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CHAPTER I
THE PASADENA POWER SYSTEM

The Municipal Light & Power Department of the City of Pasadena
has been operating an independent electric system for twenty seven
years and now supplies all of the city of Pasadena. It'a growth is
shown briefly as follows:

1906 -~ One 250 E. P. Generating Unit

1909 -~ One 1000 H. P, Generating Unit

1914 -~ One 1250 KW, Turpine (enerator

1916 - One 3000 KW, Turbine Genersator

1920 ~ Purchase of Southern California Edison System in
Pasadena

1924 -~ Ons 10,000 XW. Turbine Generator

1928 ~ One 15,000 KW, Turbine Generator

1932 -~ One 25,000 XW. Turbine Generator

Inssmich as Pasadena is essentially a residential city and the
future growth will probably be quite slow, the estimated future con-
sumption will not exceesd eighty five million kilowatt hours per year
by 1940. Any planning will therefore be made on this basis and while
cértain changes and revisions of the existing system are quite need-
ed, they will be made only after due consideration from the economic
point of view as well ms the enginesring point of view.

This paper deals with the problem of revising and extending
the present relay equipment for the 16.5 KV. transmission system.
The present relaying consists almost wholly of line inverse time el-
ement and definite time element overload relays applied at the power

and sub-stations. An attempt has been made in this paper to comsider

the relaying problem as a whole and to make a more or less fundamental



study of the complete system, analyzing for short circuit currents and
relay application by use of the symmetrical component method. However
in so doing it has been necessary t0 limit the study to certain assumed
conditions and also to assume that certain changes now planned will be
consummated before the complete revision of the relaying.

The study was limited to the primary 16.5 KV. transmission system
since 1t is not contemplated that any radical change will be made in
the present relay arrangement for the secondary 2400 volt distribution.
Quite complete supervisory control may be installed at a later date but
since this is a problem, gquite separate, discussion of this will not
be made in this paper.

PRESENT POVER SYSTEM.

The present powsr system cbnsists of:
(A) One power station, in which are located the following main gen-
erating units: 4

Unit #8 - Allis Chalmers, 31,250 KVi., 80% F.F., 16,500 volt,
50 cycle, 1500 R,P.M, Turbine Generator.

Unit #7 - Allis Chalmers, 18,750 XVi., 80% P.F., 11,000 volt,
50 oycle, 1500 R.P.M. Turbine Generator.

Unit.#6 - Allis Chalmers, 12,500 XVi., 80% P.F., 2400 volt,
50 cycle, 1500 X,P.k. Turbine Generator.

Units one to five consist of smaller older generators of up to
3000 KW. capacity, but for the purpose of this paper, they are not con-
sidered since they are small, more or less obsolete and not expected
to be used except in a possible emergency. As now operating and as

expected to operate, Unit #8 will ordinarily supply the load since it



is the most efficient. Units #6 and #7 will be standby and for
use at offpesk times. Prom indications now at hand, unit #8 alone
will be able to handle even the peak 1load for some years to come,

89 the relay calculations involving determinations of short cireunit
currents are made assuming this machine on the line alone.

Although the main power station is usually the only power supply,
there is an arrangement with the Bouthern California Edison Company,
whereby the load can be thrown ontd their system in case of emergency.-
The tie-in feeder comes directly to the Pasadena Power Station 16.5
KV. bus from the Garfield Substation of the Southern California Bdison
Company. This feeds power from a 15,000 KVA., bank of transformers,
the bank with its reactors (two in parallel) having an approximate
reactance of 12%.

This tie-in is for emergency opseration but is sccasionally used
when, on account of abundant water supply, the Southern California
Edison Company can supply power at & rate which makes it advisable to
shat down the steam station., The relaying for this power faeder is
done at the Garfield Station 30 this is not considered in the present
discussion. Because of the fact that this line is used only under
abnormal conditions, and will practically never be operated in parallel
with the power station, the caloulatiosns are based only on the actual
operating conditions of the power station.

(B) Two main substations known as Raymond Substation and Lamanda
Park Substation.

Each of these substations have two 3000 KVA. banks of transformers



stepping down from 16,500 volts to 2400 volts. The sedondary 2400
volt distribution aystem radiates from these substations as well as
.zrah.a 2400 volt substation located at the power plant.

.- At Bagﬁané all 2400 volt feeder are controlled by antamaeié
reclosing circuit breakers (three time close, then lockout) and
this substation is practically unattended, an 1ns§eotor.viaiting
it several time a day. Any trouble causing a feeder o remain
open requires the visit of a trouble msn to close the breaker, The
same 1s true if any primary circuit breaker opens, Notification .
of outages on the 2400 volt feeders is usually received by calls
from customers reporting outages. |

Lamanda Park Substation is an 0ld manmually operated substation
taken over from the Southern California Edison Company in 1922, It
is unattended during the day (except for inspection periods) un§11
3aso_p.m;, at which time an inspesctor c&mps to the substation and remains
until after the evening peak. This substation is quite obsolete hav-
ing bsen built many years ago and it is only a quédstion of a very
short time until & new station will be erected on land several blocks
away, this land already having been purchased.
4C) The 16.5 KV, Transmission System.

The diagram on page 8 shows the schematic layout of the system,
Raymond and Lamanda Park Substations are fed by a loop line from the
power station. Also fed from both Raymond and Lamsnda Park is a 16.5
KV. line feeding the water pumping system. Finally there is a direct

atub feeder from the power station to the California Institute of Tech-



nology. A tie-in to the Lamanda Park Peeder is alsc run to the In~
stitute. On the diagram is also shown the proposed Maryland Substa-
tion and feeders t0 same, reference to which will be made below.
PRESEET RELAYING.

At the present time the relays (except for the differential
protection of the generators) are all of the well known induction
disc, time element overcurrent type. Although some attempt has been
made t0 obtain selective breaker tripping, the method of operation to-
day is to have all relays in the substations on the 16.5 KV. lines
set for heavy overload and long time and the relays at the power sta-
tion set to trip first. The reason for this is that the substations
are usually unattended and it is considered better to trip at the
power plant where an attendant can immediately reclose, rather than
attempt to sectionlize at the substation, which would cause a
line section to remain out until a man went to the substation to
reclose the breaker. The present method of operation has ﬁrsven
fairly satisfactory as there have been few outages and the system is
comparatively sirple. However there is no assurance that under the
present operation, some fault may not completely shut down the system
whereas with proper relaying, sectionlizing would promptly take
place, isolating the fault withing the smallest area possible and
not putting out of service healthy parts of the system. It is for
this reason that a genersl revision of the relaying is being contemplat~
ed, particularly so as the critical demand for nearly perfect ser-

vice is growing with the increase in use of synchronous apparatus,



electric clocks, etc.

PRESENT AND FUTURE DEVELOPMENTS.

The éondition of 10ad in the business section has caused several
feeders to have nearly reached their capacity and because this central
load is somewhat distant from the substation feeding it, propvaals
have been made to build a new substation adjacent to this load. This
substation if built, will be known as Maryland and will be fed from
the power station by a new feeder. It would also be tied in to the
system by a commection to the present Californis Institute of Tech-
nology Line‘and to the Water Pump Line. The Pump Line could then
receive power from any one, or mor, of the three substations, Raymona,
Lamanda Park, and llaryland.

Because it is quite possible that the Maryland Substation will
be bullt within a few years, it was considered advisable to proceed
with the problem an this basis., If other developments take place,
the following analysis of the problem is still applicable though the
actual calculations would have to be revised.

Lamanda Park, as already mentioned, is quite obsolete so a
new'aubstéfion to replace this is planned for the very neér future.
The general scheme of connections osn the 16.5 KV. side will be about
as at present, though an emergency tie-in may be made with the South-
ern California %dison System at this point to supplement the one now
at the power stsation. The new substation will be made as fully auto-
matic as possible and probably supervisory control will be installed

£0 permit control from the power station.



At present nearly all 16.5 KV. lines are overhead but much work
has been done in installing conduit for placing underground both the
primary 16.5 KV. lines and the secondary 2400 volt feeders. The lines
from the powsr station to the Haymond, Lamanda Park and Maryland Sub-
stations and most of the Pump Line will be underground cables. The
cables used for these lines will be 500,000 c.m. and 350,000 c.m.,
three phase type H, 23,000 volt cables, each cahductor being separately
wrapped by a metallic sleeve, the three conductors being contained
in a common lead sheath.

Diagram, page 8 is a single line diagram of the system as it
would be when the Maryland and new Lamanda Park Substations are
built. This diagram shows all 16.5 KV. lines with the distances
and size of conductors used, location of apparatus, and the re-

commended types of relays.

T



CHAPTER 11X
TYPES OF RELAYING

At the present time induction type time element svercurrent re-
lays are used on all feeders. However, the use of only this type in
the future will cause difficulties. As an example, consider the dia-
gram, figure 1, page 10.

If the relays shown were timed in the usnal consecutive mamner,
it would be necessary to give #1 and #3 the longest time setting, say
1.5 seconds, #5 and #10, 1.0 second, and #7 and #8 the shortest time,
say 0.5 seconds. Undsr these conditions, with a short circuit on line
#2, relays #7 and #8 would operate before the others and clear the
system, For a short circult on line #1, however, since the same
ourrent flows through relayé #7 and #8 as through #5, these relays
would operate before #5, and hence ss soon as relay #1 operates (1.5
seconds), Raymond Substation would be isolated from the system, though
the fault is only on one side. Similarly for a short on line #3,
Lamanda Park Substation would be isolated.

