
July 14, 1936. 
R. I. WARD 2,047,343 

REVERSE POWER AND DIFFERENTIAL FROTECTION MEANS 

3 
4. 

3. 

'3- 
s 

s 

/O,- O 

5. E 

Filed Nov. 9, 1931 4. Sheets-Sheet li 

AC / 
2 22 

2 ea 

T-T ea 

- TH 
e1 T Hill 

Q2/ Q02// 09.227 - 

s P 
s 

C 

w 

0000. ' *O-O-O-O. (6) 
-- 

2Oa 
Y 

1% 3O 
/14 
At 
A3 

* * *f; 

32 

A22/ey2Zoya 
/oferAZZZ/arz 624.2% 6% 



July 14, 1936. R. I. WARD 2,047,343 
REVERSE POWER AND DIFFERENTIAL PROTECTION MEANS 

Filed Nov. 9, 1931 4. Sheets-Sheet 2 

Averzor 
ZoZerz Zzzaraz 

422zg. 

  

  



July 14, 1936. R. I. WARD 2,047,343 
REVERSE POWER AND DIFFERENTIAL FROTECTION. MEANS 

Filed Nov. 9, 193l 4. Sheets-Sheet 3 

:C 
OO 

/OZier? Z.Z/Z-roz 
Az/ 2. 1. %raea/ 26%. 

    

  

  

  



July 14, 1936. R. I. WARD 2,047,343 
REVERSE POWER AND DIFFERENTIAL FROTECTION MEANS 

Filed Nov. 9, 1931 4 Sheets-Sheet 4 

A22e2Zoya 
/2Zer? / Zazra. 

( - Ayaz, Zezz/6%r 
4%1 a6. 

  



0. 

20 

25 

30 

Patented July 14, 1936 

UNITED STATES 

2,047,343 

PATENT OFFICE 
2,047,343 

REVERSE POWER AND OFFERENTA, 
PROTECTION MEANS 

Robert E. Ward, Chicago, Ill. 
Application November 9, 1931, Serial No. 573,754 

10 Claims. 

This invention relates to means for detecting 
and protecting against certain types of faults to 
which alternating current systems are Subject, 
such as short circuits, grounds, or other faults 
which produce unbalanced conditions in a three 
phase line, abnormal conditions which result in 
reverse power flow, etc. 
For reverse power protection the present alter 

nating current distribution systems require ap 
paratus that must be directional at One per cent 
normal voltage and operate in 0.2 second on a re 
versal of power where the line current is equal 
to 1500 per cent load. There is considerable 
difficulty in making Such sensitive apparatus and 
maintaining it at the required sensitivity. 
I have devised a relay arrangement wherein 

the sensitive element comprises a directional 
power control tube, providing a degree of Sen 
sitivity combined with reliability hitherto un 
known. This arrangement may be easily made 
directional at one-half of one per cent normal 
voltage and operate in 0.05 seconds on a reversal 
of power of 1500 per cent load. I prefer to con 
nect the grid and the plate circuits in Such a 
manner that the grid prevents any substantial 
current flow in the plate circuit when the phase 
angle between the line current and line voltage 
is such as to indicate a power flow in one direc 
tion and to permit plate current to flow when the 
phase angle has changed upon a change in the 
direction of power flow. 

It is one of the objects of the present inven 
tion to provide a directional relay in the form 

40 
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of a three element vacuum tube wherein a cer 
tain alternating voltage is applied to the grid, 
a certain alternating voltage is applied to the 
plate, and the plate circuit serves as an indica 
tion of variations in the relative phase angle 
between the plate and the grid voltage. The 
two applied voltages may be functions of the line 
voltage and current, whereby the relay indicates 
the direction of power flow, or the two voltages 
may be functions of the currents flowing in dif 
ferent parts of the system whereby the relay may 
be used for differential line protection, or for 
protection against such faults as result in a rela 
tive phase change of the currents or voltages in 
different parts of the system. 

It is possible to use a hot cathode tube of the 
mercury vapor type. The catinode is provided 
with a heating element which is electrically in 
dependent of the operating circuit. I prefer 
to provide a construction wherein a relatively long 
period of time, say about five minutes, is neces 
sary for the heating element to bring the cathode 

(C. 15-294) 
to its operating temperatures. This lag in heat 
ing time is beneficial in that there is a corre 
sponding lag in cooling time which will permit 
Operation of the tube for a short period of time 
if the heating circuit is open and will permit the 5 
use of a Switch or other throw over device to , 
connect the heater to a different source of power 
in the event that its original power source should 
fail. A mercury vapor tube also permits the use 
of a relay in the grid circuit for indicating the 10 
life of the tube. As long as current flows in the 
grid circuit the relay remains energized. When 
the current flow becomes insufficient to maintain 
the relay operated, the relay drops back and thus 
actuates an alarm. This condition is brought là 
about by deterioration of the tube resulting in a 
diminution of the electron flow from the hot 
cathode to the grid. 

Instead of using a mercury vapor tube, I may 
use a high vacuum tube. In this type of tube 20 
there is no substantial grid current flow and 
a different form of tube life indicator must be 
used. This may take the form of an additional 
element maintained at a positive potential with 
respect to the cathode. Normally a slight current 25 
flows in the circuit including the additional ele 
ment. When the tube deteriorates and the elec 
tron flow to this fourth element is Sufficiently re 
duced, the decreased current is insufficient to 
maintain an alarm relay energized and it drops 30 
back to give a signal of the deterioration of the 
tube. This fourth element may be arranged me 
chanically in any suitable manner. One arrange 
ment is that of the ordinary Screen grid in a 
radio vacuum tube. 35 
The attainment of the above and further ob 

jects of the present invention will be apparent 
from the following specification taken in Con 
junction with the accompanying drawings form 
ing a part thereof. 

