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ABSTRACT

The two-frequency transmission of power cannct be re-
garded acs an entirely new concept. Examples of the tying
in of two power systems of different frequencies are not
hard to find. Until comparatively recent times, North
America had 2 varietbty of freguencies, of which 60 and 25
cycles were the most commoni snd for certain operstions
these freguencles were tied together. In Europe such ties
exist between 50 cycles system and the 16-2/3 cycles of the
various electric rallway systems. These systems are nothing
but 2 special case of the two-freaquency trsnsmission of
power, |

The two-frequency method is considered here as a pos-
sibility in extra-long distance power transmission, and as
an alternative to the half-wave length mode of power trans-
migsion. In theory, 1t utilizes the concepts of half-wave
length power transmission which itself can be extended to a
full wave length. But, because of the conversion devicegs that
must accompany this arrangement, there is the added advantage
of better control over voltage and current profiles of the
line.

The obvious implication of this method is the utilize-
tion of one freguency different from the standard consumer
freguency. What effect, if any, this other frequency has on
commonly known system paramefers such as reactance, eddy
currents, and hysteresis Jlosses on power system devices ig
examined, and where pocssible, an attempt is made to relate

observed isclated effects to reveal the interdependence of




some of them. In cases where such interdependence doesg not
exist, the influence of freguency on any particular para-
meter is presented for z falrly wide range of freguencies
go that the choice of any frequency within the range can be

dictated by sound engineering vpractice and economics.

In the presentation of this thesis a brief review is
made of the conventional long distance transmission of power
and the comparatively recent half-wave length method, The
theory and mode of the steady state operation of the two-
frequency line 1is described also, The effect of increasing
fregquency is presented, and theoretical calculations for a
hypothetical two-freguency line are carried out. In addition,
a survey 1is made of existing and probable methods of frequency

conversion.,

The author feels that this method of power transmission
offers reliability, and a greater degree of flexibility thsn
is known at present in the extra-long distance transmission

and distribution of energy.




CHAPTER ONE

ASPECTS OF POWER TRANSMISSION

In the effort to herness water rescurces for power,
attention was mainly directed to water resources that are
nearer to centers of population. As tThe demand for power
increased, and these nearby water rescurces became depleted,
attention was naturally focused on more remote potential
power cites. Problems which hitherto were abszent or only
slightly present, now manifested themselves to a high degree,
and new ways had to be found either to eliminate or circum-~
vent them. What these problems are, snd how they have been

overcome, 1s the purpose of this and the subsequent chapters,

1.1 Fundsmentsl Problems of Extra-lorng Distance Bower Tronsmission

As Tar =28 the power engineer is concerned, sn e uationl
4 3 Gq

of interest for a power system as shown in figure 1 is:

Py = 1EQ 1 Byl cos(o-d) - IA\‘Er‘Z cos(b-a) R |

Y 1B

where Pr is the power received,
ES is the sending end voltage,
Er is the receiving end voltage,
d is the =ngle between Es and Er’
A and B refer to the ABCD constants of a four terminal

network, with a and bt as their respective phase angles,

For a losclese line -~ 2rd most power lines are made

- 3 -




and the maximum transferable power is:

WY

To a certain degree, the angle d 1s within the control of
the engineer, while B is 2 guantity which for & given fre-
guency, ig determined hy the combined influence of the line
Tength and 211 non-zZero impedance egipment installed on

the line. Obviously B is a Jlimiting facter on the maximum
transferable power. The point of interest ther ig how does

B vary?

