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Every electrical developt DOSSesse 1l culiarities
which should be the determinin 0l nt S i of the fre
quency of the system a whole, as s th tion* of the
generating and distributing svstems as has t is, whethel
it should be two or three phase

lhese are the problems with which will concern ourselves in
the discussion of polvphase syvstems, with a transmission line ot
100 miles gr less and pressures up to and including 50,000 volts at
the receiving end. While the paper is limited to these two con
:illt‘l’:lli"ll\ alone, the ground to be covered is rather wide, re
quiring therefore a concise treatment of various characteristics

It is but natural that a system with a railway load principally
will call for a layout which will not answer best the needs of a
lighting and power company, and a development where the power is
to be used for some particular application may again call for a lay
out differing from the two mentioned above

Every system s, therefore, influenced in its design by the na-
ture of the load, and while a purely railway system will prove most
economical and satisfactory with a given frequency, and two phase
synchronous converters at the substations, lighting and power com-

panies will require a different frequency and strictly three phase




system. To compare the advantages of the three phase as against
the two phase systems and ot the two principal trequencies is the
aim of this paper.

We shall take up first the question of phases

Whatever the generation and distribution, the transmiss.on ot
power is always accomplished by three phase. This arrangement
allows of most economical transmission ot power with a given drop
in the line. While the transmission of power is invariably accom-
plished by three phase, the generation and distribution is often by
two phase.

Modern engineering practice shows, however, the abandonment
of the two phase generator in connection with hydro-electric power
houses, where power is to be transmitted and consequently trans-
formed from two to three phase. The common belief of the sim-
plicity of the two phase generator and switchboard i3 more imagin-
ary than real and came about as a result of clinging to the more
familiar two phase generator which at the time just preceding the
era of generation for transmission purposes was the standard
apparatus, answering best the needs of small central stations with
a lighting load, the amount ot power forming a very small propor-
tion of the total load

It must be admitied that a two phase system for distribution
purposes is somewhat simpler to operate than a three phase system.
The two phases may be controlled independently for single phase
lighting circuits without any appreciable effect of one phase on the
other

In the case of motor connections on two phase circuits, all that
is necessary is to connect the two transformers with the primary
coils to the line, and the secondary coils to the motor. No special
attention is required as to polarities of transfcrmers. The impe-
dance of transformers need not bhe the same for proper division of
load, as is essential in connections of three phase installations.

It was this at first sight simplicity which appealed to the engineer
in laying out the first hydro-electric power houses, and even at the
present time some engineers persist in their preference for the two
phase generators, and at the receiving end go through another trans-
formation from three to two phase in order to supply two phase
current at the distributing end.

Let us take up the generating plant first and see which of the
two systems, three or two phase, is more efficient as well as more
economical.

PoweEr House: It is pretty well known that for a given capac-
ity, speed and voltage, at a given frequency, the three phase gener-
ator will prove the more efficient machine. Manufacturers stand-
ardizing apparatus use the same frames and punchings for the two
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diflelent types 1nis enables the manutacturer to turn cut a bette:
Luree phase generalor as to eniciency and heating, redining tue
sille core loss Should he, however, selecl 10 Keep LNe sdlle AelsH)
in the copper ol the three phase as in the two phase machine, he
will LB in a positon (o reduce the magnetic Hux by virtue ot the
larger niynber o1 turns that can be accommodated in the same slots,
ana thus considerably reduce the core loss. lnasmuch as the core
loss in machines of large capacity is considerably greater than ihe
copper loss, this will result in a material increase 1a the effic.enc)
ol the generator.

SwitcHpoArp: Taking up next the switchboara, we will find
that the only advantage the two phase board has in comparison with
the three phase, is the saving ot one ammeter. It is standard prac-
tice to use an ammeter in each lez, theretore the three phase board
will require three ammeters. It is also maintained that the figuring
of the k. v. A. load trom the instruments is a more difficuit matter
with a three phase than with a two phase installation, as no factol
18 used in the latter case in computing the apparent kK. w. of the
station’s output, The above objections have very littie weight when
compared with the advantages of a three phase board.

All busbars, oil switch contacts and switch compartments, all
cables trom generators to switchboard and from the board to the
transformers are reduced in the ratio of 4:3, and while 15.6% large

cross-section of copper is required in the instance of the thre

phase installation, maintaining the same current density, the
saving in the number of individual parts necessary for the installa
tion will be in favour of the three phase board.

