in-
dicated by the reference characier 4 is very high,
practically all of the negative phase-sequence
power is absorbed in the network and very little
fiows In reverse direction through the protectors.
We have found by tests on a representative 3-

2,042,187

phase delta connected 13,200 volt underground
cable feeder that the negative sequence current
lowing at light loads and at heavy loads during
normal operation was about one-tenth of that
which could be produced by grounding one phase
of the delta connected feeder.

I'lg. 6 shows a feeder circuit equipped with va-
ricus negative phase-sequence power sources for
controlling a number of protectors of the type
shcwn in Fig. 5. Referring to Fig. 6 in detail,
the feeder 1 is connected by means of a circnit
breaker 18 to a polyphase source (not shown).
A plurality of transformer banks 2 and protec-
tors, Indicated diagrammmatically at 3, are inter-
connected between the feeder 2 and the distribu-
tlon network 4. It will be understood that the
network 4 is also supplied from other feeders not
shown, A switch 19 is provided for grounding
one phase of the feeder I, and a second switch
29 is provided for connecting an impedance load
24 from phase to phase across a pair of secondary
terminals of one of the transformer banks 2.

A synchronous generator 22 and an induction
motor 23 are connected in series to the secondary
windings of a transformer bank 24, energized
from the feeder I, by means of a switch 25. ‘The
windings of the generator 22 and induction motor
23 are connected in such relative directions that
when the induction motor 23 rotates in the direc-
tion determined by the phase sequence of second-
ary voltage of transformer bank 24, the generator
12 generates a voltage of opposite or negative
pnase sequence. An exciter 26 is provided for
supplying direct current to the field winding of
the generator 23.

Assuming that the ecircuit breakers and
switches shown in Fig. 6 are in the positions
shown and that power is flowing through the
feeder | into the network 4, the protectors 3
may all be opened by opening the circuit breaker
I8 and closing any of the switches 19, 20 or 25.
Upon the opening of switch (8, the power flow
from the source (not shown) is interrupted and
the magnetizing losses of the transformer banks
3 and the charging current of feeder 1| are sup-
plied in reverse direction from the network 4.
The reverse positive sequence power which flows
threcugh the protectors 3 from his cause is suffi-
cient to operate the power-directional relay %
(Fig. 9) of each protector but not the over-cur-
rent relay 1. The protectors 3 accordingly re-
main closed.

IT the switch 19 is now closed, the charging cur-
rent of the feeder | becomes unbalanced, and, in
response to the negative phase sequence current
set up in his way, the negative phase sequence
over-current relay 16 cioses and the protectors
3 trip open.

If the switch 20 rather than the switch (9 is
closed, a large negative sequence current flows
from the impedance 21 through the right protec-
tor 3 to the negative sequence admittances of the
polyphase load devices connected to the nework 4.
The protoctor 3 on the right immediately opens,
causing the remaining closed protectors 3 to
carry the negative sequence current. As each
protector 3 opens, the negative sequence current
carried by the others increases until all are
opened.

If the switch 25 is closed rather than the
switches 19 or 20, the generator 22 produces a
negative phase-sequence voltage and negative
phase-sequence cuwrrent flows from the generator
22, through the protectors 8 to be absorbed in the
negative phase-sequence admittances of the net-
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work 4. The protectors 3 accordingly open in
the manner previously described.

Fig. 7 shows a modified form of protector in
which phasing is accomplished by a positive sym-
metrical component of transformer secondary
voltage rather than a difference voltage as in
Figs. 1 and 5. Referring to Fig. 7 in detail, the
feeder |, transformer bank 2, circuit breaker 3,
relay 9 and current phase sequence filter 8 are
the same as the corresponding elements of Fig. 1.

A pair of voltage phase-sequence filters 30 and
31 of a different type from the filters T and {4 of
Fig. 1 are provided for energizing the potential
winding 6 and the phasing windings 1 of the re-
lay 5, respectively.