In the drawings: 
Figure 1 is a simplified circuit diagram showing 

the application of my invention to a power line 
for affording protection against reverse power 
flow; Figure 2 is a simplified circuit diagram illus 
trating my relay system applied for operation re 
sponsive to the occurrence of an internal fault in 
a transformer; 50 Figure 3 shows my invention as applied to a 
feeder circuit with an arrangement for automati 
cally reclosing the circuit breaker upon the clear 
ance of the faulty condition; 

Figure 4 is a circuit diagram illustrating a pilot 55 
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wire protecting arrangement embodying the pin 
ciples of ray invention; 

Sigure 5 is a modification of the circuit show X 
in Eigle 4; and 

Figure 6 is a diagraria illustrating a sodified 
for of ot, cathode tube or use in the above circa 
Cuits. 

Reference Ray now be had Zinore particularly to 
the circuit shown in Figure it. A three phase 
alternating current power line is indicated at G 
and supplies current to a brancia 2 troglia the 
usual switching arrangement indicated in the 
present instance by a circuit breakei 3. The three 
phases of the power line are indicated at A, B, and 
C. Power normally floys from the line C to the 
line 2, but under abnormal conditions there may 
be 2, reversal of power fiow so that power tends to 
foW from the line 2 to the line . This condition 
may be rendered possible by the fact that the line 
2 is connected as a part of a net Work including 
power sources or power lines in addition to the 
line . The relay arrangement ShoW in Figure i 
is provided for the purpose of tripping the circuit 
breaker 3 upon the occurrence of a flow of power 
from the line 2 to the line . 

Since the direction of flow of power in 2n alter 
nating current system is a function of the phase 
relationship between the current and the voltage, 
the means provided for detecting a reversal in the 
direction of power fidw must give some indication 
of the change in the phase angle. provide three 
voltage transformers indicated at AG), O G, and 62, 
the primaries of which are connected acroSS the 
three phase conductors, and the secondaries of 
which are connected to my reverse power indi 
cating means. The transformers O, G8, and 2 
step the line voltages down to suitable values and 
the voltages between ground and the conductors 
3, G5, and 5 will be functions of the phase to 
phase voltages of the line A. 

For current, transformation I use three current 
transformers indicated at 20, 2, and 22. Since 
the design of commercial current transformers 
now in use is such as to require that the output 
side of the transformer be maintained substan 
tially short circuited, I provide additional special 
potential transformers for accomplishing this. 
The special potential transformers are indicated 
at 20, 2 f', and 22' having their primaries con 
nected to the output sides of the respective-cur 
rent transformers through low resistance overload 
relays 25, 26, and 27. It is desirable to introduce a 
time delay in the operation of the relays 25, 26, 
and 27. This may be done in any desired manner 
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as, for instance, by providing the relays with 
means within the relay for delaying its action, or 
with external means, mechanical or electrical, for 
delaying the action. A conventional type of time 
delay for the relays 25, 26 and 27 is shown for the 
purpose of illustration only in Figure 1. The sec 
Ondaries of the three potential transformers 20, 
2, and 22' are connected to conductors 30, 3, 
and 32 through series trip circuit relays 20a, 2a, 
and 22d. It is apparent that the voltage between 
ground and the respective conductors 30, 3f, and 
32 will vary in some relationship to the variations 
in the current flowing through the corresponding 
conductors of the line 2. It is apparent from the description thus far 
given that the phase relationship of the voltages 
of the conductors 3G, 3, and 32 to the voltages of 
the conductors, 3, 4, and 5 will vary as the 
phase relationship between the current and volt 
age of the line 2 varies. This need not be a straight 
line relationship since I am in the present in 

2,047,843 
stance interested only in detecting such changes 
in phase relationship as are indicative of changes 
in direction of pover flow. I provide three high 
Vecula: An use relays, indicated at 30, 4G, and 42, for 
responding to the required changes in phase 5 
&cgie. 

Each tube is provided with a cathode (33 
adapted to be heated by a heater 44 and is pro 
vided with a grid element 35 and a plate element 
36. The operating characteristics of the three 10 
element vacuum tubes 40, 43G, and 42 when used on 
alternating current, are such that when the control 
grid and plate voltages are in phase both grid and 
plate current will flow during the positive half 
Cycle, but when the control grid and plate voltages 
are i80 degrees out of phase only a minimum 
grid current will flow during alternate half cycles 
and there will be no plate current flow. The con 
ductors (3, 4, and 5 are connected to the grid 
elements of the respective tubes whereas the con 
ductors 36, 3 and 32 are connected to the plate 
elerinents of the tubes. The polarities of the 
transformers supplying the gride and plate volt 
ageS 22e SO connected that the Voltages at the 
plate and grid of each tube are opposing each 25 
other by approximately 180 degrees under normal 
operating conditions. The circuit for both the 
grid and plate are completed through the cathode 
to ground. 
To understand the operation of the relay 30 

scheme it will be necessary to analyze the oper 
atting characteristics of the vacuun tube. The 
tube used is, as previously stated, a mercury wa 
por or high Vacuum tube which has a low in 
ternal impedance and may be designed to per 
Emit enough current to pass through it to operate 
a Substantial relay in both the plate and grid 
circuits. The grid controls the flow of electrons 
from the cathode to the plate. The electrons 
flow from negative to positive, and if a grid or 
obstruction of sufficient dimensions and negative 
Voltage is placed in the path of these electrons, 
their path would be blocked and consequently the 
plate circuit would be incomplete. In the case 
of the high vacuum tube the plate current de 
pends upon the amount and polarity of the grid 
voltage. This does not hold true with the mer 
cury vapor type tube. In the mercury vapor 
type tube the grid looses control of the plate cur 
rent as SOOn as ionization takes place, and does 
not regain control until the plate voltage has 
been reduced practically to zero. When alter 
nating current is used on the plate circuit the 
grid resumes control each alternation. These 
tubes are manufactured with both negative and 
positive grid control characteristics. That is, in 
a negative grid control tube the tube looses con 
trol of the plate at some negative voltage de 
pending upon the design of the tube. In the 
positive grid control type the grid controls the 
plate current from negative to some positive 
value. This type of tube is necessary in the pro 
tection scheme above set forth. The type of 
tube to be used should operate between zero 
and positive 0.5 volt when the special plate trans- 65 
former's Secondary voltage has reached its max 
imum. That is, the grid will control the plate 
current as long as it has a negative voltage and 
to a positive voltage of one-half volt. In the 
reverse power line protection this permits selec- 70 
tivity With leSS than one-half of one per cent line 
voltage at the bus. This cannot be done with 
the reverse power relays heretofore used. 
Under normal operating conditions the grid 