Py —¥ = P

O— 1’

O

Fig,1 One line diagram of an electric
syatem

A sketech of the varistion of 2 with line length is provided
in figure 2. Tt hag real =nd imaginary comporents, the
latter nart of which varies almost sinusoidelly with lire
length, If eguation 2 1s rnow re-examined in the light of

thisg Tact, it will then be seen that for z2ny line less than
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Fig, 2 Sketch showing the variatlon of B
with Tine length.

or equal to one-guarter wavelength the maximum transferable
power decreases ag the line length increases. For the stan-
dard 6C cvele frequency, a quarter wavelength is about 750
miles so that for any line frem 350 to 750 miles, the engineer
inevitably has to graple with this incressed value of B,

An equally fundementel and yet undesirable character-

istic 3is the charging reactive wower which must he suvpplied

to the oper circvited line. Figure 3 disnlays a plot2 of

chareing reactive rower versug line lergih.
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Sketeh showing Hezcltlive power versus
line length for =2n open circuited line,
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In figure &4 the ratio of receiving end voltage for
the open circuited line to sending end voltage is plotted

for lines less than, or equal to, one full wave length,.
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Fig. L Sketch: Ratio of receiving end voltage
as a function of line length.

A study of figures 3 and 4 reveals increasing values
of voltage and charging vears as the line length increases
within the first guarter-wave length and at points near the
guarter-wave length position, these tend to become very
large, and thecretically. infinite for a lossless line.
Beyond this position, both these gquantities decrease from
cpposite values of infinity, resching a minimum at half-
wave length position, and thereafter incressing again,
These are obviously undesirable charscteristics for which

solutions must be found.
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Another problem which must be considered too, is the

one of voltage rise in the mid-voint of the line if the

magnitudes of the receiving
held constant.
length increases,

of three transmiscsion

Velis.

o

The voltage

Figure 5

and sending end voltages are
r'ise increases as the line
sketches the voltage profiles

of different Eengths,z

5 Sketechsof internel line voltages.




CHAPTER TWO

SOLUTTONS TO EXTRA-LONG DISTANCE
PCOWER TRANSMISSION PROBLEMS

To combat all the aforementioned effects, one method

which hag been devised has been to sectionalize the trang-

mission line.? (See figure 6.) This solves the problem of
€<V
. . ‘ (/kﬂ ° ’
Pig, bz Long line. 4% Sections of long line.

high voltazge ratios between receiving and sending ends of
each sectlion and consequently for the whole line. To
avoid the high charging currents, each section is shunt
compensated, (See figure 7.) To obtsin grester maximum
transferable power, each sectlon is series compensated;
the effect being to decrease the value of B. In other
words, an electrically short line is being made cut of g
physically long line. With the line so compensated there

Series Cam P&n Srl'"i'vm) e aciunce
{capac Tive)

. . . e
‘% e S T pan catin 9 Raactance

T {inductived
l Line shuunt meacrance
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come the risks of sericus and sustained overvoltages and
these may become the limiting factor on the maximum trans-

ferable power.

2.1 Direct Current Transmission

Ancther possibillty for long distance transmission of
power is the dc method. Basicslly this method involves the
rectiflication of alternating current power, which is then
transmitted and inverted into aslternating current power agsin.
By this method, the problems of stability, trsnsient or other-
wise, are sidestepped as much as possible, It suffers from s
high initial cost. A diagramatic representation of such a

line is given 1in figure 8,

E~ . A B - AC
ln—‘—\ wile s
Fig. & One line disgrvem of & d.oc. linc

2.2 Half-wave Length Power Transmission?

In the half-wave length method of power transmission,
the undesirable inhibitory influence of B on maximum trans-
ferable power 1s very greatly minimized by utilizing the
semi-cyclic variastion of the imaginary pasrt of B, (In a
logslegs case there will be no real part of B.) Thus a line
which is between 180 and 270 electricsl degrees in length

behaves in almost every respect as 2 line which is between
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0 and 90 electrical degrees, In other words, charging
currents and terminal voltage magnitudes sre the sane,

Fault currents at the line terminals are no larger than those
of conventional lines., But there is 2 great diminution of
fault currents as fault points occcur progressively farther
from the terminals. It might just be well to point out at
This stage that from stability considerations, line lengths
between 90 and 180 electrical degrees while having small

b

magnitudes of B, are not applicable.

However, in actual practice no power lines are up to
180 electrical degrees on the standard 60 cycle frequency,
sc the technique used is to lengthen the line., A number of
tee sections, each of the same characteristic impedance as
the line, 1s plsced in series anywhere slong the line. The
total number added must be such as to stretch the line to

between 180 and 270 degrees.