The filter 30 is energized by means of a pair
of voltage transformers 32 and 33 having their
primaries connected between the ¢ and b phase
conductors and the b and ¢ phase conductors,
respectively, of the distribution network 4. The
secondary windings of the transformers 32 and
23 are connected in parallel circuits which in-
clude a resistor 39a¢ and an impedance element
¢db. The polarities of the windings of trans-
formers 32 and 33 are indicated by polarity marks
on the figure. The impedance of the parallel
branch circuit which includes the impedance ele-
ment 38b and the secondary winding of trans-
former 32 is equal fo the impedance of the par-
ailel branch which includes the resistor 3Qa and
the secondary winding of transformer 33, rotated
through a phase angle of 60° in the positive or

leading direction. The phase sequence filter 31

is identical with the filter 30.

A pair of impedance elements, which we have
illustrated as adjustable condensers 34 and 20
al'e connected in parallel with the potential wind-
ing 6 and phasing windings |1, respectively, for
varying the phase angle of currents in the latter
windings.

It may be shown by means of equations similar

to those heretofore considered in connection with

Fig. 1, that the voltage E3 impressed on the po-~

tential winding 6 is
Ea-+ Ebe!?° 4 Ecei0”

1 — 160° + gﬁefﬁﬂp

Ex= (28)

Wheare Zisz=the impedance of the parallel
branch circuit which includes the resistor 30a¢
and the secondary winding of transformer 33.

Z..0%0 =the impedance of the parallel branch

circuit which includes the impedance element 30b
anid the secondary winding of the transformer 32.

Ziza=the impedance of the potential winding {1
and condenser 34 in parallel.

It will be apparent from inspection of Equa-
tion (Z23) that the voltage E3o is proportional to
the positive symmetrical components of voltage
nf the network 4. By varying the capacitance of
the condenser 34, the phase angle of the current
in the potential winding & can be varied over a

range of almost 180° with respect to the voltage

r'i':iﬂ

Similarly, by adjusfing the condenser 35
the phase angle of the current in the phasing
windings |1 can be adjusted over a similar range.

1t will be assumed the condenser 34 is adjusted
to give watt tripping characteristics of the relay
R, and the condenser 3% is adjusted so that the
p’ﬂas g torque of the relay will be a maximum
when the a-phase positive syrametrical com-
ponent of secondary voltage of the transformer
kank 2 leads the a-phase positive symmetrical
component of voltage of the network 4 by a large
angle such as 70°, The over-voltage adjusting

o

loop 51 of the relay % is now adjusted to produce
a strong tripping torque, slightly less than the
phasing torque corresponding to network and
transformer secondary voltages in phase and of
normal value. The reverse power setting mecha-
nism (Pig. 3) is adjusted to prevent engagement
of the contact members 5S¢ and 5b from the bias-
ing action of the loop 51, and to give as high
additional reverse power setting as desired.
The operation of the protector shown in Fig. 7
1ay be set forth as follows: The closing opera-
tion when the network 4 is deenergized and the
tripping operation in response to reverse positive
sequence power are the same as described above
in connecvion with PBig. 1, The closing operation
of the protector when both the feeder | and net-
work 4 are energized, occurs when the torque
corresponding to the product of the in-phase
components of the positive phase sequence volt-

~ages of the transformer bank 2 and network 4

exceeds the biasing torque produced by the over-

- voltage adjusting loop b5l.

Fig. 8 shows a modified arrangement of phas-
ing circuits which may be used in any of the
protectors shown in Figs. 1,5 or 7. In the modifi-
cation shown in Fig. 8 the phasing windings {1 of
the relay b are energized by means of two volt-
age phase-sequence networks 31 and 38 connected
to the transformer side and network side, respec-
tively of the circuit breaker 3. The potential
winding 6 of the relay 5 is energized in accord-
ance with a positive symmetrical component of
the voltage of the network 4, |

An Impedance e€lement 40 is included in series
with the phasing windings (i, to rotate the re-
lay phasing characteristics in any desired man-
ner. Although we have illustrated the voltage
phase-sequence filters 3T to 39 as of the same
type as networks 30 and 31 of Fig. 7, it will be
understood that these networks may be of other
types.

It will be apparent that with the phasing con-
nections shown in Fig. 8, the phasing torque pro-
duced in the relay 3 will be proportional to the
in-phase product of a positive component of net-
work voltage and the difference between posi-
tive components of network voltage and trans-
former secondary voltage rotated through an
angle corresponding to the constants of the im-
pedance element 40.