and plate Voltages are 180 degrees out of phase. 75 
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For one-half of the cycle the grid is negative and 
the plate positive. In this case the grid prevents 
the plate current from flowing. During the other 
half of the cycle the grid is positive and the plate 
is negative. No plate current can flow, but grid 
current can flow. The grid current may be uti 
lized to maintain a relay 50 in its operated condi 
tion, or a separate grid element may be employed, 
as previously described. In case the tube should 
fail to function there will be no grid current and 
the relay 50 will be released thereby completing a 
circuit for an alarm 5. The relay 50 therefore 
is an indicator of the operative condition of the 
tube, 
Should there be a reversal of the power flow 

in the line 2, the phase relationship of the current 
to the voltage will be reversed. The grid and 
plate voltages will therefore now be approxi 
mately in phase. On one-half of the cycle the 
grid and plate voltages are negative and no plate 
current flows. On the other half of the cycle 
both the plate and the grid are positive and both 
plate and grid current flows. The plate current 
brings about the operation of the auxiliary re 
lays 20a, 20tb, and 20c which control the comple 
tion of a circuit to the tripping coil of the circuit 
breaker 3. This complets the operation of the 
tubes as directional power or reverse power re 
layS. 

If desired a time element overload relay may 
be added to the circuit controlling the tripping 
of the circuit breaker 3. Three such relays are 
indicated at 25, 26, and 27. These relays are 
adapted to operate after a time delay upon the 
occurrence of current flow therethrough in excess 
of the value for which they have been set. 
The time delay may be obtained by mechanical 
or electrical means, as is well known in the art. 
It is apparent from the circuit arrangement 
shown that at least one of the three time element 
Overload relays and at least one of the directional 
relays must be operated in order to complete the 
circuit for the tripping of the circuit breaker 3. 
In the relay arrangement above described there 

are three important factors to consider. 1. The 
tube operating characteristics as discussed above. 
2. The electrical characteristics of the special 
plate supply transformers. 3. The changes in the 
phase angle of the line voltage with respect to 
the bus voltage on fault conditions. 
The Special transformer must have certain 

characteristics to operate satisfactorily in the 
above System. As its primary is connected in 
the secondary circuit of the current transformer 
it has to be designed so that it does not place an 
unreasonable burden on the current transformer 
when its plate winding or secondary is open cir 
cuited (normal operation). It must supply the 
necessary plate voltage to actuate the tube when 
the current transformer has full load current and 
when the grid and plate are in phase. At heavy 
overloads the special transformer's secondary 
voltage must be limited so as not to destroy the 
operating characteristics of the tubes. Also, its 
open circuit voltage must be kept at a minimum. 
These conditions may be satisfied by designing 

the transformer so that it operates above the 
knee of the iron Saturation curve when the cur 
rent in the primary exceeds a given current value, 
Say 5 amperes, for tubes such as are here used. 
In a system which I have actually built the trans 
former supplies approximately 100 volts to the 
plate at 5 amperes, 200 volts at 60 amperes, with 
an auxiliary relay in the plate circuit of the tube 
of 2000 ohm impedance. The open circuit volt 

3 
age Was approximately 350 volts at 60 amperes. 
The iron used was silicon iron. If permalloy or 
hypernik were used it would probably be possible 
to decrease the secondary voltage of the trans 
former at the higher primary current values in 5 
proportion to the secondary voltage at smaller 
primary current values. 
The saturation of the iron of the transformer 

caused considerable distortion of the voltage in 
the Secondary circuit, but due to the character 
istics of the tube it did not materially affect the 
operation of the circuit. Oscillograms of the 
output characteristics of the transformer showed 
that the maximum voltage was higher at 5 a.m.- 
peres in the primary than at 30 amperes, but the 
average voltage was higher at 30 amperes. The 
wave form was also better at 30 amperes. The 
Secondary voltage was found to lag the primary 
current by approximately 50 degrees at 5 amperes 
and 85 degrees at 68 amperes. To compensate 20 
for this shift a 90 degree or 120 degree connection 
would be necessary between the current trans 
former On the line and the bus potential trans 
former. That is, Supplying the grid from the 
B-C phase potential and the current for the plate 25 
transformer from an A phase source. Whether 
90 degrees or 120 degrees is used depends upon 
the impedance of the auxiliary relay in the tube 
plate circuit: It was found that by adding in 
pedance in the secondary circuit of the trans- 30 
formers 20', 2', and 22' the angle of lag between 
the primary current and the secondary voltage 
increase. Also the change in the line power factor 
was taken into consideration. 
The operating windings of the tube life indi-35 

cator relays 50 and the windings 20a, 20b, and 20c 
are shunted by condensers to Smooth out the 
rectified alternating current input through them 
and to insure positive operation. The directional 
relays are of the type that close their contacts 
upon operation whereas the tube life indicating 
relays 50 are of the type that open their contacts 
when energized. The purpose of the relays 50 is 
to operate an alarm or signal to notify the opera 
tor of the station that the tube is approaching the 
end of its active life. This Setting is predeter 
mined by the tube's active life characteristics and 
is governed by the Cathode electronic emission. 
That is, as the tube deteriorates the electron flow 
from the cathode to the grid will diminish and 50 
cause the grid current to decrease. When the grid 
current has decreased to the predetermined set 
ting of the relays the relays will no longer be held 
Open. The dropping of the relay armature closes 
the circuit for the alarm or signaling device 5. 
The relay 50 also serves to indicate a defective 
Condition in the tube such as a change in gas 
pressure from leakage which results in a change 
of the internal impedance of the tube; also in 
case the characteristics of the gas or mercury 60 
vapor have changed so as to increase the voltage 
drop in the tube. 
The windings 59 also serve as a limiting resist 

ance to prevent overloading of grid. 
Reference may now be had to Figure 2 wherein 