If, on the other hand, relay #5 is set to operate in, say 0.5
seconds, and relay #7 in 1.0 seconds, relay #5 would isolate a fault
on line #1 from Raymond Substation before relay #7 operated but, of
course, the operstion would then be improper if the short cireunit oc-

curred on line #2 or line #3. It is therefor, obvious that
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the present relaying may cause unnecessary interruptions to servics.
The first step in this problem, then is t5 analyze the system
conditions, determine what conditions must be met and pick out that
method of relaying which will accomplish the desired result with the
least complicatisns and castf
Ordinary time element non-directional overcurrent relays are
often supplemented by these other general methods of relaying for
transmission line protection. These methods respectively involve
the following relays:
Distance type relays
Pilot wire relays

Directional current relays alone or in combination with
overcurrent relays

DISTANCE TYPE RELAYS

The distance type relays work on the principle that the relay
nearest the fault will operate first. This is accomplished by the
use of a restraining coil operated from the potential of the line
which acts in opposition to5 the overcurrent c¢oil of the relay, As
the voltage across the relay nearest the fgult will be lowest, the
restraining potential coil on this relay will be least effective
and, therefors, this relay will operate before the osthers.

The objections to this type of relay are, first, that it is
congiderably more expensive than the overcurrent type; secondly,
on comparatively short lines, it is sometimes difficult or im-
possible to get sufficient difference in pstential to sbtain the

selectivity desired. It is also necessary to have potential for

w1 Lo



2ll relays.

This type of relay is used on long lines with a number of sec-
tionalizing points, where the use of consecutively time overcurrent
relays would make the maximum timing too long, or on complicated
networks, where it is otherwise impossible to get proper selectiv-
ity. These relays are not intended to be used in place of over-
gurrent relays, but to supplement them where overcurrent relays can-~
not be made properly selective.

PILOT WIRE RWLAYD,

The use 5f pilsot wire relay protection systems has been con-
siderably greater in England than in the United States because short
cable lines have been used there to a comparatively greater extent
than in the United States. The earlier schemes developed were known
ag the Merz-Price system. 0f late, modifications of thé pilot wire
systems are coming more prominently ints use in the Unlted States, mome
making use of commnication chammels as the pilot wires.  Such systems
however usually have a backup relay protection in case of the failure
of the pilot wires.

The advantages 0f such s system are:

1. Nearly instantaneous operation.

2. Can be used on any number 5f lines independent of the number
of stations.

3. Will opserate sn small fault ocurrents, thereby providing
excallent protection against ground faults.

4. Potential connections not reguired.

w1 B



The disadvantages are:

1. Cast‘of pilot wires and maintenance of sams.

2. Necessaity of special, matched current transformers.

3. Possibility of undetected open circuit on pilot wires
rendering scheme insperable,

4, Dange of induced pdtentials on the pllots causing false
asperation,

Inasmuch as Pasadena is considering the use of supervisory
control of the substations from the power station, a number of spare
conductors could be includsed in the supervisory control cable at
small cost so the first disadvantage may not be objectionable. The
other disadvantage, however, are guite serious, in fact, sufficiently
80 to make inadvisable such a scheme for this power system.

DIRECTIONAL OVERCURRENT RBLAYS

The current directional relay has one pair 5f contacts operated
by a standard time element overcurrent relay; Another set of con-
tacts is directional: that is this contact will close only if power
flow is in a certain direction and will stay open if in the opposite
direction. The two sets of contacts are either comnected in series
or are cascaded. That is, the overload contacts are prevented from
operating if the directional contacts are open. This prevents the
relay from operating on a surge because both sets of contacts would have
t0o be closed for the time for which the relay was set. The directional
element of the relay is so connected that it will operate only when
power is flowing away from the substation; it will not operate vwhen

power flows into the station.

.



The current directional relay is suitable for use on loop
systems having not more than four stations {power and substations)

The reason for this is that good relay practice requires the op-
eration of a relay withing two seconds at most, after the occurrence
of the fault. Intervals should not be shorter than 0.4 seconds and
preferably 0.5 to permit time for the opening of a preceding breaker
before the closure of the succeeding relay contacts. Therefore,

a series of more than four relays is not advisable, if they have to
be progressively timed.

Pigure 2 on page 10 illustrates an advantage sometimes attained
by using directional relays. Relays #1, #3, #6 and #8 are non-di-
rectional overcurrent relays. Relays #2, #4, #5 and #7 are directional.
The relays at the power station are set for the longest interval while
#2 and #7 are set for the shortest. If & short occurs on line A relays
#1 and #2 will clear the fault without interrupting service to #1 sub-
station. It is not necessary to make #3 relay directional becsause it
has g longer time than either #2 or #5. If, however, a fault occurs
on line B relays #3 and #4 will clear the fault. #4 will operate
before #6 or #8 can operate, while neither #7 nor #5 can operate since
the power direction opposes their contacts closing. Likewise #3
will operate before #1, and #2 relay cannot operate with the power
direction against it. Similar relay operation will take place for
faults on lines C or D, 1In Pasadena, there are at present only two
substations in the loop, while the proposed Maryland 8Substation can
either tie in, in parallel with either substation or be operated in-

dependently. The arrangement is shown on page 8. The complete

-14-



method of arriving at settings is given latter.

Some of the advantzges of this system are:

l. Simple t5 install, check, and maintain.

2. Least expensive of satisfactory schemes.

3. Operation independent 0f line length.

4, Can be applied t95 ground relaying and can be made quite
sensitive by using low energy directionsl relays.

Its disadvantages are:

1. Hot instantaneous in Operation.

Ze Line relays cannot be set to operate on fault currents
aqual to or less than full load.

3. Requires potential transformers for directional elements.

Once having decided on the use of directional overcurrent
relays on a system it is necessary to investigate the various types
of directional protectiosn s5 that the best and most economical plan
may be submitted. The discussion will be divided into two parts;
line fault protection, and ground fault protection.

For the line protection three single phase overcurrent direc-
tional relays or one polyphase power dirsctional relay and three
single phase overcurrent relays as shown on pages 69 and 72 respec-
tively, may be used. For the comnections on page 69 with a fault
in the right directisn for tripping, the directional contact will
close almost instantaneously, and be followed by the closing of the
overcurrent element at a time determined by the magnitude of the

short. The polyphase power directional relay of page 72 will close



its contact regardless of which phase is faulted so long as the di-
rection of power flow is correct. The operation of the current el-
ement is the same as for the case of single phase relays. The choice
between these two systems is largely z matter of opinion, some compa-
nles prefering the use of gingle phase relays and others the use of
a polyphase relay. Since the Pasadena system has already purchased
seversl single phase directional overcurremt relays this type has
been recommended.

For ground protection, page 69 shows the use of a single phase
low energy directional overourrent relay and page 72 shows the use
of a singls phase low energy non-dirsctional relay. The obvious ad-
ventage for the connections shown on page 72 is the zaving in cost.
4 first cost comparison betwsen the two installations using repre-
sentative cost prices, which could be obtained by the City of Pasadena

Light and Power Department, is as follows:

Equipment Cost
Polyphase power directional relay $120.00
Directional overcurrent standard relay 73,00
Non-directional overcurrent standard relay 30,00
Low energy directional overcurrent relay 77.00
Low energy non-directional overcurrent relay 34.00
2/1 ratio potential transformer 20.00
20/1 ratio potential transformer (2400 V. Primary) 45.00
100/1 ratio potential transformer (11,500 V. Primary) 100,00

=18



Initial Cost For Setup Page 69

Relay Cost Per Line

Tirectional overcurrent standard relays 3 @ 873 $219
Low energy directional overcurrent relay 1a 77 77
%296
For the six installations of directional relays Total Cost----$1776

Potential Transformer Cost{only one set of
potential transformers are needed at sach

substation)
2/1 Ratis potential transformers 3@$2 §60
100/1 Ratio potential transformers 3a 100 300
$360
Por three substations, Total potential transformer cogte-—-mw——e-=e--%1080
Total relay and transformer cost~-~——w—- #2856

Initial Cost for Setup Page 72

Relay Cost Per Line

Polyphase power directional relay 1@ 8120 $120
Non~directional overcurrent relays 3@ 30 90
Non-directional low energy relay 1& 34 34
%244

For six installations Total Cost----31464

N2 additional potential transformers are necessary
since the present metering transformers may be used.

If it is found that the burden on the open delta patential
transformers is large enough to cause any voltage unbalance or
an overload ¢onditiosn, it will be necessary to add a third trans-

former to5 close the delts.

-] 7~



Hence add:

20/1 Ratio potentizl transformer 3@ 345 $135
For the setup page 72 Total Cost--51599
Resultant Saving by use of the method page 72 Saving----31267

From the above comparison it is evident that thers is a
considerable saving in cost by using the second methrd.

The polyphase relay as shown on page 72 is and must be de-~
signed for operation as a line relay, due to the fact that its
current coils must at all times carry the line current. For this
reassn the poslynhase relay will not operate on small ground faults.
The current c¢o2ils of the single phase low energy directional over-
current relays, howsver, ndrmally carry no current, hence theif sen-
sitivity can be made much greater. For this reason single phase
directional relays are recommended.

¢ince two new substations are plasnned new postential transformers
will be needed for osne or both, hence it will be convenient to use
the scheme of page 69 in which case the high tension potential trans-
formers can be used for both metering and relaying purpsses. The
difference in c¢nst between the 16.5 XV. transfﬁrmers and the 2400 wvolt
transformers, would be only the additisnal c¢sst and this amount would
be small enough t3 neglect when considering the gain in sensitivity of

relay protection,
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RECOMIENATIONS FOR LINE AND CROUND PAULT PROTECTION

For Line Protection:

The use of non-directiosnsl and directional overcurrent relays
of the single phase type as shown on page 69.

For Ground Fault Protection:

The use of mon-directional and directisnal low energy relays

of the single phase type as shown on page 69.

-]l9=



CHAPTER III

SYSTEM CALCULATIONS FOR RELAY DETERMINATION AND SETTING

With the prelirinary survey completed and the type of relays
determined, the next step is to make the necessary calculations to
determine what abnormal conditions may occur and the required action
of the relays under these conditions to:

l. Clear the fault as guickly as possible to minimize disturb-
ance on the system.