Fig, 9 shows an application of our invention to
a protector having a two-element relay of the
type disclosed in the copending application of
William K. Sonnemann, Serial No. 552,673, filed
July 23, 1931 and assighed to the Westinghouse
Electric and Msanufacturing Company. Refer-
ring to Fig. 8, the feeder |, transformer bank 2,
circuit breaker 3, distribution network 4 and cur-
rent phase sequence filter 9 are connected in the
same manner as the corresponding elements of
Fig. 7. A two-element induction disc relay 50,
of the type disclosed in the above-mentioned ap-
plication of William K. Sonnemann is provided
for controlling the circuit breaker 3.

The relay 58 comprises two induction disc ele-
ments 582 and 50b rigidly coupled in any suit-
able manner so that the torque which produces
movement of the relay contact members is the
algebraic sum of the torque produced by both
eleirents. 'The upper relay element 50a is pro-
vided with a potential winding 6a, a pair of cur-
rent windings 8a and a pair of phasing windings
lla. The lower element 500 is provided with a
potential winding 6b and a pair of phasing wind-
ings (1D,
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A pair of voltage phase sequence filters 30 and
31, similar to and energized in the same manner
as the corresponding elements of Fig. 7, are pro-
vided for energizing the potential and phasing
windings of the relay 50. The potential windings
ba and 6b of the relay 50 are connected to the
voltage phase-sequence filters 30 and 31 to be
energized in accordance with positive symmetri-
cal components of the voltage of network 4 and
the secondary voltage of transformer bank 2, re-

spectively, and are connected in the proper direc-

tions to produce alternating fluxes of the same
polarity when the symmetrical components of
network and transformer secondary voltage are in
phase,

The phasing windings tla and 1 1bareconnected
In opposite directions to both the phase sequence
filters 30 and 31, to be energized in accordance
with the difference of positive phase sequence
voltages of the secondary windines of transformer
bank 2 and the network 4. It will be apparent
that with the connections described, the phasing
torques of elements 50a and 56b will act in oppo-
site directions under most conditions.

An admittance element 51’ is shunted across
the potential winding 6a to rotate the phase posi-
tion of the current in the potential coil 8¢ through
the necessary angle to produce watt tripping
characteristics of the relay element 59¢, as ex-

“plained in connection with Fig. 7. A second ad-

mittance element 52 is connected in shunt to the
potential winding 6b to produce an in-phase rela-~
tionship of potential fluxes of elements 5% and

- 98b when the corresponding symmetrical voltage
39 -

components are in phase. :

A pair of impedance elements 53 and 54 are
connected in series with the phasing windings
lfa and 11D, respectively, to produce any desired
rotation of the phasing characteristics of the ele-
ments 50a and 50b. The circuit breaker 3 is pro-
vided with back auxiliary contact members 3f
and 3g for interrupting the connections of the
bhasing windings [1b and the potential winding
b when the circuit breaker 3 is closed.

The operation of the protector shown in Fig. 9
may be set forth as follows: The closure of the
circuit breaker 3 when the feeder | is energized
and the network 4 is deenergized is accomplished
by the relay spring 50/ as described above in con-
nection with Fig. 1. The opening of the circuit
breaker 3 in response to reverse positive sequence
power is the same as that heretofore described.

Denoting the a-phase positive symmetrical
component of secondary voltage by Eia: and the
a-phase positive symmetrical component of volt-
age of network 4 by Enai, it will be apparent that
when both the feeder | and network 4 are ener-
glzed and the circuit breaker 3 is open, the torgue
of the relay element §0¢ is a function of Ena: and
Bital~——Hnai. Simﬂarly the torque of element 50b
Is a function Eta1 and BEnai—Eta1. As only two
variables Ena1 and Eta1 are involved, these two
variables may be treated as single phase voltages.
As explained in the copending application of
William K. Sonnemann, mentioned above, when a

two-element relay of the type under consideration

- 1s energized by single-phase voltages having the

70
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same relationship to the relay windings as the
voltages Ena1 and Eta1, the closing characteristic
of the relay is in the form of a circle such as shown
at B in Fig. 10. By changing relay adjustments.
as explained in the above-mentioned application
of William XK. Sonnemann, the diameter and
position of the closing circle may be varied to suit
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the particular application of the protector. A
second closing circle is deroted at C.