Perhaps one great advantage inherent in this system is
the incorporation into the tee sections of all transformer
reactances on the line. However, a serious shortcoming of
‘this type of line is the great fluctuatiornsof the line in-
ternal voltages as the line load is varied., (See figure 9.)
Such wide voltage fluctuations3 make it difficult to adjust
for lightning protection., 2Iso there is & problem of
intermediate tapping of power  for which solutions: are still

being  sought.,
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Data and design5 of such a transmission line are pre-
sented below as 2 matter of interest.

Line length 800 milesg

11

Series impedance 0123 + 30.249 pu per 100 miles

1

Characteristic impedance = 1.22 - 3j.0303 ohms pu

Propagation constant el 4+ JB = 005 4 jO.204 ohms per 100 miles
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CHAPTER THREE

TWO-FREQUENCY METHOD

Before introducing the discussicn of the two-frequency
method, the point must be established that consideration is

ziven only to stezdy state operation.

3.1 Basic Principle

As hag been indicated earlier in thls paper, the two-
frequency method is based on the half-wave length principle
but differs from it in one fundamental respect. This is
the adoption of an alternstive procedure of making a given
physical length correspond to a desired electrical length
by choice of freguency. (The electricsl line length is
invergely proportiongl to frequency.) For instance, a 900
mile transmission line operating at 60 cps is less than a
half-wave length, but such a line operating at 120 cps

would be more than a half-wave length,

The two-frequency method realizes a desired electrical
length by the simultaneous use of two freguencies and such

a line would be as shown in figure 11.

< x o
<* 'S .
2 - ~ A - o L o [ S R
r L. 1] Cne line <ic Bre CL & TVOo-1 “E“GQ}LE_\;CJ line,
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If the distsnces % and x are fixed, and the line impedance

is purely reactive, and if f, is held at 60 cycles, then an

equation for computing f such that the line is 180 electri-
2

. %
cal degrees is

(L - X)¢1

where x 1is the distance from the receiving end

and ¢ is the phase shift per unit distance at .

For the purpose of this thesis, f2 will be referred
to as the orimary freguency and the peint of freguency
discontinuity, so to say, will be referred to as the break-
point. Break-point distances will be measured from the
receiving end of the transmission line. TFrequency versus
break-point curves for three different lengths of trans-
mission line are shown Iin figure 12. Though breskX-points
can be placed anywhere along the line, not 211 of them are
realizable. Bresk-points nesr o quarter-wave~length
involve higher frequencies but apart from this, the drastic
voltage fluctuations likely to occur at such pvoints,; par-
ticularly during cpen circuits, would seriously affect the

operation of any equipments installed at those points.

#Suppose phase shift at fl is f#ydegrees per unit distance. Then
= 3 8 1 degrees per unit distance, Thus

f 180 degrees we will heve the relation
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The guestion may be asked why it 1s necesssry to have
a break-point other than zero. The answer is that only a
non-zero break-point operstion of the line is likély to
offer the fullest use of the resources of the system., This
will be better understood and appfeciated when the mode of

operation of a typical two-frequency line is fully explained.

In practice, most transmission lines are less than a
half-wave length on the standard consumer frequency in
which case higher freguencies would be needed to bring them
to 2 half-wave length electrically. But power must be avail-
able to the customer at consumer frequency so that the need

for frequency converters becomes evident,

The converting devices contemplsted have components
that can supply resctive power to the transmission line.
This reactive power may be employed for stubumatchingl7
purposes and thus help keep line voltage changes as small
as possible, In this comnnection, attention should be
directed again to the sketches of voltage profiles for the

half-wave length line., (See figure 9, page 11.)