I'raxsrormers: The use of two transtormers for a given load
allows a greater individual transformer capacity, and therefore a
more efficient transformer. This would have been a decided ad-
vantage, favouring the two phase system, were it not for the fac!
that the transmission of power is to be by three phase. To accom
plish this phase transformation by the well-known Scott connec
tions, unless all transformers are provided with a heavier high ten-
sion winding, the transformer capacity would of necessity be re-
duced, due to a higher current in the three phase winding, namely
that of 115.6% of the normal current. Should, however, the trans-
formers be designed with provision made for this higher current, it
would necessitate larger transformers, or in other words, a more
expensive installation. Beside this increased transformer capacity,
another disadvantage must be added, that of a possible resonance
with T connected transformers for two-phase-three-phase trans-
formers. Whenever one of the phases is open, due to a failure of
making proper contact of varioms switches or any of the auxiliary
connections, the high reaetamee of the high voltage transformer will
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get in series with the capacity of the transmission line and a re-
sonance is likely to take place with the consequent disastrous
results.

We have shown the advantages of using a three phase generator
This advantage is further augmented by the possibility of using
transformer connections with which the danger of resonance is
eliminated. Of the transformer connections in vogue, there are two
which are free from the danger of resonance, namely to for
step-up and to '\ for step-down, or to Y and Y to Neither
of these two has the objectionable characteristic of resonance and
while the toY and Y to is selected for transmissions where
highest voltages are made use of, it is the to and to
which gives the most reliable service. With the latter style of con-
nections, should one of the transformers fail, as soon as this trans-
former is cut out, the service may be restored. This latter connec-
tion, namely Lo and Lo which insures both continuity
of service and freedom from resonance, is introduced now on one
of the 60,000 volt transmission lines and is destined to become the
standard, inasmuch as high tension transformers of 60,000 volts as
well as the insulators, especially if the latter are carefully selected
and tested, have the requisite factor of safety, making the resort to
the Y connections, at a sacrifice of continuity of service, unneces-
sary.

DisTriBUTING SYSTEM: The consideration# which held true in
the discussion of the transmission line, will also hold true in the
distributing system. The three phase delta connections should be
made use of, since on motor service a complete shut-down due to a
failure of one ‘transformer must be carefully guarded against.
Again, the three wire three phase distribution will result in a
saving of 25% of copper and insulators. It will reduce the mainte-
nance expense by the same percentage.

The advantages thus enumerated show clearly the desirability of
three phase distribution from the purely commercial standpoint and
still meore so from the point of view of reliability and permanency
of supply. Some engineers object to the three phase distribution
on the ground of the difficulty of balancing loads. This objection
must not be given much importance. With the mixed load of
lighting and power, the power load has an equalizing tendency on
the balancing of the system and with some attention given to the
proper division of the connected lighting load, no difficults will be
encountered.

The station records should be carefully watched, and occasional
re-adjustment of the load, based on station records as well as tests
of individual installations, will permit of as careful a balance as
one may desire.
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It is imperative for the success of any central station to build up
a good load and to broaden out the peak. This means to secure a
considerahle motor load. Let us see, therefore, what are the relative
advantages comparing two and three phase motors. The induction
motor is the one upon which to base our comparison, as it is the
motor in general use.

While the characteristic which affects the central station is that
of power factor, the power being sold by the energy input, we must
not confine our comparison to this point alone, but having in mind
the good derived by the motor user in securing a better motor, we
will discuss the relative merit of the two phase and three phase
motors in a general way.

The comparison can best he made from a summary of a conven-
tion paper by Mr. Bradley McCormick read recently before the
American Institute of Electrical Engineers. Given two similar
frames without windings, how shall the two phase and three phase
windings differ in order to secure proper operation? What will be




6

the comparatiye losses if the two machines are given the same
rating !’

1. A two phase machine should have 22, more conductors pei
slot than the corresponding taree phase 1 connected macnine, Gt
signed 1or the same voltage and tlux per pole.

2. 1hne magunetizing current 1s the same '111 both the two and
three pnase macnines when expressed in pertentage ol the current,
which corresponds to the 1ull load output.

3. ‘Lhe copper loss ol the two phase machine is 129 higher than
that of the three phase.

4. The leakage factor of the two phase machine averages 25
greater than that ot a three phase machine, therefore the powei
tactor is lower.

Actual results show from 1 to 3% lower power factors.

These considerations show that the two phase machine will have
a higher temperature rise as a result ot a higher copper loss. For
the same reason the efficiency of the two phase motor will be lower
The slip of the two phase machine will also be greater. Tests and
theoretical calculations show 209 greater slip.

Thus we see that the two phase induction motor is a poore:
motor tor the central station company, due to a poorer power factor
It is also less advantageous to the power user, as a smaller effi-
ciency means a larger motor input for a given output. The higher
temperature rise will result in a shorter life and larger slip will
mean a greater fluctuation between synchronous, partial and full
load speeds.