When the a-phase positive symmetrical com-
ponent of secondary voltage of the transformer
bank 2 is of proper magnitude and phase relation-
ship as compared with the ¢-phase positive com-
ponent of voltage of the network 4, to terminate
within the relay closing circle B or C, the relay
0J operates to close the circuit breaker 3. |

We do not intend that the present invention
shall be restricted to the specific structural de-
tails, arrangement of parts or circuit connections
herein set forth, as various modifications thereof
may be effected without devarting from the spirit
and scope of our invention. We desire, therefore,
that only such limitations shall be imposed as are
indicated in the appended claims.

We claim as our invention:

1. In a network protector for controlling the
connection and disconnection of a pair of poly-
phase alternating-current circuits, a circuit
breaker, an electromagnetic device having a mag-
netic structure and a movable element responsive
to a magnetic condition of said structure, means
eifective when said circuit breaker is open for
energizing said structure in accordance with a
magnetic condition dependent upon all phases of
the polyphase voltage of one of said circuits and
only a single voltage derived from the other of
sald circuits, and means including said movable
element for causing said circuit breaker to close
in response to a predetermined voltage relation-
ship of said circuits.

2. In apparatus for controlline the connection
of a pair of three-phase alternating-current cir-
cuits, a circuit breaker, impedance means for pro-
ducing a resultant of at least two phase voltages
of one of said circuits, and means for closing said
circuit breaker in response to a predetermined
relationship of said resultant and a voltage de-
rived from the other of said circuits.

3. In apparatus for controlling the connection
of a pair of grounded-neutral three-phase alter-
nating-current circuits, a circuit breaker, im-
pedance means for producing a resultant of at
least two phase-to-ground voltages of one of said
circuits, and means for closing said circuit breaker
In response to a predetermined relationship of
sald resultant and a voltage derived from the
other of said circuits.

4. In a network distribution system, a poly-
phase feeder circuit, a polyphase network circuit,
transformer means connecting said feeder circuit
to said network circuit, circuit-interrupting means
for -controlling the flow of power through said
transformer means, means responsive to a fault
on said feeder circuit for rendering said circuit-
interrupting means effective to interrupt the flow
of power through said transformer means, im-
pedance means for producing a resultant of at
least two phase voltages of one of said circuits,
and means responsive to a predetermined 1ela,-
tionship of said resultant and a voltage derived
Irom the other of said circuits for rendering said
circuit-interrupting means effective to establish
power flow through said transformer means.

9. In an alternating-current network distrihu-
tion system, a network distribution circuit, a plu-
rality of feeders for supplying power to sald net-
work circuit, step~down transformer means con-
necting each of said feeders to said network cir-
cuit, each of said transformer means having un-
grounded primary windings connected to the cor-
responding feeder, individual switching means
for said transformer means, means responsive to
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tion system,:a network:distribution circuit

and means for selectively producing a
fault on said one of said feeders.

2.042,187

an abnormal ground condition of one of :said
feeders for causing the corresponding switching

means to open, and means for selectively pro-

ducing said abnormal ground condition of said
one of said feeders, whereby said one of said feed-
ers may be removed from -service without sub-
stantially disturbing the electrical condition of

said network .circuit. -

‘6. In an alternating-current network distribu-~
,a plu-
rality of feeders for supplying power to said net-

work circuit, step-down transformer means con-
necting each of said feeders to - said network cir-
cuit, :each of -said #transformer means having
ungrounded primary ‘windings connected to the
corresponding feeder, .individual switch means
for said transformer means, means responsive 1o
4 ground fault on one :of sald feeders for caus-

ing the corresponding switching means ‘to open,
ground

7. In a polyphase :alternating-current network

distribution system, a network distribution cir-

cuit, a plurality of polyphase feeders for supply-

ing power %o 'said network circuit, step-down
transformer means connecting :each of said feed-

ers to said network -circuit, each of said trans-
former means having ungrounded delta-con-

nected windings connected to :the corresponding
feeder, individual switching means for said trans-

former means, means responsive to an abnormal
ground:condition of :one of said feeders for caus-
ing -the corresponding :switching ‘means to open,

and means for selectively .producing sdid abnor-
mal ground condition .of 'said one of said feeders.