For stub-matching purposes the reactive power would
have to be introduced at some distance away from the load.
It will be necessary to wait until the development of the
section dealing with tuned transmission lines for this

point to be clarified.
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In the Light of the foregoing, 1t will be seen that
the two=frequency method eliminates the necessity for tee
sections, (An illustration of the uge of tee sectiong ig
shown in figure 10.) Furthermore, the Complications in-
cident to the uge of capacitors in a high voltage line
are aveided, Also, the method offers brospects of the
control of the internal 1line Voltages which, in turn, means

better 1ightning adjustments.3




CHAPTER FOUR

FREQUENCY EFFECTS

Power Ttrersmission inveolves the use of egipment such
2s transformers and generstors, =211 of which have compon-
ents thet sre affected by frequency. Also, some transmission
line pearameters, inextricsbly bound up with other variasbles

that resoond te freguency, are invariably affected. The

effects on line parsmeters and syvstem devices are separabely

considered.,

L ,1 Effect on System Stability

As hzog been mertioned esrlier under "Furdasmentzal Prob-

lems,™ tre crux of both the hza2lf wsvelength and the two-

freguency methods is the lengthening ol a line in order to

obtein a desired value of B, (=ee pezrpe 5,) for purroses of

RN £

greater transfer of power. Thus from equation 2,

Py = B E_sin 4,

B

sc that 211 systems having equal values of B would have the

same steady state vower capabilities, =2nd would be unaffected

by their generstion and transmission freguencies,

L,1.1 Trensient Stebility

Synchronous gererators and mobors vley an important

nart in bthe t©

e

znslent stability of a2 transmission systenm.,

- 17 -
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The angular momenta of syncehironous machinea ore usually
temporarily adjusted to meet various Taulit conditions

ag 2 means of improving system Lransient stability.

nicg the momentum of 2 rotating

AV

Pror clagsicael mech

r

macs 1lg given as
¥ - Tw
where ¥ is in joule-sec/rad,
T is the moment of inertia of the objiesct,

and w lg the ansular velocity of the ohiect,

3]

In gererasl for = constant speed of rotation and a fiyed
rotating mass, the zngular momertum becomwmes consitant,
Hence, =28 will be shown lster under "Generstore®, generastors
“he azme mzgneltic core flux

of the same capacity,

dernsity, =ond mechanical speed have the same momentum.

The sngular momentum can a2lso be expressed in =
derived set of w»nits., The recullirg mathematicsl exnression
Tor a2 gingle machine ig then

M o~ GH -
TROf

b f i

where ¥ 1g in megajoule-seconds per electrical depree,
G isg the reting of the machine in mepzvoli-~amvere,

H is the stored energy in megaicules/machine ratire
in weeavolt-zmperes,

Thus the arpulsr womertun has a recirzrocsl relsztion with

Tfrequency,
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The anguler momentum appears in the swing equation in the
following way:

2
v 454 = dP

at?

where 4P 1s the accelerating power,

and @ is the angular position of the rotor of a synchron-
oug machine,
Thugs the indirect effect of frequency on the accelerstion

of the rotor angle is seen by substituting for M in eguation 5.

Hence,
2
X, 4d¢ . ap
or ggg:%—?xf
qt?

Therefore, the rotor acceleration is directly proportionszl
to frequency. This proportionality in turn implies that
the critical clearing time for a given fault condition on

& power system becomes smazller and smaller as the frequency

increases.

4,2 Frequency Effects on Dielectrics

The variation of breakdown strength of dielectrics

6 .
with freguency is given by ahn -empirical relation

By = K

fn
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8t

where Bf ratio of dielectric strength at frequency f

to 60 cycle strength,
f = freguency in cycles per second,
n = constant = 0.137,

K constant depending on the relative strengtn

of the material under consideration,

L

This relation is presented graphically in figure 14 for
K = 1.75, The curve points to the necessity of using more
insulating materisl as the freguency increases, But the
rate 2zt which the ratic decreasses is éonsiderably slower

at the higher frequencies than at the lower ones.