2. Isnlate only the faulty section of the line.

This information provides a basis for decisisn as t5 which relays
mast be directional and which may be non-directional. Also the
proper setting of the relays can be made both as to ocurrent tap
and lever setting.

Before making these calculations, the actual conditions under
which the system will operate must be kﬁown. That is the location,
capacity and characteristics of the power supply, the line character—b
istics and the actual network arrangement.

The calculations consist of finding the current which will flow
in the different relays for several types of faults, these faults be-
ing successively assumed t0 sccur at different points in the system.
¥ith this data, the worst conditions for each part of the system will
be known and the relays can then be set f£or proper osperation to cor-

rectly protect against such faults.

EQUIVALEND SYSTAM IMPEDANCES

Assuming the fault occuring at a certain point on the system it

is necessary to find the equivalent impedance from the power source to

-20-



the fault in order to determine the total current flowing over all
paths to the fault. In the case of a balaﬁced three rhase fault,

the equivalent impedance to be found is the single phase impedance
from neutral to the fault. To do this the impedance of each part

or section of the system must be found and all impedances ce¢ombined
according t5 the well known laws for electric circuits.

In practice three different methods of combining line impedances
are used., The first is to express the impedance of each line sec-
tion as a complex quantity and combine them as complex quantities.
This method is rigorously correct but becomes vary laborious if the
system is at all complicated, particularly if there are many parallel
circuits.

The second method is to determine the impedance as a single
scalar quantity, having only magnitude, the phass angle being neg-
lected when combining them. This method is not altogether correct
but in most practical solutions the amount of error is ndt serious
for relay determinations, since at best these can be only approx-
imate when such undeterminable factors as fault impedance but enter
int> the problem. Furthermmre the more constant the ratis of resis-
tance to reactance, the more correct the method will be, since the
vectof angle is dependant upon this ratio.

The third method is to neglect the resistance entirely and con-
sider only the reactance component. In this case the smount of er-
ror depends upon the ratio of resistance to the reactance. If the
resistance is equal t» the reactance, the assumed impedance of the

circuit is 70.7% of the actual impedance. If the resistance be-

o -



comas less, the error decreases quite rapidly. PFor this reason, if
the resistance is less than half the reactance, the amount 3f errsr
is not sufficient t2 warrant the sdditisnal comrlication >f the sther
methods.

For the study of the Pasadens system, the third method (neglect-
ing resistance) is used bvecause the gererator reactance and the line
reactor reactance are g very c¢onsiderable part of the tsotal irpedance,
Theretsre the error introduced by using this method is not serisus,

The f£ollowing numerical example gives ar 1dea nf the variation

obtained in results by the use 5f the three methods.

Z<05268+/065 |Z=0.9441/1.976 >l<z=a.526+/'0.647

©) | ® O] L

Total 4 Current A Current A
Jethod Used Current Errsr Sec. (1) Error Sec. (2-3) ZError

Complex

Guantity 3520 2757 ' 763
Reactance 3570 l.4 2870 4.5 720 8.2
Impedance 3390 3.7 2650 2B 730 4.3

TeCo SHORT CIRCUID CALCITATING TABLE

By using the second or third wmethod of calculatiosn, the vsry
helpful d.c. short circuit calculating table can be used., Numersus
articles have appeared describing this equipment so srace will not be
taken here for that purpose. uch a caleulating $able was used for
checking some of the results but &ll, values were actually calculated

in additlion.



OPERATING CONDITIONS OF THE SYSTEM

Under normal dperating conditiosns all power is supplied from the
Pagsadena Power Station. Unit #8, the 31,250KVA. turbine gensrator,
is the most efficient wnit and will therefor be used practically con~
tinuously. This unit has ample capacity for the peak loads at present
and £or some time to0 come as nearly as can be determined. It is be-
lieved logical therefor, to make all calculations relating to relay
protection on the basis 5f this unit only. The short circuit current
would of course be larger if several machines were operating in
parallel on the bus or with the Edison line in parallel and such
possibilities must be considered in determining circuit breaker duties.
Such operation, however, must be classed as abnormal and it is
neither desirable nor necessary to consider such in the relaying
calculations.

Of the several different noimal operating conditions possible
four representative cases have been selected. Other setups, which
might normally be used, will be found practically identical with one
of these four. The four cases are:

Case 1. All switches closed except switches 6, 9, and 1l.
(See pages 53 and 62)

Case 2. All switches closed except numbers 9 and 12,
(see pages 54 and 53)

Case 3. All switches closéd except number 12.
§$see pages 55 and 64)

Case 4. All switches closed.
(cee pages 56 and 65)
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Case 1 is a typlcal getup for nﬁrmal operation when the pump
lines (see diagram, page 8 for pump line desiénationa) may be fed
from any one of the three substations but not from more than one,

In this case, therefore, there is no intercqnnection of substations
except the loop line from Raymond t5 Lamanda Park.

Case 2 is the setup when the lMaryland Substation is fed by the
500,000 c.m. cable and laryland and Raymond Substations are connected
through the pump lines, thus feeding the pump lines from two sources.
This case is typical of any one of the three cases possible, where the
pump lines are fed from two substations. It may be more usual for
Maryland to be fed only through the 500,000 c.m. cable {the 350,000
c.m, cable being held for emergency) because the 350,000 c.m. cable
tavs the feeder t5 the Californiz Institute of Technslogy High Ten-
sion Lgboratory Fesder. This feeder 1s subject to severe surges so
it is desirzble to operate it indapendently. 80 preclude disturbance
from it to other parts of the system.

Case 3 shows the system when the three substations all fedd into
the pump lines, thus interconnecting all three substations. Only the
350,000 c.m. cable to Maryland is open.

Case 4 is when all switches are closed, and is the case when the
highest total short circuit currents may be experienced.

No case is considered with the loop tie between Raymond and La-
manda Park open, because this would be very sbnormal, and not to be
considered as an ordinary case of operation. Several other possible

setups might be made but these also would fall in the abnormal class
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and need not be considered.

In studying these cases, faults are considereé in turn at

each of the substations. Two types of faults ars considered;
1. A balanced three phase fault.
2. A single phase to ground fault.

The first type sf fault was chosen because while not common,
it is the severest fault that may be encountered, so that a study
of this type will show us the maximum currents with which it is
necessary to deal. The ground fault was chosen because it is the
most common fault to occur and the type requiring the most sensitive
relays. Because the Pasadena system is grounded at one point {the
generator) through a reactance, the ground current will be limited
but the appearance 9f any ground currsnt (except a small charging
current} is an indication of a fault., Therefore, particularly on
a system where cables are msed, the quicker the fault is recognized
and 1solated the better and the cheapar.

The single phase line to line fault is not considered because
it is not so likely to happen as a ground fault, it is almost always
preceeded by a ground fault, and it is not so severe as a three phase
fault. The dsuble ground fault is not considered because it is un-
common and is almost certzin to be preceded by a single line to
ground fault which would cause functioning of relays.

SYIMETRICAL COMPONENT ANALYSIS
The development of the symmetrical ocomponent method of solution

of gsymmetrical polyphase networks discovered by Dr. C. L. Fortescue
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gives 2 completely unique technigue for the handling of relay prob-
lems on a three phase system. Use is made nf this method for de-~
termining the currents flowing through the ground relays on occur-
rence of a ground fault. 4 serles of articles published by Méssrs.
Wagner and Evans in the Electric Journal and since reprinted by the
Westinghouse Electric & lifg. Co., gives quite fully the development
and application of this method.

By this method the calculation of system performance involwes
the setting up of three separate networks known as the positive se-
quence, negative sequence and zero sequence networks. Xach network
has balanced phases and is represented by a2 single line diagram, which
is made up of the various impedances of the different parts of the
network under consideration., These impedances are the impedances
of one phase of the network, the other phases are identical. The
phase voltages and currents for each network are balanced. In the
first network, known as the positive sequence network, the three
phases a7y by, and ¢, are 120° apart and rotate in a counter clock-
wise direction. In the saecond network known as the negative se~

quence network the corresponding three phases apy, b,, and cy also

2"
rotate in a c¢ounterclockwise direction but in the order az, Cos bz.
In the third network known as the zero sequence network, the phases
ab, bo, and oo also rotate in a counter clockwise direction, but
they are all in phase. In determining the actual phase quantity

such as current of the actual network, the positive, negative and

zexro phase components are added tdgether.
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In a balanced three phase system, the zers and negative segquence
components disappear, leaving only the positive sequence. The positive
sequence network is in 2ll respects similar to the usual networks
considered; the resistances and reactances are the values usually
given to caloulate line regulation. For determination of relay cal-
culation, the reactance of a gensrator is the transient reactance.

The reason fof this is discussed under generator reactances.

The negative phase sequence network is in genseral quite similar
to the positive sequence network. The negative sequence reactance
of the generstor, however, is taken as the subtransient reactance of
the generator. In the case of single phase line to line faults, the
positive and negative sequence netwdorks only need be considered, since
the zerpo phase component disappears.

The zers phase sequence network impedances are radically different
from those of either the positive or negative sequence networks. The
line impedances are those obtained by imagining the three canductors
connected in parallel, the ground forming the returﬁ conductor. The
generator zers sequence impedance is dependent updon such design cha-
racteristics as pitch factor., It is generally much smaller than the
positive or negative sequence impedances, For transformer, the im=- |
pedance to zero sequence is infinite unless a path is provided fav the
flow of zers sequence current, that is a heutral or ground commection.
Since the power transformers on the Pasadena System are all delta delta
they have infinite impedance t3 ground and can be neglected in the

zero sequence network.
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The f£ollowing table gives approximate values of zero segquence

rgagtance of various part of 2 network in terms of positive sequence

reactance.
Single Circult ALerial Lines 3.5 times positive seguence
(no ground wires) reactance. o
Double Circuit Ditto 5.5 times positive sequence
reactance.
Single Circuit Aerial Lines 2.0 times positive sequence
(non-magnetic ground wire) reactance.
Double Circuit Ditto 3.0 times positive sequence
reactance,
Three Phase Cables 3 to B times positive seguence
reactance.
Single Phase Cables 3.0 times positive sequence
reactance.
Neutral Impedance 340 times poaitive seqguence
reactance.
Ungrounded Transformers Infinite Impedence.
Grounded Delta Y Equals positive sequence reac~

tance to neutral on the Y side
and open circult on the delta side.