8. In a polyphase alternating-current. network
distribution system, a ‘network distribution cir-
cuit, .a plurality of -polyphase feeders for supply-
ing power to :said network circuit, step-down
transformer means connecting each of said feed-
ers to sald network circuit, :each of said trans-
former means having ungrounded delia-con-
nected windings connected to the corresponding
feeder, individual switching means for said trans-
former means, means responsgive to a ground
fault on one of said feeders for causing the cor-
responding -switching ‘means to open, and means
for selectively.grounding said one of said feeders.

9. In an.alternating-current network :distribu-
tion system,-a network distribution circuit, a plu-

rality of feeders for supplying power to said net-

work circuit, a feeder circuit .breaker :in each of
said feeders adjacent 'the source end thereof,
step-down transformer means -connecting each of
said feeders to said network -circuit, each of said
transformer ‘means having ungrounded primary
windings connected to the corresponding one of
said feeders, individual switching means for said
transformer means, means responsive {0 an :ab-
normal .ground -condition of one .of said feeder
circuits for -causing the corresponding switching
means to -open, ;:and means effective when the
corresponding one of said feeder circuit breakers
is open for producing said abnormal ground con-
dition of the said one cf said feeders.

1¢. In a polyphase alternating-current network
distribution -system, a network distribution -cir-
cuit, a plurality of feeders for supplying power
to said network circuit, a feeder circuit brealer
in each of said feeders :adjacent the source end
thereof, step-down transformer means connect-

ing each of said feeders to said network circuit,

each of said transformer means having un-
grounded delta-connected primary windings con-
nected to the corresponding ane of said .feeders,

value of the vector product of

windings

11

individual switching means for said transformer
means, ‘means responsive to a ground fault on s
selected -one of said feeders for causing the cor-
responding switching means to open, and means

effective when the corresponding one of said
feeder breakers is open for producing a ground
fault on said selected one of said feeders.

11. In apparatus for contrelling the connec-
tion angd disconnection of a pair cif polyphase al-

ternating-current circuits, a circuit breaker, s
‘relay for controlling said circuit breaker, said

relay having a palr of windings and a movable
element operable in response to a predeterminedt
currents in said

windings, means effective when said circuit

‘breaker is open for energizing one of said wind-

ings in accordance with a voltage resultent de-
pendent upon a plurality of phases of the poly-
phase voltage of one of said circuits, mezns for
energizing the other of said windings in accord.
ance with :a voltage derived at least particlis
from the other of said circuits such that the
vector product of said resultant and said lsst-

mentioned mltage is a function of the magni uude

and phase relationship of the polyphasz vollages
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c¢f said circuits, and means including s2id mov-

able element for causing said circuit breaker to
clogein response to a predetermined value of
vector preduct of currents in said windings.
12. In appraratus for contralling the connection
and disconnection of g pair of crounded-neutral
polyphase alternating-current circuits, o ecirenit
breaker, a relay for controliing szid circuit
breaker, said relay having a pair of windings and
a movable element operable in responss ¢ 5 pre.
derermined value of the vecter product of cur-
rents in said windings, means effective when s-ﬂﬂ
circuit hreaker is open for energizing one of ssid
windings in accordance with a positive svmmetri-
cal component of the polychazse volitage oi ong

- R

cf said -circuits, means for energizing the other
of said windings in accordance with ths differ-
ence ‘between said component and the corre-
sponding ‘phase voltage of the other of said cir-
cuits, and means including said movabie clement
for causing said circuit breaker to closz when
sald positive .component and said corresnonding
phase voltage are in a predetermined relationshin
of magnitude and phase position, |
13. In apparatus for-controlling the connection
and disconnection of a pair of grounded-neutral
polyphase alternating-current civeuits, a circuit
breaker, a relay for controlling said ecircuit
breaker, said relay having g vair of windings and
a movable element operable in response to a pre-
determined value of the veector product of cur-
rents in said windings, means effective when said
circuit breaker is.open for energizing one of sald
in accordance with a positive sym-
metrical component of the poalyphase voltage of
one of sald circuits, means for energizing the
other of said windings in accordance with the
difference between said component and a corre-

sponding positive symmeirical component of the

the
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polyphase voltage of the other of said circuits, 65

and means including said movahle element for
causing said circuit breaker to close when said
positive components are in-a predciermined rela-
tionship of magnitude and phase posifion.