4,3 Effect on Magnetic Circuitls

Core logses are due to the variation of flux in a2
magnetic circuit; and fall into two classes: hysteresis
and eddy current losses., The eddy current losses are re-
sistance losges as produced when current flows through any

material. Expressions for these losses have been arrived

at for laminated materials with
/’/ alternsting excitation, and they
; could bhe the basis on which fre-
d quency effects could be examined.
v The 1osses7for the magnetic core

—>it]a—

shown are:?
/ Hysteresis loss P, = K fB watts
% sis loss Py =z K T8  watts

Fig.13 Magnetic core ver unit volume or weight,

showing 2 lamins
of thickneas "tV
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Eddy current loss: Py = Ko t2r?B2
watts per unit volume or weight

where the constants Ky, and K, depend on the charateristic
and electrical recistance of the material. The exponent x
is 2 constant between 0.5 and 2.3, t is the thickness of
arlamina, and £ 1s the excitation fregency. The equation
obviougly indicates hysteresis losces that are proportional
to frequency, and eddy current losses that are proportional

to the square of the freguency.

L. L "Effect on Conductors

The phenomenon of skin effect has been known for a
long time, and there are many tablegs and calculations for
a goodly number of conductor shapes taking it into con-
sideration. But these tableg and calculations were made
for frequencies so far removed from power fregencies,
that they can hardly be relied upon for power work.8

Some work has been done recently to rectify this situstion.

L.,4,1 Inductive Reachtance

Mogst of the work in Aluminium Cable 3Steel Beinforced
(ACSE) is on the assumption of uniform current distribution.
Proximity effects are considered absent since conductors
of overhead transmission lines are invariably very far apart
relative to conductor dismeter., For the larger strended

conductors, both tests and calculations show skin effect
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on inductive reactance to be negligible, Under these
conditions the inductive reacitance of ACSE conductors is

directly proportional to frequency.

L bh,2 8Skin Effect Resistance

Auwminum
pact If the thickness of the aluminum

layer is large, skin effect causes

Sheel

part an 1increasse of resistance over

the direct current value. Work

. done indicates that the degree
Fig. 152 ACSR concductor,
= of skin effect on stranded ACSR
conductors is nearly the same as that of 2 uniform conductor
of the same inside and outside dimensions, and the ssme re-
gistance to direct current ss the sluminum part, Thus ACSR
conductors having two or more lgyers could be znalyzed on
the same pattern as for hollow
tubular conductors as shown in

figure 15b, Plotgs of ac-dc re-

sigtance ratio as a function of

Jé; for different values of
8

Fig. 15b Hollow tubular the ratioc Lt are availgble.
conductor. d

The dc¢ resistance ratio was calculasted for ACSR 1,780,000
cmlls twin conductors. Dats for ACSR 1,780,000 was not avail-
able during the investigation, and as such the conductor was
assumed to be 54/19 and the outside and inside diameters, and

the dc reslstance of the aluminum layers were extrapolsted
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from plots made of all 54 /19 ACSR conductors available in

0
stendard engineering handbooks.” The results obtained from
the extrapolations are:

Qutside dismeter = 1,60 inches
Inside dismeter = 535 inches
DC resistance per mile _ 059 ohm

per conductor

From figure 15b the ratio is given by the ratio of inside

r
a
diameter to outside diameter., Thus the ratio of ac resis-
tance to dc resistance was obtained for a variety of fre-

quencies from reference 8, A plot of this ratio for

different frequencies is given in figure 16,

4,5 Effect on Line Parameters

The work done so far in this section has been to
examine the geparate effects of frequency on certain system
parameters without relating them to other system parameters
That may be affected one way or the other by frequency.
Thug 1line constants and other system variasbles that are
compesites of frequency influenced parameters are re-examined;
where possible, zttempt will be made to present the overall

effects of these components,

In travelling wave engineering the psrameters of

interest zre:

Zo = the characteristic impedance



Fig 16 AC/TC resistence ratio versus freguency plot
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wax

¥ = the propagation constent and its components A and#%
where & is the attenustion constant and[% the phase

constant.