GENEBRATOR REACTANCES

The generator reactance which limits the current at the instanf
of short circuit is a smaller wvalue than after a shoft period. The
current at the first instant may be regarded as having fwo components,
(1) a direct component and (2) an alternating component. The direct
component disappears quite rapidly, leaving the alternating component
which is gymmetrical about its axis. This component known as the
transient component decreases more slowly until the steady state is
reached, which is determined by the s0 called synchronous reactance of
the generator. The reactance of the generator limiting the first
rush of current is called the subtransient reactance, and ths tran-
siént reactance is the value of reactance.which gives the symmetrical
r.m,8. value 5f current for é three phase short circuit at the ter-

minals.
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For relay operation, the value of transient reactance gives cur-
rent values for which the calculated time very closely approschaes the
actual time of operation. However, to bs stricily corresct, the decay~-
ing current should be considered from the instant of short circuit un~
til the operation of the relay and for this purpose decrement curves
can be used. Decrement curves vary for different machines but the
standard decrement cufves now acgepted are sufficiently accurate for
g00d approximation.

7o determine whether the use of the transient reactance of the
generator was sufficiently accurate to make it unnecessary to use the
decrement curves, the followlng example was worked out.

Relay 1 1in Case 2 was set to operate in 1.1 seconds on a cur-
rent of 1635 amperes. This is for the short circuit at Raymond Sub-
station and is the value obtained by using the transient reactance of
the generator., If however, the subtransient reactance were used this
value would have been 2220 amperes, while the total current flowing at
the instant of short circuit would have been 5353 amperes. (see vage 31)
The percent system reactance which is'the full load current divided by
the total short circuit current times 100, would be:

1080
5353

x 100 = 20.3%

Suppose, however the decrement curves, page 30, ware used instead
of assuming a definite value 0of current flowing for the time of oper-
ation of the relay. Using the 20.3% reactance, the instantaneous (0.008

seconds} unsymmetrical short circuit current would reach a value of 8.6
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times full load curremt. Actually, however, for relay operation
only the symmetrical values of the current {(mot to include the un-
symmetrical or d.c. component) is effective and this value for this
reactance is 5.11 time full load current. (This value of 5.11 is
given in the article by C. P. Wagner entitled Decrement Curves)
This value continues for the whole interval of 0.12 seconds. The
current in the line section to which the relsy is connected would
for this interval have been:

gggg-x 511 x 1090 = 2320 amperes.

5353
This corresponds to 583% full lsad on the relay (with a current
transformer ratio of 400/5 and a relay tap setting of 5). For
this value of current and a time lever setting of 5, the relay would
close its contacts in 1 second. However, the interval of timse is

actually
3.8

5 - 0.158 seconds.

0.12 x
The factor of 6.6/5 must be introduced because the decrement curves
are based on a time constant of 5 while the machine in question has
a time constant of 5.6. The actual distance the c¢ontact moves in
this time is:

02158 4 5 = 0,79 divisions.

1.00
Taking the next interval of time from 0.12 to 0.15 seconds, the

average value of current for this interval is found t0 be 4.85 times

the full load current. This will give:



2220 7 4,85 x 1090 = 2200 amperes in the line section.
5353

or 550% full load current in the relay. For this value of current
it still takes only ons second for the relay to close its contacts
if starting from the #5 time lever setting. The corrected tims would

be: )
(0.15 == 0.12) £28 = 0,04 seconas.
o

The movement of the contact would be:

Qigi-x b = 0.2 divisions.
1.00

By continuing this integration until the relay contacts close we get

the following table.

Time Time Corrected % Fe b Divisions

Interval Seconds Time Current Moved
0.00 to 0.12 0.12 0,158 580 0.79
Q.12 to 0.156 003 06040 550 0.20
0.15 to 0.25 0.10 0.132 475 0.63
De25 to 0.50 0.25 0339 3350 0.46
0.50 to 0.83 0633 0.440 350 1.87
1.100 4.95

It will tlms be seen that the spproximate method of using the
transient reactance value is sufficiently accurate £ir the relay
gsettings in this case.

The following table obtzlned from the paper presented by .

C. Habn and C.F. Wsgner on Standard Decremexnt Curves in the A.I.E.E,
Transactions fro June 1932, gives the various machine unit rsactance

values for typlcsl three phase 4 pble turbine generstors:



Synchronous reactance 0.95 to 1.45 Average 1.10
Subtransient reactance 0.07 t5 0,17  Average 0.12

Negative sequence
reactance Same as Subtransient reactance

Zern sequence reactance 0.01 t5 0,14 Average 0,075
Since the zerd phase seguence reactance varies gquite critically
with the winding piteh, an average value is not dependable. - In
the study for Pasadens a value of 0.06 was taken arbitrasrily since
the exsct value was ndt known. This psrticular factor is not
sufficiently lsarge to have a great effect upon the result so it is
believed safe to assume such a value.

The value of transient and subtransient rsactance for genesrator
#8 are given on page 8. The relation between these reactsnce
values in percentape is given as follows:

Transient reactance = (l.4 x Subtransient reactance - 2)

ZiERO SEGUENCE INPEDANCE OF THE TRHRANSH

SOION SYSTRY

The zero sequence impedsance of a single three conductor cable can
be determined for either of the two cases as follows:
1. Return current through the sheath and.grsﬁnd in psrallel.
2. Heturn current through the sheath alone.
In this study, the first condition is assumed because, althsugh'the
cable is to be laid in fiber or glazed tile duct, it is to be fre-
guently grounded at all undérgraund vaults.
The impedance of the cable per cinductar, including the ground

return with zero fault impedance, per mile length as developed by
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Wagner and Evans can be found by solution of the following net-

worke
y of sheath

Conductor Sheath

o ANMAMA—TTTOTT—— o

+) 0.0046577(/0;/70 Vi +1g- G rovnd

y
ducte —\N\VYN— T D000 —
Coné&vclor p /GMSJ ' = De
2 2lUe
cond o001 59fFj0.004657£/09 v 1y

where:
ry is the radius to inside of sheath.
r5 is the radius to outside 5f sheath.

(ry +r5)/2 1is the geometric mean spacing, conductor to
sheath.

C. leHo 2f the conductors was calculated on the basis of
round cosnductors.

D, is the symbolic representation of the equivalent depth
of the ground return. This value was taken as 2800 feet.

020 is the resistance of the
Mean diameter x thickness

sheath in ohms per mile.

The value thus found is the value for the entire 3 conductor cable
and as the zers sequence current divides equally between the three
conductors the impedance per phase is three times this value.

CABLE CHARACTERISTICS USED IN THIS REPORT

500,000 ¢.ii. Cable

Positive or Negative Sequence
Resistance ~-- 0,0249 ohms per 1000 feet.
Reactance -—-~ 0,0271 ohms per 1000 feet.
Zerpo Ceguence
Resistance -~~~ 0,228 ohms per 1000 fest.
Reactance ~=- 0.114 ohms per 1000 feet.
Irpedance -~-- 0,255 ohms per 1000 feet.
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250,000 C.Xl. Cable

Positive or Negative Zeguence
Resistance —-= 0,031 ohms per 1000 feet.
Reactance -~~~ 00,0286 ohms per 1000 feet.
Zerd Seqguence
Resistance =-- 0,263 odhms per 1000 feet.
Reactance =~~~ 0.129 ohms per 1000 fset.
Impedance --- 0,284 ohms per 1000 feet.

It will be noted from the above table that the zers sequence
values thus calculated are much greater than the positive sequence
values. For 500,000 c.:ne cable the resistance is approximately
9.15 times as great and'the reactance is appraximafely 4,2 times as
great. Since in this case the resistance is such a large factor it
cannot be neglected as was done in the possitive sequence calculations,
therefore the zero seguence impedances are considered as scalar quan-
tities.

The zero phase sequence impedance d5f the overhead lines is taken
as 3.5 times the positive sequence values. This value is an approx-
imate value obtained by a number of calculatisns for typical overhead
lines. ©Since the amount of overhead transmission lines at Pasadena
will in the future be small this approximate value was considered guite
accurste ensugh for the purpose.

The zero phase segquence impedance of the line reactors is tsken
as 3.5 times the positive phase sequence value while the zero phase
sequence impedance of the ground reactor must be taken as 3 times the

positive phase sequence value,



SAPLE CALCULRATICHS

.

48 stated above there have been chosen four cases 3f probable
normal operation for which the short circuit calculations must be
made. Cince case 4 is the most complicated of these it has been
chosen to exemplify the calculations for both three phase short cire-
cuits and single line to ground faults. For both cases the fault is
considered to be at Raymond Hubstation.

In making any suvch calculatisns on a system it is possible to
use the values of reactance or impedance {as stated above only reac-
tance values ars used for three phase short circuits and impsdance
values in the zers sequence network for ground faults) either as a
percentage value or as an actual ohmic value. For use in this report
the actual ohmic values have been chosen zand are shown on page 38 for
the various line sections as well as for the generator and reactor.

CALCULATIONS FOR A THREE PHAGE FAULT ON THE BUS AT RAYNOND SUBSTATION

The positive sequence network for the faulted phase, which is all
that is necessary for three phase short circuits calculations, is
shown in fig. 3, page 39, in a convenient form for use. Xach line
section is numbered and in the following examples these numbers are
used as subscripts to indicate the various line sections. The 18-
cation of the short circuit is designated by X.