14. In a network proiector for controiling the
connection and disconnection of a pair of poly-
phase alternating-current circuits, a circuit
breaker, means including a power-directional re-
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effective when said circuit breaker is open for
energlzing said relay in accordance with a vector
product 'of a positive symmetrical component of
the polyphase voltage of one of said circuits and
2 phasing voltage derived at least partially from
the other of said circuits, said vector product
keing & function of the magnitude and phase re-
lationship of the polyphase voltages of said cir-
cults and means for preventing closure of said
circuit breaker except when said phasing voltage
iIs within a predetermined range of phase relg,.-
tionships with reference to said positive com-
ponent.

15. In a network protector for controlling the
connection and disconnection of a pair of pPoly-
phase alternating-current circuits, a circuit
breaker, means including a power-directional re-
lay for controlling said circuit breaker, means
eifective when said circuit breaker is open for
energlzing said relay in accordance with a vector
product of a positive symmetrical component of
the polyphase voltage of one of said circuits and
o, phasing voltage derived at least partially from
the otner of said circuits, said vector product
being & function of the magnitude and phase
relationship of the polyphase voltages of said
circuiss, and means for modifying the operation
of said relay.to prevent closure of szid circuit
breaker except when said phasing voltage is
within a predefermined range of phase relation-
ships with reference to said positive component.

i6. In a network protector for controlling the
connection and disconnection of a pair of
grounded-neutral polyphase alternating-current
circuits, a circuit breaker, means including a
power-directional relay for controlling said cir-
cuit breaker, means effective when said circuit
breaker is cpen for energizing said relay in ac-
cordance with a vector product of a positive sym-
mesrical component of the polyphase voltace of
one of said circuits and the difference between a
positive symmetrical component of the polyphasa
voltage of one of said circuits and a voltage of
corresponding phase derived from the other of
said circuits, said vector product being a function
of thhe magnitude and phase relationship of the
nolyphase voltages of said circuits, and means
for medifving the operation of said relay to pre-
vent closure of said circuit breaker except when
said difference voltage is within a predetermined
range of phase relationships with reference to
one of said positive components.

I'7. In a network protector for controlling the
connection and disconnection of a pair of
grounded-neutral polyphase glternating-current
circuits, a circuit breaker, means including a
power~-directional relay for controlling said cir-
cult breaker, means effective when said circuit
breaker is open for energizing said relay in ac-
cordance with a wvector product of a positive
symmetrical component of the polyphase volt-
age of one of said circuits and the difference be-
tween gsald positive symmetrical component and
the corresponding positive symmelrical com-
ponent of the polyphase voltage of the other of
said circuits, and means for modifying the cper-
ation of said relay to prevent closure of said cir-
cuit breaker except when said positive symmetri-
cal components are within a rpredetermined range
of phase relationships to each other.

16. In a network protector for controlling the
connection and disconnection of a transformer
and a polyphase network circuit, a <circuit
breaker, a power-directional relay, means effec-
tive when said circuit breaker is closed for ener-
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gizing said relay in accordance with a power
quantity of said circuits, a second relav. means
for energizing said second relay in accordance
with a negative symmetrical component of a
poiyphase electrical quantity of said circuits, and
Imeans responsive to operation of both said relays
for causing said circuit breaker to open when
sald power quantity flows from said network cir-
cuit to said transformer to suppiv the magnetiz-
Ing losses thereof and said polyphase quantity is
unbalanced tc a predetermined degree.

19. In a network protector for controlling the
connection and disconnection of a transformer
and a polyphase network circuit, a ecircuit
breaker, & power directional relay, means effec-
tive when said circuit breaker is closed for ener-
gizing said relay in accordance with a power
quantity flowing through said circuit breaker, a
second relay and energizing means therefor ef-
fecfive to produce operation thereof in response
to a predetermined unbalanced condition of the
phase currents flowing through the said circuit
breaker, and means responsive to operation of
both af sald relays for causing said circuit

breaker to open when said power quantity flows

through said circuit breaker in a predetermined
direction and said phase currents are unbalanced
t0 a predetermined degree.