where % and Y are the line series and shunt reactance.
From the sgections dealing with inductive resctence =nd skin
effect resistance of ACSR conductors, it is now possible to

obtain %2 _ and Y at any frequency, and hence Z

. . ki _ w
Calculations” have been made for these parameters and are

the fou 1 network, {(See Tigures 18 2nd 19.) Line
efficienclies assuming matched load conditions are calculsted
o ~ - 16

Tor from the formuls

where d 1ig
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Line length
in hundreds EFFICIENCIES
of miles 25 cycles 60 cycles 165 cycles
0 1,000 1.000 1.000
1 « 990 « 990 . 987
2 . 980 « 980 2976
3 . 971 « 970 » 961
L 0962 . 960 2952
5 0952 0951 <941
6 . 943 W OH1 « 929
7 o 934 932 .918
8 . 925 9923 « 907
9 .916 913 .896
Table 1,

A few discernible facts from the curves, (figures 17a

and b,) are:

(2) relatively rapid decreases in both the magnitudes
and phase sngles of the characteristic impedance
of the line at the lower frequencies, but these
slow down at the higher frequencies,

{(b) the phase and attenustion constants both increase
with freguency, but what 1s of particular interest
is the degree to which line efficiency ig affected.
(See table 1 above.)

(¢) a study of figure 18 will show that the effect of

higher freguency operation has been to suppress
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the imaginary part of A while figure 19 will show
the suppression of the real part of B. These ef-
fects are due to the more rapid increase of line

reactance over resistance. The overall effect of

higher frequencies has been to produce A znd B
constants that closely approximate those of 2
lossless line, However, this should not be con-

strued as meaning that the line is less lossy.

L,6 Overall Effect on Transformer

A simplified diagram of a trans-

~ former is given in figure 20,
! Rt R < [ T
EP 4. < From transformer theorylo the
[ ,
voltage on the primary windings
Pig. 20 Simplified disa- is given as
grem of a trasns-
Eal
former, -
Ep poiny )ﬁt ] “’L*prj%BmS'X L 2 13 [ a a » 6
Where f = frequency of excitation,

B = flux density,
A = the cross sectioneal area of the core,
Np = humber of turns in the primasry.

it can be seen from

fl 1 =% f=] J
For constant values of Ep, hp and Bmax’

equation 6 that A and f sre inversely proportional. There-

fore, for power transmission at a fixed voltage level, the
cross-sectional area of the magnetic circuit decresses as
the frequency increases. For most mesenetic core devices

however, Ny and B will depend on stray loss considerstion,

5
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Anotner result of this decresse in crogs—cectional
-ares 1s a geving in covper and 2 conseguent reduction of
the transforwmer resicstive losges, A mathemstics]l snalysis
for either s circulaer or sguare cross-sectiornal srea of

core will reveal that each turn length is reduced hy the

squere root of the ratio of freguencies,

h,6,1 Transformer Core Losceg

The mapnetic core losses were giver earlier in this
cection, Buprese it 1s desired to compare the core losses
A e of two transformers A and B,

1 )

Y = h2ving egusl voltsge retings,

e e

g , > frequency ratic assume that

To take adventape of 5 gimnle

<

< 1 ~
~ . S~ I L the frequency fp of A ies half

g the freauvency fp of B, Agsunme

/k/J 2lso that the flux densities
;l Lnemin - - . o
////¢/ of A and B are the sore, Then
> /};it

- 1

ne cross-cgectional ares of A

0

Fig. 21 Arms of trersformerc
A end B ig twice that of B, For the

configuration shown *n figure 21, the core thickress of &

ig twice that of B.