I have shown my invention applied in a some 
what differentmanner from that illustrated in Fig. 
ure 1. This arrangement affords protection for a 
transformer upon the occurrence of a fault there 
in. A power line 60 supplies power to the primary 0 
of a three phase transformer 6 through the usual 
Switching connections including a circuit break 
er 62. The secondary of the transformer supplies 
power to a feeder line 63. The plate circuit of this 
relay protective arrangement is identical to the 75 
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4. 
plate circuit shown in Figure 1 and a further 
description thereof is therefore not necessary at 
this time. The grids, however, are supplied with 
voltage that varies as the current in the respective 
phase conductors on the secondary side of the 
transformer varies. For this purpose there are 
provided current transformers (65, 66, and 67, the 
secondaries of which are connected to the pri 
maries of potential transformers O', d', and 2'. 
The Secondaries of these transforiners are con 
nected to the grids of the respective tubes in the 
same manner as are the Secondaries of the trans 
formers (D, G, and 2, of the System shown in 
Figure 1. The potential transformers 90', d', and 
G2' may be of a construction substantially sini 
iar to that of the transformers 20', 2', and 22. 
The rest of the systern shown in Figure 2 is idey 
tical to that shown in Figure 1 and similar refere 
ence nunerals have been used to indicate similar 
parts thereof. 
Under noRnal operating conditions the grid and 

plate voltages are approximately 180 degrees out 
of phase hence no plate current flows. This sys 
ten is no intended to afford protection against 
reverse power lovy and Wii, afford no such protec 
ior due to the fact that agon 2, reversal of power 
iO7 tiae relative phase relationship of the cur 
regat on the primary side of Ene t'aasaorner G6 
to that on the secondary side will remain Sulo 
Staxatially the Sane insofar as concerns the vacu 
AEC take relays. 
The apparatus is oaiaced so that, ui ande: no.2(2. 

O3rating coraditions the grid Voltage and Ele 
plate voltage are i80 degrees out of phase. Should 
2, fault develop in either the primary or sec 
Orndary side of the transforger, that is, Within a 
the transformer itself, the pinase relationship of 
the curren, on the two sides of the transfor ner 
Will be disturbed. In addition the Anagnitude of 
the current on the primary side will be increased 
While the Anagnitude of the current on the sec 
Ondiary side will be decreased. As a result of this 
change in relative phase relationship and as 2. 
further result of the change in lagnitude of the 
Current, the grid will permit current to flow 
through the plate circuit during a portion of each 
Cycle of the alternating current. The plate cur 
rent controls the operation of the relays 20g, 
20, and 22g resulting in the energization of the 
tripping coil of the circuit, reaker 62. 

In the present instance I have shovyn the Sys 
&ein as including time element overload relays 25, 
26, and 27. These Onay be omitted is desired. 
They Anay be or initted as to both the time eleinent 
2nd &S to the overload eerinent or is it is desired 
to retain the time delay eleznent that rendeis Op 
eration of the circuit breaker independent of the 
Overload, the relays 25, 26, and 2 are Ornitted and 
S. tige eleinent is introduced into the operation of 
the relays 20g, 2 g, and 22a. 

Reference X may "Rhovy be had more particularly 
&O Figure 3 Wherein show an arrangernea, for 
(0.29 airag 2, circat leaker in a RA SEterneirag car 
2'ent Systern responsive to 2, reversal of povye; for 
&rac fox Ceciosing the saine gatonatically agon 
the correction of the conditions that brought 
Sibout the reversal of power flovy. A high voltage 
transmission line 20 Supplies power through 8, 
step down transformer to a line 22 which Ray 
toe part of a network and whic: Rinay also ce co 
Thected at its other end to another source of gover. 
A circuit, breaker 3 is provided for disconnecting 
the Section 22 froin the high Voltage irae 20. 
Suitable resistors 30, 42, and 4c shant, he coin 
tact of the circuit Foresce: fox' perating & inited 
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flow of current when the circuit breaker is open. 
This flow of current is utilized for control pur 
pOSes. 
The reverse power vacuum tube relays used are 

of the same type as previously described and are 
indicated by the same reference numerals, said 
relays being provided with a cathode and means 
for heating the same, a plate, and a grid. The 
three grids of the three tubeS. are controlled by 
three current transformers indicated at 6, 77, 
and 8 whereas the plates are controlled by volt 
age impressed upon them by means of resistors 
80, 8, and 82. The resistor 88 is connected be 
tween the A and C phases, the resistor 3d is con 
nected between the B and C phases, and the re 
Sistor 32 is connected between the A and 8 phases. 
The pate connections are made at variable points 
on the three resistors. Relays 33, 36, and 35 are 
included in the plate circuits of the respective 
tubes. 
The phase relationship of the grid and plate 

Voltages under Oxnal conditions is Such that the 
grid prevents any Substantial plate current flow. 
The two voltages are approximately 180 degrees 
out of phase. Should a fault develop in the dis 
tribution transformer 8 or in the high yoltage 
feeder line 6. With the result that power ends to 
flow from the low voltage network 2 to the trans 
former 29 or to the line 8 there will be a result 
ing reverSal in the instantaneous direction of cur 
rent foWif With respect to the Voltage and there 
fore the grid and pate. Voltages Will Know be Sub 
Stantially in phase. This permits current to flow 
through the plate circuits and results in tie oper 
ation of the relays 33, 84, and 35. At their front 
contact the Relays establish a circuit for the trip 
ping coii. 87 of the circuit breaker 23. The cir 
cuit breaker trips out and by inserting the resist 
ance 4a, 736, and (c it reduces the extent of 
reverse power flow to a negligible amount. The 
relays 33, 84, and 85 may now drop back. How 
ever, the position of these relays at this time is 
inmaterial in that they produce no operating 
2Ction in either position. It is desirable that 
they drop back because by so doing they open the 
circuit to the tripping coil 3 and prevent an un 
Anecessary flow of current through this coil. 