While the three phase service should be made standard, two
phase motors may be used by the aid of three-phase-two-phase
transformers. This, however, should be discouraged, as such
transformers require special taps, which make them more expen-
sive, especially so when core type transformers are used. It also
means the carrying of a stock of these special transformers
as spare units. The above consideration as well as the larger cap-
acity of transformers required in cases of phase transformation
makes the two phase motor objectionable and its use should be
discouraged.

This will conclude the remarks as to the advantage of a three
phase as compared with a two phase system.

We will take up now the discussion under the heading of fre-
quency.

FReEQUENCY: The frequencies most widely used on this continent
are those of 60 and 25 cycles. While other frequencies are made
use of these are the predominating ones. Let us, therefore, analyze
them with a view of determining their adaptability for such develop-
ments as are under discussion in our paper. We shall make our
analysis mot from the transmjssion point of view alone, but analyze
the generating and distributing systems as well.
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As far as the transmission line is concerned, the lower the fre
quency, I)w less, the induction drop, the smaller the charging cu
rent and the better the regulation. It is a foregone conclusion that
as a purely transmission problem we will have to adopt the 25 cycle
frequency. Our problem, however, is more complicated. ‘T'he trans
mission line is only a chain in the link, and important as it is, it
should not overrule the advantages of a higher frequency as applied
to the distributing end ol the system. In our composite problem
the various advantages and disadvantages should be carefully
weighed and the selection made on the merits of advantages of the
entire system taken in its totality.

Power Hou s The table of speeds of generators at 60 and 25
cycles shows a wider range of speeds, hence a greater flexibility
when laying out a 60 cycle hydro-electric power house

R. P. M. 25 cycles 300 250 214 187 166 150.
R. P. M\ 60 cycles 327-300-277 256-240-225 212-200 190-180 172-164
156-150

The speeds of turbine-generator units are limited by the number
of wheels, type, head and output. Therefore a wider range of
speeds permissible with a 60 cycle system will enable the selection
of the most efficient generator-wheel combination. Inasmuch as 1n-
creased peripheral velocities will result in a decrease in active ma
terial, the selection of higher speeds will enable us to choose cheaper
hydro-electric sets. The above conclusions hold true except when
higher speeds call for special construction, which will rapidly in-
crease the cost

SWITCHBOARD The switchboard under the two frequencies 18
unaffected. All meters and potential and current transformers are
designed tor satisfactory operation on frequencies from 235 to 125 cy
cles. In our comparison of 60 and 25 cycles it may be said that
while the temperatures of the switchboard shunt transformers will
be less at 60 cycles, the .\‘flli('s transformers will operate at higher
temperatures, due to a higher iron loss. The temperatures, how-
ever, will be well within the margin of permissible safe operation.

TraxsrorMERs:  Transformers built for 25 cycles are a much
more expensive piece of apparatus as well as less efficient than when
built for 60 cycles. Considering that there is with a generation,
transmission and distribution of power a total transformer capacity
equivalent to from 3 to 4 times the capacity of the generating ap-
paratus, one will readily see the advantage of a higher frequency.
This, however, must not be done at a sacrifice of other considera-
tions, sueh as excessive charging current in transmission or ex-
tremely poor regulation.” We shall come to the questions of charg-
ing current and regulation later on and now will take up the con-
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sideration of frequency and endeavour to determine the best fre

quency with loads sucn as we are to handle, that is:

INCASDESCENT  LIGHTING, ArC LIGHTING, POWER SERVICE By
INDUCTION.OR SYNCHRONOUS MoTOR AND Ratnway Loabp With in-
candescent lighting while 20 cycles is the limiting frequency, 40 cy-
cles is unsatisfactory when moving objects are viewed by it. On
this continent 60 cycles is the standard trequency for such a service,
while 50 cycles is European practice. For arc lighting 40 cycles 1s
the limiting freguency. Lower trequencies are made use of in the
application of the recently developed mercury vapour converter and
magnetite lamps. This new system, however, will probably have to
go through a process of further experimenting. The conservative
investor will still select the higher trequency -series alternating
enclosed are lamps.

INDUCTION MOTORS Analyzed from Ahe standpoint of fre-
quency, induction motors show characteristics which make it diffi-
cult to decide as to the best motor. Both motors under careful de
sign can be made of equal performance as to power factor, effi-
ciency, etc. But the motors will be of radically different designs.
From the commercial standpoint the 60 cyecle motors have a de
cided advantage, namely, a somewhat higher speed. Speed and cost
are inversely proportional, hence the 60 <yvcle motor will prove the
cheaper of the two. Another point which favours the 60 cycle motor
is the greater demand for it, and the manufacturing companies have
developed a finer design of this frequency As a rule lower fre-
quency motors are adaptations to standard 60 cvcle frames and
punchings, hence their performance does not show characteristics
of the same high standard. Of course the low frequency

have advantages of their own, such as better starting

motors
torque,
higher instantaneous but not continuous overload capacity and
lower speeds. As stated before, unless the motors of the
frequency are standardized for best and most efficient
high frequency motors are more satisfactory

lower

design the

The principal factors in favour of the 60 cycle motors are better
continuous overload capacity and also a cheaper product commer-
cially as a result of higher speeds. Therefore, with equally gooA
performance as to efficiency and heating, the 60 cycle motor will
still be ahead of the 25 cycle motor