Once having the network set up 28 in fig., 3 it is then necessary
$0 reduce it to a single impedance as shown in fig. 7; the total short
circuit current may then be found and apportioned between the respective

lines in the inverse ratios s5f their impedances.
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Pige 4 is obtained from fig. 3 by combining line sections (9)
and {10} ints an eguivalent value znd adding to it line aection (8]
thus obtaining section {8'}.

g x X
Rgr = o=l x. 0,207

%9 + %10
Sections (2}, (3}, and (7) are similariy combined t5 form section
(2'1.

By inspection of fipg. 4 it can be ssen that line sections (4},
{5), snd {8") form a c¢losed delta 52 that the next step in the simp-
lification of the circuit i3 to convert this delts into an equivolent
Y as shown in fig. 5. The formula used in making this conversion
may be written as £oliows:

X x X
4 ! = 0,158

X, =
A Xp 4 Xy - XS'

Similar expressions may e written for the othsr two branches 3, and C.
Fig, 6 is next obtained from fig. 5 by combining branches
{C 4= 2') and (B <~ B) to form line section (D).

(B = 5) X0 4+ 27)
B 4= 5) *+ Ko 4 21

=
Y

= 0.202

~
-

The value 2f totzl resctance fig. 7 is next obtzined by com~
bining section {A < B} and (1}, this value then being added to the

sum of the generator and reactor values.

“:1 x X : -
:‘:‘T= % ,{(“ + 1}) = & ‘*" ()'1717 + 1«8?-‘ - 20382
.:.1 + ‘-.(‘;‘; _’,- D)

The total short cireuit current is obtained by dividing the line



to neutral voltage by the total reactance,

Yz = = 4000 amperes

In order to determine the current in the varisus line sectiosns
it is now necessary to work bacikward through the network dividing
the current at each line junction inverzely as the impedance of the
remaining lins. The first division would be as shown in fig. 9 be-

tween line sections (1) and {D'}.

(X, 4+ %) In 5,158 - 0.202) 4000

X, + (%, -+ %) T 0,85 <= 0,158 < 0.202

Iz = 1430

Pig. 10 is obtained similarly by the division of the current (')
{02 {4A)) in%to sectiosns {C') and (B -« 5).

To obtain fig. 11 from fig. 10 it is also necessary to coiunsider
fiz. 5 which cortains the equivalent Y. The sum of the voltage
drops across sections {(4) and (C) will give the voltape across one
side of the delta (8'). Thersefore: Es. T zﬁxﬂ B ICX0

Hence the current in section (8°') will be:

LA+ L% (2570)(0.158

) =+ (2050){0.0328) _ os9q
Xs ' 00207

Ig=
The currents in sections (4) and {6} are determined in a simiiar
manner. Fig. 12 comes directly from fig. 11 by making the necessary
divisions for line sections (9}, (10}, and {2}, (3).
Calculatisné for osther fuult locations and system connections are
made in a similar manner the final results being shown on a form sirilar

to that of fig. 12. (See pages 62 t3 65)

.



CALCULAT IONS FOR A GROUND FAULY ON THE BUS AT RAYMOND SUBSTATION

—

In the case of ground fauli calculations it is necéssary t0
consider the three seguence netwirks connected in series through
the grounded points. Sincs in this system there is only one point
normally grounded, the generator, the connections betwsen the net-
works are made from the point of fault t9 this grounded voint of
the fslliowing network. These connections are shown in fig. 13
page 44 for the faulted phase where the line values are indicated
in the form of a general box network. These lins values having been
abtained by = series of combinations as shown for the three phase
cazlculations figse. 3 to 12, The resctance values 3f the three se-
guences are also indicated for the generator, line reactor, and
neutral reactor. Because nositive sequence voltages only are
generated in zynchronous machines the only voltsge appearing will
be that in the positive seguence network. Since these networks are
now all in series the total equivalent reactance is the sum of the
separate values. The current is then found dy dividing the line

to neutral voltage by the total reactance.

By g5

Ro 30

Im = 22 = 890 amperes
YU %p T 10.723 R

From the connection of the networks it is evident that this same cur-
rent of 890 amperes must flow through each network of the faulted
phase. By the same procedure as followed for ths three phase cal-
culations this current may then be apportioned betwsen the various line

sections in each network., It is well {10 note here that the division
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of current in the varisus networks will not necessarily be the same
for the respective line sections due t5 the fact that impedance
values for the corresponding sections asre not the same in each net-
work. If it is desired to oObtain the current in the faulted phase
it is only necessary to add un the varticular line section current
values from each 0f the sequence netwdrks for the faulted phase. It
is also possible to obtain the sequence curreunt in the other phases
s9 that by the addition of these other sequence currents the current
in any phase may be oObtained.

For our case, however, we are interested osnly in the residual
ground current, i.e., the current that will flow in the neutral lead
of the current transformers. 3y definition the zers phase seguence
currents in each phase are in phase, hence all the zerd phase sequence
currents will combine and flow through the neutral lead, i.e., thrse
times the current in sny one phase. The positive sequence currents
constituts a balanced three phase system, consequently there can be no
residual current flowing in the neu&ral lead. Similarly no negative
sequence current can flow in the neutral lead. From the above it is
evident that the residual ground current in the neutral lead would be
three times the value found in any line section of the zerp phase se~
quence network. Hence the total residual ground curvent is 3 x 890
which squals 2670 amperes. Page 56 shows the gpound currents for
the case considered in this example and it is seen that for the groungd
at Raymond Substation the total fault current is 25670 amperes while

the current in the various line sections are as indicated.
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CILAPTER IV
RELAYS, DESCRIPTION-~CONFECTIONS~-SETTINGS

The following description while applying specifically to Vss-
tinghouse Type (0 induction ovsrcurrent and Type CR overcurrent
directional relays, is also generally descriptive of the CGenersl
Electric Relays 14-201, IK-104 and IB-1.

The standard cvergurrent relay is the induction disc type having
a current coil with a number of taps. Each tap has a full 1oad
rating in amperes and these ratings are from 4 to 12 or 4 t2 16 am-
peres depending upon the particular style of relay used. The ratings
are such that the relay will not start until the current in the coil
slightly exceeds the rating.

The tap settings of the relay permit the adjustment of the
current flowing in the relay coil for a given value of current in the
secondary of the current transformer. Another adiustment is the time
lever setting. This simply consists of moving the contacts further
apart or closer together so that it takes a longer or shorter time for
the rotating contact to close. As the relay is designed to give as
nearly constant gpeed of rotation as possible for o given percent
load, the time of closure is directly proportional to the division
setting of the relay.

The directional currsnt relay has an overcurrent slement yrre-
cigely the same as the sbove relay. In the same case is mounted a

wattmeter element having a potential c¢2il and a current cosil. The



current ¢oil is in series with the current winding of the osverload
element. The watimeter element is designed to close its csntacts
practically instantanesusly if the power flow is in the right di-
rection. It will operate on as low as one percent of normal voltage
with a reasodnable excess currente.

Inagrmch as great sensitivity is desirable for the ground relay,
that is operation on 2 minimum amount of current it is desirabls to
use low current coils on the ground relays. The line relays must
have capacity to carry the full normal line current continususly but
since there is no normal ground eurreng, a relay that will operate on
the ninirmun curreant possible 1s desired. 7For this purpose the so

¢ 4

called low energy relay with the low current coil (i to 25 amperes)
is gpplicable. By using a low energy relay, particularly, for the
direction=zl relays operztion is obtained with great sensitivity even
when the voltape at the relay is very low.

Since the Pasadens System at present has mostly Vestinghouse re-
lays instsalled it is considered best to use the typical Westinghouse
time current curves for making the relay settings. The General
Klectric relay curves differ slightly from thise 5f the Westinghsuse
s0 that if such relays are purchased in the future it will be neces-
sary to make the correspdOnding changss in relay settings. These
gurves are shown oﬁ pages 60 and 49 for the Standard and Low Energy

relays. For the curves of the standard relay page 60 it can be seen

that the higher the percentage of current absve 100% the faster the
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operation of the relay up t3 a value of current sbout 4297 to 9007
(depending on the time lever setting) of rating. Abdve this value

the time of Opceration is & definite minimum. The relay thus has an
inverse time characteristic for values of current from 1007 to 400,

or 9005 of full load rating and = definits time characteristic above
this value. It is the combination of this inverse and definite time
characteristic vhich makes possible the comsecutive timing of a num=
ber of relays along any gliven line. The curves for the low energy
relay are similar to thosze for the standard relay except that it takes
a larger percentage 5f ovserload before the relay becomes definite time.

In order to make the necessary selsctive relay settings on: musg
have at hand certain data as follows:

1. The general type of relay to be used must be known. As
stated above for this system it has been decided to use non-directional
and directional overcurrent relays.

2e¢ Typical time current curves for the relays to be used. These
are shown on pages 49 z2nd 60. Since the timing mechasnsim of the di=-
rectional and non-directional relays is the same, the curves apply
egqually well to both types.

3. A syrmplified diagram 3f the system on which the relay locations
may be repraesented in some convenient mammer. For this purpose, use
has veen made 3f pages showing the fault current values:; also each of
these sheets has nmumbers 1 to 15 at locations quite representrtive of
the necessary relay location. For instance, #5 is found on any of

these sheets to be on the Reymond Line at Baymond Substation; hence
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relay £5 is locuted sn the Raymond Line at Haymond Substation.

4. The allowable time intcrval between relay setitings. For
this report the minimum time i3 teken as 0.4 seconds. The minimum
tima intervsel nscessary depsnds updon the rapidity of operation of
girvcuit breakers andG circuit breaker rslays, becamse in lsss than
this time interval the fault mast be cleared vr the succesding relay
sets in oJperatisn the {ripping o9f andother breaker, which should nont
open. This time interval ia Iong ensugh for the srdinary operation
of most breakers, but if it is fauné that the circuit bresker mecha-
nisims are $09 sluggish fo¥ this tiring, the time intervsls will have $o
be increased accordingly. For Pasadena it is believed thati the

apparatus is sufficiently sreedy, but thisz point should be checked by

5. The current transformer ratios st all points zt which relays
are to be 1ncated. Thesse tan be found on the originsl system dia=-
gram page 8,

6. Sinimum time £or vhich a relay may be set. 0.2 secsnds has
been chosen as the minirum trippiung time since a shorter time might
allow the relay to close on a heavy 3urgs.