provide an arrangement for reclosing the cir 
Cui breaker when the transformer voltage be 
comes greater than the network voltage and leads 
it in phase angle. This is accomplished by means 
of a fourth vacuum tube indicated at 33, and of 
2, construction similar to that of the other tubes. 
The grid voltage on this tube is Supplied by a cur 
rent transformer 89 and the plate voltage is Sup 
plied by a resistor 95 connected across the B-C 
phases. The resistor 4c permits a limited flow 
of current through the C phase conductor when 
the circuit breaker is opened. When the direc 
tion of gower flow is from the network to the 
transformer 78 the voltage on the grid of the 
tube 36, as Supplied by the current &ransformer 
30, is soughly 180 degrees out of phase With the 
plate voltage, hence no plate current flows. 
When the voltage of the line IO becomes greater 
than the network Voltage and leads it in phase 
angle, Which is the condition necessary for a 
transfer of power from the line 70 to the Snetwork, 
the potential on the grid with respect to the plate 
Will be reversed so that the grid voltage is sub 
Sta.Eatially in phase with the plate voltage. Plate 
current Will now flow through the plate circuit 
of the tube 38 thereby bringing about an energi 
zation of the relay St. This relay at its front 
contacts COOgletes 2 circuit through the oacle 
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contacts of the three relays 83, 84, and 85 to the 
operating coil 92 of the circuit breaker 73. When 
the circuit breaker operates to close the circuit 
between the network and the transformer it 
opens the plate circuit of the tube 88 at its con 
tact 93. 

It is to be noted that the contacts 93 of the cir 
cuit breaker 73 are open when the circuit breaker 
is closed and the contacts 94 are open when the 
circuit breaker is open. The circuit breaker is 
closed during the normal operation of the Sys 
tem hence the reverse power relays 40, 4, and 42 
are normally Operatively connected. At this 
time the plate circuits of the tube 88 is open 
hence the relay 9 is in its deenergized position. 
When the circuit breaker 73 has been tripped the 
relays 40, 4, and 42 are rendered inoperative by 
reason of the fact that the ground Cathode cir 
cuit has been opened, hence the relays 83, 84, 
and 85 drop back. The dropping back of those 
relays merely conditions the system for reclosure 
upon the operation of the relay 9 under control. 
of the tube 88. If desired the contact 94 may be 
replaced by three sets of contacts, one set in each 
of the plate circuits. Those contacts would be 
arranged to be closed when the circuit breaker is 
closed and Open. When the circuit breaker is Open. 
Under those conditions the cathodes of the three 
tubes 40, 4, and 42 are permanently grounded. 
If desired the contacts 93 and 94 of the circuit 
breaker may be entirely omitted in which case the 
plate of the tube 88 is connected directly to the 
resistance 90 and the Cathodes of all of the tubes 
are permanently grounded. Under Such condi 
tions when power is flowing from the network to 
the line 70 the grid and plate voltages on the tube, 
88 are Out of phase and no current flows through 
the winding of the relay 9 hence the contacts 
of this relay are open. When the power is flow 
ing in the proper direction and the circuit breaker 
is closed there will be no current flowing through 
the plate circuit of the directional relay tubes 40, 
4; and 42 hence the relays 83, 84, and 85 are in 
their open position. The circuit to the operating 
Coil 92 of the circuit breaker may remain closed, 
Or if desired it may be opened by means of a set 
of back contacts on the circuit breaker mecha 
nism. Upon a reversal of power flow the relays 
83, 84 or 85 operate and open the initial operat 
ing circuit of the coil 92 and produce a tripping 
of the circuit breaker by closing the circuit for 
the tripping coil 87. Reference may now be had more particularly 
to Figure 4, wherein I have shown my invention 
applied to a Section of a three phase power line 
for isolating the section upon the occurrence of 
a fault in the Section. The Section to which the 
protection is applied is indicated at 00 and forms 
a connecting link between two parts of the sys 
tem indicated as a power line of and a power 
line O2. Circuit breakers 03 and 04 at the 
two ends of the section 100 connect this section 
with the rest of the system. The apparatus at 
the left-hand end of the section 00 comprises 
three current transformers , , and ff2, 
One for each phase of the System. The Second 
aries of the three current transformers are con 
nected in parallel with one another and in par 
allel with the primary 4 of a special pilot trans 
former 5. When the load carried by the three 
conductors of the section OO is balanced, no 
current will flow through the primary 4 of 
the transformer 5. The secondary f6 of the 
transformer 5 is connected to supply voltage 
to the plate of a high vacuum tube 20 of a con 

5 
struction similar to that of the tubes previously 
described. The plate is indicated at 2. The 
Cathode is indicated at 22, said cathode being 
grounded through a suitable resistance 23. A 
relay 25 is connected in the plate circuit, said 5 
relay controlling the tripping of the circuit 
breaker 03. At the right hand end of the section 00 there 
is provided a set of apparatus similar to that at 
the left-hand end of the section. Similar refer- 10 
Cnce numerals have been used to indicate similar 
parts of the two ends of the section, the refer 
ence numerals for the part at the right hand end 
Of the Section being primed. The Secondary of 
the transformer if 5 is provided with a tap 30 lis 
which supplies voltage to the grid of the tube 
20'. A similar tap on the Secondary of the trans 
former 5’ supplies voltage to the grid of the 
tube 20. For this purpose two pilot wires 3 
and 32 are provided. 
Under normal operation when there is a bal 

anced load upon the three conductors of the Sec 
tion OO no current flows through the primaries 

20 

of the transformers 5 and 5' hence there is 
no voltage upon the plate or the grid of the 2 
two tubes. The tripping relays 25 and 25 
therefore remain unenergized. Under certain 
fault conditions a current does flow through the 
primaries 4 and f4 resulting in an operation 
of the relay system to isolate the section of the 
line. 
An explanation will now be given of the Oper 

ation of this system upon the occurrence of faults 
at various places in the system and under va 
rious conditions. Assume that a ground fault 
occurs on the C phase conductors at the point 
marked 'X'. Assume further that power is be 
ing fed to the fault from both the line of and 
the line O2. The unbalanced current in the 
current transformers ff0, , and 2 will flow 
through the primary of the transformer 5 and 
will induce a voltage in the secondary thereof 
thus placing an alternating voltage upon the plate 
f2 of the tube 20 and, through the conductor 
32, placing an alternating voltage upon the grid 
of the tube 20'. At the same time power is be 
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ing fed to the fault from the line fo2 thereby 
producing a similar condition in the apparatus 
at the righthand end of the section 00 whereby 
an alternating voltage is impressed upon the plate 50 
of the tube 20' and, through the pilot conductor 
3, upon the grid of the tube 20. Since the lines 
of and O2 are interconnected as part of a net 
work the voltages on these two lines will be in 
phase with one another, hence the currents 
through the primaries 4 and 4' will be in 
phase with one another. From this it follows that 
the voltage on the grid of the tube 20 as Sup 
plied by the secondary 6' of the transformer 