20. In a mnetwork protector for controlling

the connection and disconnection of a pair of ¢

polyphase alternating current circuits, a circuit
breaker, a power-directional relay, means effec-
tive when said circuit breaker is closed for ener-
glzing said relay in accordance with a power
quantcity of sald circuits, an over-current relay,
means for energizing said over-current relay in
accordance with a positive symmetrical compo-
nent of the polyphase current of said circuits,
and means responsive to operation of both of said
relays ior causing said circuit breaker to open
wiien said power quantity is in a predetermined
direction and an over-current condition of said
circuits exists.

21. In a network protector for controlling the
connection and dizconnection of a pair of pol-
ypbhase alternating current circuits, a circuit
creaker, a power-directional relay, means effec-
tive when said circuit breaker is closed for en-
ergizing said relay in accordance with the vector
product of a positive symmetrical component of
the polyphase current of said circuits and g posi-
tive symmetrical component of the polyphase
voltage of one of said circuits, an over-current
relay, maeans for energizing said over-current re-
lay in accordance with a positivé symmetrical
component of the polyphase current of said cir-
cults, and means responsive to operation of both
of said relays for causing said circuit breaker to
open when said vector product is of a predeter-
mined direction and said positive symmetrical
componens of current is of predetermined value.

22. In apparatus for controlling the connec-
tion and disconnection of a pair of polyphase al-
ternating-current circuits, a circuit breaker, a
power-directional relay, means effective when
said circuit breaker is closed for energizing said
relay in accordance with a positive component
of power of said circuits, an over-current relay,
means for energizing said over-current relay in
accordance with a positive symmetrical compo-
nent of the nelyphase current of said circuits,
and means responsive to operation of both of
said relays for causing said circuit breaker to
open when said positive component of power is
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symmetrical component of current is of predeter-
mined value. |

23. In a network protector for controlling the
conhection and disconnection of a pair of pol-
yphase alternating-current circuits, a circuit
breaker, a power-directional relay, means effec-
tive when said circuit breaker is closed for ener-
gizing said relay in accordance with a positive
component of power of said circuits, a pair of
over-current relays, means for energizing one of
said over-current relays in accordance with a
positive symmetrical component of the polyphase
current of said circuifs and for energizing the
other of said over-current relays in accordance
with a negative symmetrical component of the
polyphase current of said circuits, and means re-
sponsive to the operation of said power-direc-
tional relay and either of said over-current relays
for causing said circuit breaker to open when
said positive component of power is in a predeter-
mined direction and said positive symmetrical
component of current is of predetermined value
or said negative symmetrical component of cur-
rent is of predetermined value.

24. In a network protector for controlling the
connection and disconnection of a polyphase al-
ternating-current network circuit and a polyphase
alternating-current supply circuit, a circuit
breaker, a single-element power-directional re-
lay for controlling said circuit breaker, said relay
having a potential winding, a current winding
and a phasing winding, means for energizing said

potential winding in accordance with a positive
symmeirical component of the polyphase voltage

of said network circuit, means effective when said
circuit breaker is closed for energizing said cur-
rent winding in accordance with a positive symi-
metrical component of the polyphase current of
said circuits to cause operation of said relay in
response to a vector product of positive sym-
metrical voltage and current components and
means effective when said circuit breaker is open
for energizing said phasing winding in accord-
ance with the difference between a positive sym-
metrical component of the polyphase voltage
of one of said circuits and a voltage of corre-
sponding phase derived from the other of said
circuits to cause the operation of said relay to be
dependent upon the magnitudes and phase rela-
tionship of the polyphase voltages of sald cir-
cuits.

25. ITn a network protector for controlling the
connection and disconnection of a polyphase al-
ternating-current network circuit and a polyphase
alternating-current supply circuit, a circuit
breaker, a single-~element power directional relay
for controlling said circuit breaker, said relay
having a potential winding, a current winding
and a phasing winding, means for energizing said
potential winding in accordance with a positive
symmetrical component of the polyphase voltage
of said network circuit, means effective when said
circuit breaker is closed for energizing said cur-
rent winding in accordance with a positive sym-
metrical component of the polyphase currents of
said circuits to cause operation of said relay in
accordance with a vector product of positive
symmetrical voltage and current components,
means effective when said. circuit breaker is open
for energizing said phasing winding in accordance
with the difference between a positive symmet-
rical component of the polyphase voltage of one
of said circuits and a voltage of corresponding
phase derived from the other of said circuits,

and impedance means connected to one of said

13

windings when said circuit breaker is open for
rotating the closing characteristic of said relay
to prevent closure of said circuit breaker except
when said difference voltage is within g predeter-
mined range of phase relationships with reference
to said first-mentioned voltage component.