WOID REL AT S es
Gs\UL’J.‘iD Ahda Al el I..J{l'l.;_ﬂ_

Tne setting 2L the ground relays has been considered first as
they are gomewhat simpler and show the advantope of using the in-
verse time part of the time curreni curves in setiing the line relays.

4s has been sinted several times before it is desirable &0 set

the ground relays so that they will operate on small values of ground
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current, hence the i ampere tap has bsen chosen for all such relays.
From the timg gurrent curves for thse 1ow energy relay it is found
that the relay will mot trip for less than 200% load or the eguiva-
lent of 1 ampere in the relay. For all locations having current
transformer ratios of 420/5 this would mean 2 line current of 80 am~
peres, for 259/5 =-- 5) amperes; and for 170/5 ---~ 34 ampsres.

In setting the ground relays advantage has been taken of the
fact that between eagch time lever setting curve, page 49, thers is
an interval of aspproximately 0.2 seconds for 211 valuss of load,
hence if the relays to have the lowest tire were set on lever setting
£1:; the next on lever setting #3 etce. it is evident thut no matter
what the fault curvent value in the rslays there would always bs
discrirination provided dirsctional relays zre used when nseded,
This is the gemeral plan used for the ground relay settings. Pape 51
shows a table containing the settings as recommended,

48 stated above 0.2 seconds was set as & minimum time allowable
s0 that there would be no chance for the relay to g0 out sn a surge
but in the case 37¥ the ground currsnta it is not felt that the mini-
mam tirme necessarily need be held to0 this for values of current of
over about 100 amperes so5 the minimum time setting has been given as
0.£5 seconds at 50075 current: for loads greater then 5007 the relay
will trip much faster. This results in & lever setting of-% with a
definite minimum trivping time of 0.1 second.

Since the relays at points 5, 10, 12, 13, have only to protect

the lines coming from the power station they have been chosen of the



GROUND RELAY SERTINGS

_ C. To Tire Lever “HAnirmam
Relay Ratio Pap JAl.oad Setting Tire Pime
1 400/5 3 500 45 1.60 0.9
2 400/5 i 500 6% 2425 1e3
3 400/5 3 500 4 1.60 069
4 400/5 & 500 65 2425 1.8
5 400/5 3 500 &+ 0.25 0.1
6 170/5 1 500 2 0.95 0.5
7 250/5 - 500 25 0.95 D.5
8 250 /5 5 500 2 0.95 0.5
9 170/5 2 500 24 0,95 0.5
10 400/5 & 500 & 0.25 0.1
11 400/5 + 500 4 1.60 0.9
12 400/5 ¥+ 500 % 0.25 Ol
13 400/5 o 500 % 0.25 0.1
14 170/5 2 500 % 0e25 0.1
15 170/5 < 500 3 0.25 0.1



directional type and given the minimum time setting mentioned above.

fielay 6 must be set t5 hold inm over relays 10, 12, and 13 and
relay 9 over 5, 12, and 13, so they are given a minimum setting of
0.5 seconds with the time lever setting of 2.. These relays are
made directional so that they do nat have to be timeé to hold in over
7 and 8.

To secure correct selectivity relays 7 and 8 should he set to
hold in over 6 and 9 but due to the fact that this would increase
the tripping time on relays 1, 2, 3, and 4 at the power station, re-
lays 7 and 8 have been set the same as 6 and 9. 7o find out Just
what trouble this will cause, cosider the case of a fault on the
water department line just osutside of Raymond Substation, case 4.
Relays 7 and 8 would have a primary current of 355 amperes or 1420
load vhich would cause these relays to trip in approximately 0.55
seconds. Relay 6 would have (355 -- 925} 1280 ampcres primary
current or 75004 current which would trip in th: Qinimum time o2 0.5
seconds. Hence with these settings there would be caused the false
operation of relays 7 and 8 but this would e of no serious conseguence
since it would not isslate any part of the system from the power
plant. It is felt of greater advantazge to allow such false opera-
tion in this case than to increase the time another 0.4 secoinds.
Directional type relays have not been recommended for 7 and 8 since
they would produce ni greater discrimination; their only advantage
would be that only relay 8 would go osut, in such a case as cited above,

instead of 7 and 8.
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GROUND PAULT CURRENDS ~- 0452 1

X~~Values for a Ground Fault
at Baymond Substation.

Y-<Values for a Ground Pault
at Lamanda Park Substation.

Z--Values for a Ground Fault
5 at aryland Substation.
Q POTAL CROUND CURREINTS
‘,3) X-=2115
o ¥--2115
Q Z£==3000
216 lant Bus--2510
° =
g
<
g Fen10 cg
7 Ssal s |l
X
<
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> 11 10
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Q —
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E Gm=1515 k- s19
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g
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D
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X~-=1496 I
- B15 /_ Q
14 lﬂ
2-~1485 Xe= 619 J ‘
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‘ 15|
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1 2 3 4
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GROURD FULT CURRENDTS ~~ CASE 2

X~-Values for s Ground Pault
at Raymond Substation,
Y--Valnes for a Cround Fault
at Lamands Park Substation.
Z2~- Valuea for a Ground Fault
5 at Maryland Substation. .
, X~ 3100 :
Q Yo 38 _ : ‘
S fwm 60 TOPAL GROUED CURKENTS
A X..-2580
X 1150 Y2175
S| %==400 222760
3 X== 266
x e B15
<
g Xee 420 g
7 fur 750 gl
% 200 v
95
/1Q
9 -
q
z
. e
X-~1150 2
g T 7. &5 10 |~
%
g fI?/
N Yomnl4d 2B -
x 4== 200
<
§ 13
Q
~
%)
X-=1010 -/ g
¥ 250 |X--1150 —1.q
%=~ 475 Yer 400 , 14 ’\
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Yor1425 ——
- 200 15§
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B 3 4
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GROUND ¥AULZT CURRENTS ~- CASE 3

X-~Values for a Ground Faulg
at Raymond Substation.
Y-~Values for a Ground Pamlt
at Lamands Park Substation.
Z-=Values for a Cround Pault
) at Maryland Substation.
_3--. 110 .
Y 3
2 fm 45 TOTAL GROUND CURRENTS
%5} we 2580
X==1240 ¥-~2490
al; Y- 35 2--2820
g G 500 |X==1130 Plant 2510
3 {om 352
? Gem 455
g X-= 360 Q
7 Yo 445 8 |
Zme 45 D)
X
Q.
9 |
3
1 X
<
| %-=1090 3
Q Iz 090 j
OD) 1l Z-= 850 10
Q —/
E 12 -
s ~=1120
% - 398
§ 13
Q
N
(/)
e 980 / T
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GROUND FAULT CURRINTS = G438 4
X~-Values for a Ground Fault
st Raymond Substation.
Y-~Values for a Ground Fault
et ILamenda Park Substation.
ZwwValues for a Ground Pault
at Maryland Substatiom.
g X-= 120
Q Yoz 6
S Zem 48 TOTAL GROUND CURRENTS
N X==2670
Xeul390 Y~=2535
3]s Y--_ 65 LenBDED
g g 320 | X==127 Plant Bus--3510
D b 2P
@ X-= 355 Q
. Yoz 460 s ]2
Fom 30 Vs
x
<
X-= 70 CL
¥-~1010 9
B 30 §
Z
<
- %=-1320 3
& Y--1075 <
= 11 e 535 10 |
N o
Q
2 12 E=~ 665 B 425
j Yo 540 Y-~1065
3{ Z-=1275 e 245
<
N X
Q
)
X--_ 925 o
Y-~ 395 X~~ 685 / Ry
Zem 230 Y B35 & 0
21250 | ﬁ
R 425 -/ i
¥-<1065 N |
G, AD 18 <
@)
1 2 3 4
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Relay 11 must be set to hold in over relays 7 and 8 so that it
is given a minimum tripping time of 0.9 seconds on lever setting 4t .
It is of the non—directioﬁal type since the relays on both sides of
it are set for shorter times,

Relays 1 and 3 at the power station must be set to hold in over
6, 7, 8, and 9 so they are set with a minimum time of 0.9 seconds and
& lever setting of 4. Relays 2 and 4 must be set to hold in over 11
sﬁ>they are given a setting of 1.3 seconds miﬁimum time on lever 6%.
Since there is only the one souroevof power Oon this system it is ob-
vious that only fon-directinnal relsys should be used at the power sta-
tion. |

Though the actual values of ground current as calculated have not
been used directly in determining the relay settings it is of advan~
tage to have the current for two reasons.

1. It can be used as a check on the operation of any doubtful
relays such as was done in setting #7 and #8.

2. It is well to know the order of magnitude sf the ground cur-
rents which might flow in the system.
LINE RELAY SETTINGS

In determining the setting for the iiné relays the actual values
of ocurrent as calculated have been used as it is not considered neces-
sary to isolate line faults until they have developed. By using the
currents thus calculated for the various line sections it is possible
by setting the relays on the inverse part of the time curves to obtain

selectivity of operation without increasing the total time. In making
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the settings care must be taken so that no line will be tripped out
on its full load value of current. These values are taken as 400
amperes for 500,000 c.m: cable and 300 amperes for 350,000 c.m. cable.
A table showing the line relay setting is given on page 59. The

time current curves are on pége 60 and the short circuit current
values are found on pages 62 to 65.

Relay 5 has only to protect the line from Raymond to the power
station so that the directional type is used with a minimum time set-
ting. Since the full load on that line is 400 amperes tap 5 must be
used as tap 4 would allow the relay to trip on less than full load.
The relay is set on division 1 as it has the allowable minimum time of
0.2 second. No actual current value need be considered in setting
this relay. Kelays 10, 12, and 13 are set in a similar meuner as they
mist meet the same requirements.