5’ will be substantially in phase with the volt-60 
age on the plate 2 as supplied by the secondary 
Of the transformer 5. A similar phase relation 
ship exists between the voltages on the grid and 
plate of the tube 20'. The grids will therefore 
permit current to flow through the respective 85 
plate circuits and bring about the energization 

55 

of the relays 25 and 25' which, upon closing, 
complete the circuits for tripping the c.cuit 
breakers 03 and 04. 

If power were being fed to the ground fault 
from only one end of the line the operation would 
be substantially the same as above set forth. As 
sume that the line 0 is the power line and the 
line 02 extends to a load and is not connected 75 

70 
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(3 
to any other source of power. Fault current feed 
ing through the C phase conductor will result in 
a current flow through the primary of the trans 
former 5 in the same manner as has been previ 
Ously set forth, With the result that alternating 
potential is applied to the plate of the tube 2G 
and to the grid of the tube 28'. If there is a load 
On the line 682 there will be a return current flow 
from the A and 3 phases through the load to 
the C phase, said return current resulting in un 
balancing of the equilibrium of the current trans 
formers at the righthand end of the section. This 
unbalanced current will flow through the pri 
nary Of the transformer 5' and Will result in 
the placing of an alternating potential upon the 
plate of the tube (28' and upon the grid of the 
tube 20 in the same manner as would have hap 
pened if power Were supplied from the line S 62 
aS previously set forth. Therefore the circuit 
breakers are tripped in the same manner as was 
previously described. If, at the time of occur 
rence of the fault at the point marked 'X' there 
is no load upon the conductors (G2, or if the equiv 
alent results from the fact that the circuit break 
er 04 happens to be open at the time, the oper 
ation of the System will not be adversely affected. 
Under Such conditions there is an alternating 
Voltage impressed upon the plate of the tube G20 
and an alternating voltage impressed upon the 
grid of the tube (26. There is no voltage upon 
the grid of the tube A20 and there is no voltage 
upon the plate of the tube 26'. The tube 2G 
therefore does not produce an operation of the 
relay 25. On the other hand plate current does 
flow through the plate circuit of the tube 2G 
notwithstanding the absence of the grid potential. 
This is due to the fact that the tube here used 
is a mercury vapor tube and it is not necessary 
to have a grid voltage in order to initiate cur 
rent flow in the cathode-plate circuit. The grid 
is effective only to prevent the initiation of such 
Current flow when the grid is at a negative po 
tential. The relay 25 operates and brings about 
a tripping of the circuit breaker ACE. Under such 
conditions it is to be noted that the circuit breaker 
f04, if it is not already open, need not be tripped 
Since if there is no load upon the line 02 and it 
is not connected to a source of power, it is imma 
terial whether the circuit breaker O4 is open or 
closed. 

It is to be noted that current will flow through 
the plate circuit of the hot cathode tubes when 
there is plate voltage and there is no impediment 
from the grid. Thus if the grid voltage is in 
phase with the plate voltage, there will be a plate 
current flow during each half cycle that the plate 
voltage is positive. The same condition will pre 
Vail when there is no voltage on the grid. How 
ever, if the grid and the plate are substantially 
180 degrees out of phase, then the grid will pre 
vent plate current flow. It is to be noted that the 
Current transformers at the two ends of the sec 
tion 00 are oppositely connected so that when 
the current is flowing in the same direction at 
the two ends of the section the unbalanced cur 
rent, if any, in the primaries of the transformers 
5-5 will be in opposite direction whereas if 

the directions of flow at the two ends of the sec 
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tion are in opposition, then the resulting current 
in the primaries of the transformer 5-5' 
Will be in the same direction. 
When a fault occurs externally of the section 

fo0 but so related to the section 6 Oc that the un 
balanced fault current flows therethrough it is 
not necessary, nor desirable, to open the circuit 

tubes in the system shown in Figure 4. When the 
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breakers 63-04 since the fault, being external 
of the section under consideration, should be 
cleared by the protective apparatus provided at 
the fault, thus permitting as much of the system 
as possible to remain in Service. To show that 5 
the circuit breakers A33 and C4 are not tripped 
under such circumstances let us assume that a 
ground fault occurs on one of the phase conduc 
tors of the line 02 and is supplied with power 
from the line A 9 by Way of the section 8 (0. AS 
Sune that the fault is on the C phase conductor. 
An unbalanced current will flow through the sec 
tion D, the instantaneous direction of flow be 
ing the same at the two ends of the Section. A 
large current Wii flow through the current trans- 5 
former A2 to ground by Way of the primary Gé 
and a similar current Will foW through the trans 
former 8 (2' to ground by Way of the primacy of 
the transformer A 5'. It is to be noted that the 
secondaries of the two current transformers are 20 
oppositely connected with respect to the pri 
Inaries of their aSSociated pilot transformers 
A 5-A 5'. Therefore the current flowing 
through the primaries of the transformers 
A 5-5’ will be approximately 180 degrees out 25 
of phase. Since each of the two tubes (2G-2 
is supplied with plate voltage from one of the 
pilot transformers and With grid Voltage from 
the other pilot transformer it follows that the 
plate and grid voltages of the two tubes will be 30 
Substantially 180 degrees out of phase and hence 
the grids will prevent the flow of current through 
the respective plate circuits. Therefore the re 
lays 25 and 25' will not operate and the circuit 
breakers will not be tripped. 