26. In an alternating-current distribution sys-
tem of the type in which power is transmitted to
2 polyphase network by means of a plurality of
feeder circuits, a polyphase feeder for transmit-
ting power to said network, a feeder circuit break-
er for conitroliing the power filow through said,
feeder, a plurality of traunsformer banks inter-
connecting said feeder and sald network, a net-
work protector connacted between said network
ahd cach of said transformer banks, each of said

network protectors comprising a network circuit

breaker and relay means for causing said network
circuit pbreager to open when the magnetizing
losses of the corresponding transformer bank are
supplied from said network and a negative phase
seguence current of predetermined value flows
through the protector, and means effective when
said feeder circuit breaker is open to establish a
negative phase sequence current higher than said
predetermined value through each of said pro-
tectors to thereby cause said network circuit
breakers to open.

27. In an alternating-current distribution sys-
tem of the type in which power is transmitted to
a polyphase network by means of a plurality of
feeder circuits, a polyphase feeder for transmit-
ting power to said network, a feeder circuit break-
er for controliing the power flow through said
feeder, a plurality of transformer banks inter-
connecting said feeder and said network, a net-
work protector connected between said network
and each of said transformer banks, each of said
network protectors comprising a network circuit
breaker and relay means for causing said network
circuit breaker to open when the magnetizing
losses of the corresponding transformer bank are
supplied from said network and a negative phase-
sequence current of predetermined value higher
than normal average value flows through the pro-
tector, or the reverse power flow from the network
through the protecior exceeds g predetermined
power value corresponding to an insensitive set-
ting of the protector, and means effective when
said feeder circuit breaker is open for establish-

-ing a negative phase sequence current higher

than said predetermined current value through
each of said protectors, whereby said network
protectors operate with insensitive setting while
said feeder circuit breaker is closed but may be
opened in response to reverse transformer mag-
netizing losses and negative phase sequence cur-
rent when said feeder circuit breaker is open.

29. In apparatus responsive to the condition of
synchronism of a pair of polyphase alternating-

~current circuits, a pair of induction disc operators
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and a movable element responsive to the algebraic

sum of the torques of said operators, each of said
operators having a pair of windings relatively po-
sitioned to produce a torque proportional to the
vector product of currents in said windings,
phase-sequence means for energizing a winding
of one of said operators in accordance with a posi-
tive symmetrical component of the polyphase volt-
age o1 one of said circuits, phase sequence means
for energizing a winding of the other of said op-
erators in accordance with a. positive symmetrical

component of the polyphase voltage of the other
of said circuits, and conductors connecting the
remaining windings of said operators to both of
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said sequence means to respond to the difference
of sald components, the relative directions of said
windings being such that the torgues of said op-
erators normally oppose, whereby the torque ap-
plied to said movable element is dependent upon
the condition of synchronism of said circuits.
29. In a network protector for controlling the
connhection and disconnection of a pair of poly-
phase alternating ecurrent circuits, a circuit
breaker, a relay having a pair of induction disc
operators and a movable element responsive to
the algebraic sum of the torques of said opera-
tors, each of said operators having a pair of wind-
Ings positioned to produce a torque proporticnal

- to the vector product of currents in said windings,

phase sequence means for energizing a winding
of one of said operators in accordance with a pos-

2,042,187

itive symmetrical component of the polyphase
voltage of one of said circuits, phase-sequence
means for energizing a winding of the other of
said operators in accordance with a positive sym-
metrical component of the polyphase voltage of
the other of said circuits, conductors connecting
the remaining windings of said operators to both
of said phase sequence means to respond to the
difference of said components, said windings be-
ing connected in such relative directions that the
torques of said operators are normally opbosed,
and means including said movable element for
causing said circuit breaker to close when said
polyphase voltages are in a predetermined rela-
tionship of magnitude and phase position.
ROLLA E. POWERS.
HUDSON R. SEARING.
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