Relay 6 is next set to hold in over 10, 12, and 13. Since it is
sdvisable to have the relay operate on the inverse part of the curve
it is desirable to find the maximum value of current on which this re-
lay will be expected t0 trip {and still hold in over some osther relay)
and for this value set it just on the beginning of the inverse part.
This maxirmam value is found in case 2 to be 975 amperes for a short
circuit adjascent to laryland on the Maryland Line. The relay is then
sat to hold over 13 as shown on page 59. Relsy 9 is set in a similar
manner.

Next relays 7 and 8 are set to hold in over 5, 6, 9, 10, 12, and
13. In cases 3 and 4 the current values are but slightly over the

full load rating of the line 30 that they can hardly be consldered.
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LINE RELAY SETTINGS

Approx. Definite
Primary C. T. Secondary Lever Tripping MNin. Time
Relay Current Ratio Current Tap %Load Setting Time* Setting

1 1635  400/5  20.4 5 409 5 1.10 1.0*@
2 3095  400/6  38.6 12 - 322 6 1.42 1.8
3 2870  400/5  35.9 10 359 5 1.15 1.0
4 2145 400/5 2648 8 335 6 1.40 1.2
5 695 400 /5 8% 5 175 1 0.47 0.2
6 975  170/5 2847 9 319 3 0.72 0.6

7 695 250/5  13.9 6 232 3 - 0.90 0.6

8 695 250/5 13.9 6 232 3 0,90 0.6

9 530  170/5 15.6 9 178 - 2 0.83 0.4
10 700 400/5 8.75 5 175 1 0.47 0.2
11 1400 400/5  17.5 10 175 4 1.65 0.8
12 2045  400/5 25.6 5 Bll. 1 0.20 0.2
13 975  400/5 12.2 5 244 1 0.30 0.2
14 176/5 16.0 4 400 1 0.20 0.2
15 170/5 This setting will be governed by the

operation of the MMillion Volt
Laboratory.

*Pripping times are only for the primary current indicated.
Since all these currents have not been chosen for one given fault
condition the tripping times do not show selective operation of
the relays. However, if any given fault condition is chosen and
the relay tripping times checked for the corresponding tap and
lever setting, selective operation will be indicated. OSuch a
system 0f checking has been done for this system to assure against
false operation.



1

"y
i

1

bt -

Suha )

4]

57

_,.
z o
!
.
£
N
B { -
™ ¢
o bt +
REEwY + ket
W* Baninan M EEB AN
% 9 44
BE Hbo=h BE . jSuadukn
M gttt B R v.IT -4 g
gy ] I an
; I m N R
+ T

ot

‘s

T
I

»1~68€ "ON

*GouLeY) 03 0Z X 0T
AN 0D HISS3 % 1324NFIN



Case 2 shows current values sufficiently large to tripvthe relays
but the limiting case was found to be #1 with the éandition of

a short circuit on the Raymond Line at which time there would be a
current of 695 ampereé flowing in the primary circuit of relays 5,
7rand 8, Page 59 shows the necessary setting so that felays 7 and
8 will hold in over #5. The setting was also checked to see that
it would hold in over 6, 9, 10, 12, and 13,

The settings of the remaining relays were obtained in a similar
mamer and caﬁ be followed through by the feader if desired, It is
well to call attention to the fact that in making any such settings
there are a good many more factors to consider thsn appear sn the sur-
face 80 that to really understand the why and wherafore of csrtain
choice of tap stc. it is necessary to follow the whole story through
from beginning to end.

These settings for the line relays as given will allow the cor-
rect operation of all releys; there will be no false operation as in
the case of the ground relays. By referring to the column of miﬁi-
mum times it 1s 8lso seen that the time is slightly less for the line
relays than for the ground relays, hence the advantage of setting on
the inverse part 5f the curve is quite evident.

The above settings have been made so that the relays will operate
gorrectly for any one of the nsormal operating conditisns considered.
If, however, a definite operating condition should be decided on the
relays could be set for that condition omly, in vhich case the settings

might be somewhat simpler and the total tirme might be reduced.
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THREE PHASE SHORT CIRCUITS -~ CASE I

X-~Values for a Short Circuit at
Raymond Substation.,
Y-~Values for a Short Circuit at
Lamanda Park Substation
Z--~Values for a Short Circuit at
Maryland Substation.
5
Q TOTAL SHORT CIRCUIT VALUES
VD) X--3560
Y--3570
5 " , Z--4190
2i6 Plant Bus--4430
(o]
N
<
g X-- 695 %3
i Y-~ 700 8
S s
X
<
B Iy
9
c(
Q
Z
3
__/ <
Q |
3 11 - 10}
%}
Q X-~- 695
3 12 Z_-_—____Zl_%é Y--2870
J
)
@
<
§ 13
Q
D
2]
X--2865 P S
Y-~ 700 14 1l
Z-~-2045 }\
X-- 695 -/ !
Y--2870 : 15 :é
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THREE PHASE CHORT CIRCUITS -- CASE 2

X-~Values for a Short Circuit at
Raymond Substation,
Y--Values for a Short Circuit at
Lamanda Park Substation.
Z-=-Values for a Short Circuit at
5 Maryland Substation.
L-- 85
Y-~ 1¢
‘g Z-~ 45 j TOTAL SHORT CIRCUIT VALUES
%) X-=3937 <
X--1895 Y-~-3600
Q Y-- 429 | E==lU70
1 4— 975 |Z==1810 Plant Bus--4430
S Y-- 410
3 ‘ _
» Z-= 930
( i
& X=- 407 cg
Y-~ 800
7 Z—— 190 . %)
X
<
/Q
9
<
Q
3
X~--1895 >3
Y-- 429 e ac<
‘§ 11 4== 975 10 |
N
Q -—//
3 12 , X~== 407
< . ¥-~2800
N Z-= 130
g
<
:5 13
qQ
A
X==1635 7 T
Y"'- 371 X"1895 < e U
Z=-~ 785 ¥-- 429 ' 14 llil
_ 4--3095 K-~ 407
Y2800 / '4
4~~ 190 ‘ 15 q
@)
1 2 3 4

PASADENA POWER PLANT
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THREE PHASE SHORT CIRCUITS -- CASE 3

X~-=Values for a Short Circuit at
Raymond Substation.
Y--Values for a Short Circuit at
Lamands Park Substation.
Z-=Talues for a Short Circuit at
Maryland Substation.
5 Xee 100
Y-~ 14
Q Bow B2 TOPAL SHORT CIRCUIT VALUES
p D X==3950 B
%) armJgell
X--2090 1=-3690
Q “¥— 300 £-=4100
2 Z-- 720 | X=1990
S | Y-- 286
N Z_- 688
( .
g X-= 300 Q
X-- 360
’ Zoma_ A0 . 'y
X
<
K== 385 Q
1=-1700 9
-~ 530 <
S—— q
Z
. <
X--1705 s
Y==1400 <
‘§ 11 4==1250 10 |
%) __d//
S X-- 685
12 = 009
% Y--1830
N Z-= 570
x
<
:E 13
Q
N
X~~1560 U)
Y- 660  |X--1705 / T
Z-- 680  |¥--1400 : O
Z-=2850 14 IE
X~ 685
Y--1820 / 'J
Z=- 570 " B
J
1 2 3 4
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THREE PHASE SHORT CIRCUITS - CASH 4

X-=Values for a Short Circuit at
Raymond Substation.
Y-Values for a Short Circuit at
Lamanda Park Substation.
Z-~Values for a Short Circult ot
5 Haryland Substation.
S 90
Y 7 A
q Z==_ 20 T0T4L SHORD CIRCUIT VALUES
A Xed000
 Xew2290 ¥-~3920
sl Y=- 140 £==4730
2 - 485 |Z==2800 Plant 3us--4430
N == 153
X Lo 465
<
x Xee 260 Q
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d-w 25 %)
¥
<
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Z
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> 11 Zm= 840 10 |~
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Q .
2 12 X==1040 [fmm 540
< Y 850 1221730
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i\
<
S|13
Q
D
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Y-m 530 = / Ay
8=~ 460 L= 990 ;. e 1
¥=- 810 14 |&
&==1710 Xom 540
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&=z 380 5] g
)
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RELAYING AT CAL-TECH SUBSTATION

S0 far in the discussion no mention has been made of the ne-
cessary setting for the relays at the Cal~Tech Substation and the
Million Volt Laboratory. The normal operation is to feed the Csl-
Tach Substation from the Lamenda Park Line and the Hillion Volt
Laboratory from the combined Cal-Tech and Water Department Line.

The reason for this operafion is.that the Million Volt Laboratory
during periods of experimental activity csuses large surges on the
line which might cause disturbances at the local Cal-Tech Substation
if both were fed off the same feeder.

for relay 14 on the line faeding the substation, since it is a
stub feeder, it should be set as low as possible, hence tap 4 and
lever setting 1 are used. For the condiﬁion of a short on the 16.5
KV. bus this relay might not operﬁte to clear the fault before relay
10 operztes. However, the chance of a short on the high tension
bus isbquite remote so that this operation is fait to be quite satis~
factory. For any fault on the low side of the transformer operation
would ﬁe selective, because the current is limited by the reactance
of the‘transformer.

Since the ground relays a;e set to operate on small values of
currenﬁ ground relsy # 14 will start to operate much before ground
relay #10 and hence it will be tripped out in plenty of time.
Similarly grouand relay #15 will operate before #12.

The setting of line relay #15 depends on the operation of the

Million Volt Laboratory. However, it is recommended here that this
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‘ralay be set to trip before the one at the power statibn #4.