Reference may now be had to Figure 5 wherein 
I show my invention as applied to a somewhat 
different protective arrangement. The system 
shown in Figure 5 is identical to that shown 
in Figure 4 except for the fact that two addition 
all current transformers 50 and 58 are provided 
at One end of the section and two current trans 
formers 50 and 5d are provided at the other 
end of the section. The circuit shown in Figure 
5 is adapted to be connected in a system such as 45 
is shown in Figure 4. The current transformer 
A50 is of a ratio different from that of the current 
transformer 5?. By way of illustration, the 
transformer 50 may have a two-to-one ratio and 
the transformer 5 a four-to-one ratio. It may 
be shown that a voltage will be present between 
the point f 53 and ground upon the occurrence 
of an overload upon any one, two, or all three of 

35 

40 

50 

the conductors of the line OO of Figure 5. This 
is true whether the overload is brought about by 55 
a phase to ground fault, a tWO phaSefault, or a 
three phase fault, even though the three phase 
fault results in a balanced current flow over the 
three phase conductors of the line foo. A fur 
ther description as to why this takes place is to 60 
be found in the patent to Titus G. LeClair and 
Charles M. Gross, No. 1,919,231, of July 25, 1933. 
This voltage will induce a current flow through 
the primary of the transformer f 15 with the re 
sult that a voltage will be induced in the second 
ary of this tragsformer. A similar action takes 
place at the other end of the section f OO. The 
action of the two hot cathode tubes in the system 
shown in Figure 5 will be identical to that of the 
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voltages on the secondaries of the transformers 

5 and f 15' are in phase the grids of the respec 
tive tubes will permit a current flow whereas 
When the voltages are 180 degrees out of phase 
the grids will prevent a plate current flow. It is 75 
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to be noted that when the overload current is in 
the same direction at the two ends of the section 
100, indicating that the fault is external of the 
section, the voltages of the secondaries of the 
transformers 5-5' will be in opposition, 
whereby no current flows through the plate cir 
cuit, whereas when the currents flow in the same 
relative directions at the two ends of the line, in 
dicating a fault between the two ends of the line, 
the voltages at the secondaries of the transform 
ers 5 - 5’ will be in phase whereby the grids 
permit a plate current flow. 
In Figure 6 I have shown, in diagrammatic 

form, a high vacuum tube having a relay con 
nected in the screen grid circuit for giving an in 
dication of the deterioration of the tube. The 
cathode is shown at 70, the heater therefor at 
T, the grid at 72, the plate at T3, and the 

screen grid 74. The grid and the plate are 
. adapted to be connected in circuit in the same 
manner as are the grids and the plates of the 
tubes in the systems previously described. A re 
lay T5 and a battery 176 are connected in Series 
with one another between the screen grid and 
ground. As long as the tube is in Operating con 
'dition there will be a small current flow through 
the winding of the relay 75 whereby this relay 
maintains its contact open. Should the current 
cease to flow through the winding 75 the relay 
will fall back, closing its contacts, and complet 
ing a circuit for an alarm. r In compliance with the requirements of the 
present statutes I have herein shown and de 
scribed various arrangements embodying the 
principles of my invention. It is, however, to 
be understood that the invention is not limited 
to the precise embodiment herein shown, the 
same being merely illustrative of the invention. 
What I consider new and desire to Secure by 
Letters Patent is: 

I clain: 
1. In an alternating current electric System 

having two alternating voltages of the same fre 
quency and subject to relative phase change, 
means responsive to a predetermined reversal of 
energy flow in said system comprising a direc 
tional control tube having a plate and a grid, 
means for impressing one of said alternating 
voltages on the plate and the other on the grid 
and maintaining the phase relation between the 
plate voltage and the grid voltage substantially 
as a function of the phase relationship of said 
first-mentioned voltages, circuit interrupting 
means responsive to predetermined flow of plate 
current, a saturating current transformer in the 
plate circuit of said tube responsive to varia 
tions in line current for maintaining the current 
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in said plate circuit below a value sufficient to 
cause operation of said interrupting means under 
overload conditions in the normal direction of 
current flow, said tube having a separately en 
ergized constant cathode heating surface and 
maintaining control of Said plate current 
throughout all relative phase angles of Said alter 
nating voltages. M 

2. In an alternating current system, means for 
detecting a phase displacement of the current at 
one portion of a line with respect to one of the 
sinusoidal variables at a point in the system, said 
means comprising a tube having a plate ele 
ment, a grid element, and a separately energized 
constant cathode heating circuit, means for im 
pressing on one of the elements an alternating 
voltage having a fixed phase relation to the cur 

7 
rent, means for impressing on the other element 
an alternating voltage having a fixed phase rela 
tion to the other sinusoidal variable, whereby the 
plate current varies as a function of the phase 
displacement of the two, said tube retaining 
control of said plate current throughout all varia 
tions in relative phase angle between Said alter 
nating voltages, and electro responsive means 
controlled by the plate current, said plate and 
grid voltages being normally substantially in 
phase opposition whereby the grid Opposes plate 
current flow, and means in the circuit of said 
plate element for increasing the plate voltage 
When the grid voltage drops to maintain the 
plate current through said tube substantially 
constant during overload, said grid permitting 
an effective plate current flow upon a predeter 
mined phase displacement between the plate and 
grid voltages. 

3. In combination with an alternating current 
system, a power directional relay comprising a 
tube having a plate member and a grid member, 
means impressing on one of Said members an 
alternating voltage which is at a predetermined 
phase angle to the System voltage, and means 
impressing a voltage on the other member which 
is at a predetermined phase angle to the cur 
rent in a portion of the System including a satu 
rating transformer operating above the knee of 
the iron Saturation curve at currents above a 
predetermined line current value, said two last 
mentioned voltages being substantially in phase 
with one another when the power flows in one 
direction, thereby permitting a plate current to 
flow, and substantially always in opposition when 
the power flows in the other direction whereby 
the grid substantially prevents plate current flow. 

4. In an alternating current system, a power 
supply circuit, a power receiving circuit con 
nected thereto by means including a circuit 
breaker, means for closing the circuit breaker 
when the voltage on the supply circuit equals or 
exceeds the voltage on the other circuit and is 
displaced from it in phase angle, said last named 
means comprising a tube having a plate and a 
grid, means for impressing on the grid, and on 
the plate alternating voltages having a certain 
relative phase relationship when the conditions 
for closure of the circuit breaker exists and hav 
ing a different phase relationship when the con 
ditions for closure of the circuit breaker do not 
exist, the plate current being controlled by the 
phase relationship of the grid and plate voltages, 
compensating means responsive to variations in 
grid voltages for maintaining the plate current 
through said tube below a predetermined opera 
tive value to prevent operation of said circuit 
closing means under Overload, and means con 
trolled by the plate current for closing the cir 
cuit breaker. 