Revolutions per minute—Synchronous speed
PoLes 2 i 6 8 10 12 14 16 18 20
25 Cycles—1500 750 500 375 300 250 214 187 166 150
60 Cycles 1800 1200 900 720 600 514 450 400 360

&
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Rarniway Loap: The suitability of low frequency synchronous
converters for railway work Is a well established fact. While 60

cycle synchronous converters are used for such purposes, they are
rather an exception and their operation is less satisfactory W hat
should then, under the circumstances, be a desirable way of sup
plying street railway loads without resort to frequency changers
The latter are out of the question, due to excessive cost, beside th
great reduction in the efficiency of the systems, resultant from theil
use

Motor generator sets may be and are.gdvantageously usel in this
connection, and while not possessing the advantazes of 25 cycle
synchronous converters, have features whiclhh make them particu
larly suitable for use on long distance transmission systems, per
mitting of a partial or complete control of the power factor ot th
system depending as to whether induction motors or synchronou
motor sets are used

Wherever large capacity is present, due to long transmission
lines, induction motor generator sets of large size can be used to
great advantage. For perfect control of the power factor of the
transmitted power, synchronous motors should be employea, as in
this case the regulating of the field excitation allows of a close con
trol of the power factor of the transmitted energy, allowing the
maximum energy for a given current, and under certain conditions

will permit of carryi

the load at unity power factor in the gen

erating and transforming apparatus d transmission line

While the synchronous converter is the most efficient of the three
means of supplyving railwav loads, whenever this load constitMes

only the minor portion of the total output of the plant, the interest:

of the lighting and power load cannot be sacrificed for a most effi
cient conyersion of the alternating current to direct current fol
railway purposes

In our discussion of frequency we may conclude that for a
mixed load of lighting and power with a railway lgad not exceeding
one-third of the total power generated, 60 cycles will be the fre
quency to select

We are to take up now two more questions. These are charging
current and the regulation of the line. The above factors under ad
verse conditions will limit certain developments, making them im
possible, commercially considered, at 60 (‘_\l‘l‘?-i The same develop
ment at 25 cycles may present a very attrattive proposition using
power for a different application

[.et us see how the two frequencies affect our case. What will

be the relative magnitude of the charging current and regulation?
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Line 100 miles long.

Load 10,000 H. P. for each transmission circuit.
Conductor 4 0.

Voltage at 1'0('01\'/ing end 50,000.

Space between conductors 60”

Charging current at 60 cycies — 23 amps.
Charging current at 25 cycles — 9.6 amps.

Regulation 60 cycles.
100% P. F. tull load 9.0%
80% P. F. tull load current 23.0%
(Step up and step down gransformers included in this calculation.)
Regulation 25 cycles “(Including transformer).
100% P. F. full logd /
80% P. F. tull lgad current 107
I'he regulation and capacity n|: charging current are decidedly in

favoy of the 25 cycle transmission. The results for the 60 cycle sys-
tem, while considerably in excess of those at 25 cycles, are consid-
ered quite normal for commercial purposes and inasmuch as the in-
crease and decrease in the load is gradual the regulation is well
within control of the central station operators or automatic devices

As to the railway load, this had better be carried on a separate
circuit, whenever a multiplicity of circyits is used in transmitting
the powel In our case there are three transmission circuits

Considering the successful operation of one of the long distance
transmission lines of 150 miles in California where the charging
current forms 40% of full load current, and where the regulation is
107 at full load, 809% power factor, we need not hesitate to operate
our line with a regulation of 237, 809 power factor.

The power factor of the system, however, is to a large extent
within the control of the operating company, u.x it may recommend
to power users such apparatus as will besh answer the purposes of
the system as a whole. Beside this, by employing synchronous mo-
tors running as rotary condensers, it will be enabled to regulate the
power factor of the syvstem and keep it if necessary at unity. These
synchronous motors running idle, used supplementary to the syn-
chronous motor generator sets, will allow of a perfect control of the
power factor of the system, reducing the regulation to 99 under
full load condition

In conclusion, we will say, that under the conditions as stated,
for a mixed lighting and power load, with a railway lecad not ex-
ceeding 33% of the total output, a 3 phase 60 cycle system should
be emploved throughout and all transformation should be accom-

plished by A oA connections