16,5 KV, BRELAYING FOR POWER STATION 4ND Scssmamzoug
‘The 16.5 XV. line relaying is not designed to relay for trouble

inside the substations or on the 2400 volt distribution. Each 2400
volt feeder has relay protection at the substation and the trouble
will normslly be very quickly cleared by the partisular 2400 volt
breaker on that feeder. In case of trouble inside any bank of trans-
formers, quick acting differential relays are recommended. These
operating, will trip the breakers on either side 0of the transformer
vank, isolating the faulty transformer but not interrupting the sup-
ply to the substation, if two banks are on. |

In the power stgtion, differential protection is recommended a-
round each machine, and also arocund the autotransformer far:#7
genarator. This protsection should overlap the differential protec~
tion recommended and shown for the bus, sd that ndo part of the circuit
in the power station is left unprotected. (Ses page 8)

It is felt that the possibility of trouble on the busses in the
substations is so remots, that differential protection here is hardly
Justified. Especially so as two complete and rather complicated
differential connections would be nesded (because of the double bus
and bus sectionalizing), one for the low bus and one for the high.
Furthermore if the highly improbable trouble did occur, the line over~
load relays would operate to clear the station from the system.

The above analysis of the relay typea and setting shows that the

relay system recommended fulfllls the three requisites of good relay-



ing.. These are:

l.llsolation of fault limited to the smallest area possible by
taking out of servide only that section of the line on which the
feult occurs. |

Re Aé speedy Operation as possible, congistent with propef s@-
lectivity. |

3. Non opsration of relays on 1egitima£e loads. (Relays operate
only on overloads). |

RELAY CONNECTIONS AND VECTOR RELATIONS FOR SINGLE PHASE RELAYS

Referring to the vector diagram, page 69, for the 1ihe relays,
it will be seen that for the relay on phase #l, the current in
the relay will iagfthe voltage écroas.the relay (voltage 1-3) by
150 degrees, when the power factor is unity and the powsr flow is
in the directisn t0 keep the relay contacts open. If the power
flow is reversed in the direction for relay tripping, the current
reverses with respect to the voltage and then leads the voltage by
303, provided the power factor remains unity. sctually, however,
it does not, but becomes largsely lageing on account of the reactance
in the circuit. The current therefor shifts to a lagging position
but never more than 600 lagging. Even with this angle of lag the
relay would close its directional contacts, as this slement is very
sensitive. If however, the sngle of lag is going to be very large,
a phase shifter box may be used to bring the current more nearly in

phase with the voltage.
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For the cases of single phase ground faults, the vector rela-
tions of relay currsnt and voltage are also shown., PFor this pur-
pose three potential transformers (transfnrmers‘x) are conmected in
Y across the 16,500 volt substation bus. The secondaries (also Y
cohnected) feed the primaries of three auxiliary 200/106 potential
transformers (transformers Y) Y connected on the primary side and
delta connected on the secondary side. The ground directional relay
is connected into one corner of the delta. All star connected
windings are solidly grounded at the neutral points, thus preventing
shifting of these points.

Now suppose phase 1 became grounded at or near the substation.
There would then be no voltage across transformer 1 and lik:wise
transformer a. The voltages of the other transformers would remain
constant in magnitude and vector direction. On the delta side of
transformers a, b.-and ¢, since voltage a has disappeared and voltage
b and ¢ maintain their magnitude and direction, a voltage appears a-
cross the relay c¢sil which is shown by the dotted line in the vectors
shown in the lower side of the dlagram. If the power direction is
normal (i.e. in the direction to keep the cantacts open) this voltage
will be 180° out of phase with the current in the ground lead, assume
ing the ground impedance is wholly resistance. If however, the power
direction reverses, the relay current will reverse with respect to
the relay voltage and will thén be in phase, causing c¢losure of the
directional contacts. |

Actually the current will be very considerably lagging on account



of the reactance of the grounded circuit. If this lag is too much
a phase shifter box (combined resistance and reactance, external to
relay) must be used which will bring the relay current more nearly
in phase with the relay voltage.

By & similar analysis, it will be found that no matter which
phase is grounded, the voltage appearing across the relays will have
the same vector relation to the relay current as shawn sbove, Of
course, the more distant the ground fault is from the pstential trans-
formers, the greater will be the»variation from this relation. But
for the distence of one line section, the variation will not exceed
permissible limits in the case of the Pasa&ena.system.

It will be noted that the generator nsutral is ground through
a reactor, not a resistance. Thié has the effect of csusing any
ground current to be more lagging than if it were a resistance. There-~
fors it is very likely that a phass shifter should be hised with the
ground relays. This point should be carefully investigated beforae

application of the relays is madse.

RELAY CONNECTIONS AND VECTOR KELATIONS FOR USE OF POLYPHASE RELAYS,

The connections fdr use of one polyphase power directional relay
in conjunction with three standard overcurrent rel&ys for line protec=-
tion and with one low energy overcurrent relay fo; ground protection
is shown on page 72. Though this system of relay connection has not
bean recsmmendqd for'Pas#dena it is considered worth while to give the
corresponding vector relations because so far as‘known such a method is

not listed in any of the literature.
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The vector relations shown in fig. a represent the conditions
on the line for normal direction of power flow in which case the
current in any given alement of the power directional relay is 1500
out of phase with the voltage across that element, hence the relay
will not opsrate. Now consider a three phase fault on the 16.5 KV.
line osutside the substation as shown on the diagram. Fig. b shows
the vector relations at the relay under these conditions. &ince it
is a three phase fault the vectors can be considered balanced even
aftervtha fault. The voltage Ezl is shown dotted since it is the
voltage across the open side of the V connection. The currents in
fig. b are reversed 180° with respect to their position in fig. a;
this is due to the fact that the fault causes a reversal of current,
it now flows away from the substation in the tripping direction. The
above discussion has been for unity power factor so that the ourrents
as shown lead their respective voltages by 30° . Actually, of course,
the current is largely lagging but in no case may it lage the voltage
by more than 60°.

Now to consider a ground fault on phase 3. In this case the
line vectnr relations are given in fig. ¢ which shows the fact that
since phase 5 is faulted the voltage E,, is equal to zero (at point
of fault) so that the resultant line voltages are Elz’ Egge and Eyys
the currents are not altered except that I:5 is much greater in
magnitude and is reversed. Fig. 4 shows the vector relations at the
relay where the open V voltage is showvm dotted as E51’ In this case

the current I, leads the voltage by 60° at unity power factor so that
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with the lagging current occuring in the fault, the relay will
operate cofractly. The current I1 is still 150° out of phase with
its voltage Elz’ and I2 is lBOo‘out of phase with its voltiage Ezsg
hence these elements would not act to close their contacts; it is
only necessary howaever, f£for one clement to act. A4 similar discussion
may be followed through for faunlts on elther of the sther phases as
wall as for a single phase line to line short,

The fact that line 2 in the V connection is grounded can mske
no difference in the actual vector relations: its purpose is to keep
the metering eguipment at ground potentials.

LOCATION OF RELAYS WITH RESPECT TO CIRCUIT BREAKERI.

On the system disgram page 8 all the directisnal relays have their
current transformers located On the bus side of the circuit breaker.
This practice has been racommeﬁded so that if a fault should ocour
in the ocircuit breakarlths dirsctional relay would operate to open
the breaker and clear the fault (depending on which part of the
breaker was faulted) without msking it necessary to isolate the
substation from the system. As an example consider a fault on the
line sids of the breszker contacts of {he breaker on the Raymond Line
at Raymond Substation. In'such a case if the current transformer
of the directional relay was on the line side of the breasker the
power flow through the relay would be in the normal direction so
that it would not operate. With the connections as recommended (
with the current transformer on the bus side of the breaker) the

power £1ow in the current transfosmer and relay will be in the re~
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verse direction and hence the relay will operate to clear the
fault., If the relay did not operate it would be necessary to
isslate'Raymond fubstation before the fault could be cleared from
the system.

The overcurrent relays will trip regardless of which side of
the breaker they are on, though for new installations it would be
advisable to locate them on the bus side of the breaker because in
such a location they would be subject to the largsr short circuit
current and would hence operate faster. $ince the Pasadena system
has installed their current transformer on the line side of the
breskers this change has not been recommendsd for the non-directional

type of relay.
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RECOMMENDATTONS AND CONCLUSLONS

RECOMMENDATI ONS

The jresent development and probable future growth of this sys-
tem indicate that the relaying proteetion of the 16,5 XV, lines and
eqnipment can be most satisfactorily and economically accomplished
by the combined use (Diagrem, page 8, shows all recommendations
liated below) of:

1, Time element, overcurrent, non-directional and directionsl
relays for line fault protection, (See pages 13 to 19 and 66),

2, Time element, low current, low energy, non-~directional and
directional relays for ground fault protection, See pages 15 tp
19 and 66),

3, Overlapping differential, quick acting relays for generatows,
transgformers and busses at the power station, (See pages 67-68),

4, Differential protection for the mein transformers at the
gsubstations tut no differential Misiprétsuvtion at the substations,
(See pages 67-68),

5, Location of ourrent transformers for all directiona) relays
on the bus side of the cireult breakers, This same recommendation is
made for all new inatallations of nen-directional relays, It is not
recommended, however, that the changes be made on the o0ld installations
for this type of relay, (See pages 74-7B),

B OT WIRE ¥ ¥S
The fundamental wealmess of pilot wi:e relaying, unless backed up

by other relays, makes this type of protection somewhat haszardous,

- 76



It ghould not be uded therefore, even if pilot wires could be ob-
tained, at little additional cost, through the use of spare wires
in a supervisory cable if such were installed, (See psges 12 &nd
13),

| The system is simple enough to make it unnecessary to use a

mofe costly or complicated relaying'method, guch as distance type

relays,

D, ADVANTAGHS OF RECOMMENDED RELAYING

The advantages of the recommended relaying scheme are:-
1, Complete protection with good gelestivity,
24 Reasonably fast, \
3, TFasy to adjust and maintain,
4, JNoderate cost,
B, Sufficlently flexible to require no extensive ale
terationg as system expasnds,
€., Ingures good protection for an underground cable
system as well as for overhead lines, without unnecessary

interruption teo serviee,
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