5. In an alternating current system, a line, a 
circuit breaker in the line, current responsive 
means connected to the line on One side of the 
breaker, voltage responsive means connected to 
the line on the opposite side of the breaker, means 
for maintaining both of said responsive means 
energized when the breaker is open, a tube hav 
ing a plate circuit and a grid circuit, means con 
trolling one of the circuits in accordance with 
the line current and the other in accordance with 
the line voltage, the voltages on the plate and 
On the grid being Substantially in phase opposi 
tion when power is flowing through the line in 
the proper direction, whereby the grid prevents 
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Substantial plate current flow, a Saturating trans 
former in the controlling Imeans for said plate 
circuit for maintaining the Voltage is pressed on 
Said plate circuit substantially constant upon 
increase in line current above a predetermined 
value, the grid and plate voltages being substan 
tially in phase when the direction of power flow 
is reversed, whereby the grid assists the estab 
lishment of a plate circuit, and circuit breaker 
tripping means controlled by the plate circuit, 
said tube retaining control of said plate current 
throughout all relative phase angles of said al 
ternating voltages. 

6. In combination, an alternating current line, 
a circuit breaker in the line, means for tripping 
the breaker responsive to a, reverse in the direc 
tion of power flow in the line, current limiting 
Kneans shunting the breaker, a tube having a 
plate circuit and a grid circuit, nearns for iron 
pressing on One of said circuits a voltage having 
Substantially fixed phase relation to the line volt 
age and on the other circuit a voltage having a 
Substantially fixed phase relation to the current; 
flowing through the current initing means, said 
tube maintaining control of said piate current in 
the plate circuit throughout all relative phase 
angles of Said line voltages, and Izaeans controlied 
toy Said tube for reclosing the circuit Realker 
When the phase angle between the two last, Chen 
tioned Voltages indicates a proper direction of 
OW of power through the current initing 

(Rears, and compensating 2 neans in said plate 
circuit for preventing increase of impressed volt 
age on said plate circuit when said line is sub 
ject to an overload current to maintain a pre 
deter nined relation between said plate and grid 
circuits above a predetermined line current. 

... in combination, a line, a circuit, orealizer in 
Said line, neans in said line on one side of said 
breaker responsive to energy flow in said line, 
means in Said line on the other side of said 
breaker responsive to energy flovy in said ine, a 
tube having a grid circuit and a piate circuit re 
Spectively connected to said energy flow respon 
Sive Ineans, the voltages of said circuit being 
normally in a predetermined phase relationship 
preventing operative plate current flow through 
Said plate during normal operation of said line, 
Said tube being of the type Inorinally permitting 
a grid current flow irrespective of the glate 
Voltage, and means responsive to line current 
above a predetermined value for Enaintaining the 
plate voltage of said tube substantially constant 
above Said value whereby upon an abnormal con 
dition being imposed upon the line said grid and 
plate voltages are moved into a phase relation 
Ship providing for operative current flow through 
Said plate circuit, and means responsive to said 
Operative plate circuit current flow for tripping 
Said circuit breaker. 

8. In combination, a line, a circuit breaker in 
the line, a power directional element for trip 
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ping the breaker upon the reversal of power flow 
comprising a directional control tube having a 
grid circuit and a plate circuit, means in said 
plate circuit for controlling the plate voltage to 
prevent increase of plate voltage beyond a pre 
determined value when the line current reaches 
a predetermined maximum overload, whereby 
Said breaker will not operate under overload 
conditions, and a second power directional ele 
ent Comprising a high Vacuum tube having a 

Constantly energized cathode heating circuit and 
having a grid circuit and a plate circuit for re 
closing the circuit breaker responsive to the re 
establishment of conditions required for the flow 
of power in the right direction, said tube retain 
ing control of the plate current throughout all 
relative phase charages of power iow. 

9. In CORElbination, an alternating current line, 
a, circuit breaker in Said line having a trip cir 
Clait, a tube having 2, plate circuit and a grid 
circuit, a current transformer in Said line at one 
side of S&id Foreaker for impressing an alternating 
current voltage on said plate circuit, a voltage 
transforgiae in said line on the other side of Said 
Roesker fo3 in pressing an alternating current 
voltage on said grid circuit, the voitages of said 
Circuits of Said tube being normally in a predea 
termined phase relationship preventing operative 
plate current flow 7 to said plate circuit, during 
202na operation of Said line, a Saturating trains 
fos": ?ex is a said piate circuit operating above Re 
detes'Rained Wales of line current in norana di 
arection of current foW to maintain the voltage 
C2. Said plate circuit, in 2, predeter nixed rela 
tion to the grid voltage and for preventing op 
erative plate current flow during overload on 
Said line, whereby upon reversal of power iovy 
through Said line Said phase relationship of Said 
voltages is shifted to 2.llow operative plate cur 
Irent OVF for energizing Said trip circuit. 

10. In an alternating current line, 2, direc 
tional control tube having a plate circuit and 
a grid circuit, Ileans responsive to the voltage in 
said line for in pressing an alternating current 
Voltage on Said grid circuit, means responsive to 
the current is said line for impressing an alter 
Aating current on Said plate circuit, said voltage 
In Ornally being anaintained in predetermined 
phase relationship to prevent operative plate 
Current flow, a circuit breaker in Said line operat 
ed by predetermined operative plate current fow, 
and means in Said plate circuit for maintaining 
Said in pressed plate voltage Substantially con 
stant as the line current increases above xnor 
mal in the normal direction of line current flow 
to prevent operative plate current flow upon 
Overload, said Eneans being inoperative to pre 
vent operative plate current flow for operating 
Said circuit areaker when the line current 
Ireaches a, predeterrained value in the Reverse di 
lection of OW. 
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