In general the magnetic core is =2 pile of Ltrir cheets
- lamines - of the magnetic material. If the larination

thickresses =re eagual the number of laminse My of A is

L
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eaual to the number of laminae %B of B, From Tthe core
= r

logs formuls for hysteresis, the logs per core ig

Pha = Kh}“ABmﬂ_tNA e e e e e e e
and Pyp = thiBmlﬁﬁg P 5

where 1 is the lergth of the magnetic material,

But fB - ?fA

N, - 1/2f,

Also s /?fﬂ

Therefore subetitvting into eguation &,
E - K ) N
! hb - I'hsz\,”;rnl/z' Ag‘

TR BN,

° P —_—
* "hB — “ha
To calculate the eddy current lossgea, if the ssame assumptions

are made as for hysteresis logs calculstion, then the Ttotsal

eddy current locsg for A is

- X
PeB - j'et

Subetituting into 10 for fg and e

2o
P - yr 1/73
) - Ketxfﬁ”/z ﬁ&

el
Hence P o = 2P
el - "Tep

What has been egteblished 1g that for the same output
voltage, 2rd flux dencity of the mognetic materisl, the

hysteresis losces are independent of fregercy, while




Tthe eddy curvent losces are directly proportionzl to
freguency, It m=y be nececgary to =2dd here that the heat
diseipation may become were difficult as = result of the

greatly reduced rsurface area.

L,6,2 Strey Lozd Losses

Stray lo - " , b

: #?Y 10ad loeses sre those miscellareoug losses which
occur when a maechine iz leoaded. They are caused wmsinly by
leakage fluyxy =2nd by the distortion of the mzin exciting

pL

flux. Thecse losses sre imposgsible te celcecvlate and

certainly not essy Lo messure even in 2 comrleted machine.
Tor this reason, no definate statement will be made with
5

regard to freauency effecte,

4.6.37 Lesmkage Resctence of Transformers

The leskesge resctance is funetionally dependent uron
tre flux linksges ver =m ere turn snd hence 1= directly
pronortional to the number of turne of the winding. In
actuality, however, not a2ll fluxes of a transformer secon-
dary or arimary link the nrimeary or the secondery reszectively,
Under certsin simplifying assumations an anproximate
formulsll hog been derived for the lecskage reacbonce of tre
core type of transformer, and this formuls could serve sasg

the bha

n

ig for the examination of freguency effects on

armzture lerkage reactsnce., For the core tyve transformer of

fipure 22, the leckage rvrezctance ig given ars
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XegKfm(d3+i}_+E§) P B
3 3
where K = constant,
mn =

the mean length of a turn (21Trf),

and T = frequency.

The reactance 1s related to the vhysicsl dimensions of the

tranaformer component parts. The mean radius is mede up of

SN
\\
SN

il

U
vpid.éffh:' |
i

& 0
N Fig. 22 Core type of transformer.

X b

a layver of magnetic material, sn insulating layer between
the =econdary winding and the magnetic core, the layer of
the secondary windings, and half the insulating layer be-
tween the secondary =2nd the vprimery windings. Of 211 these,
only the magnetic layer is likely ﬁo become zypreciably
smaller while the insulating masterisls may tend to increase
with freguency, though this 1is of negligible effect. Con-
sequently the mean radius at any frequency can at best be

expressed as



where &, and r, ere as shown in figure 22, (Note ry 1s a
dimension within the msgnetic circuit.) Substituting into
equation 11, it will te seen that the leskage reactance
expression consists of sz constznt comporent and another
which decreases with frequency. At relatively higher fre-
guencieg it can be correctly assumed that the leskage

reactance is directly proportional to freguency.

In general, however, leakage reactances could be made
as small sas possible with perhsps chort circuit considera-
tiong as the limiting facter, Thus for the purposes of
high freguency transmission the nominal value of leakage

reactance 2¢ is now commonliy used, =hould be applicable,

L,7 Generators

The evaluaticon of high frequency generastors will be on
the basis of equal generated voltages and equal mechanical
speed of rotation inasmuch 2= most low-head hydro generators
have slow moving rotcors. The basic expressienlo for the
generated voltage in conductors subjected to a varying
magnetic field is:

E = KfﬁmN cr I{meAN ° L] © L] o ° ° 12

two circular cross-sactional
and £, then from inverse
5
rel - “ o
= f , L.¢.,Hro= 1T,
g - - E
ki Trf% 3
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The frequency is related to the mechanical speed by

£ - _npb
120

where n 1s the number of revolutions of the machine ileld,
P is the number of poles, and A is the cross-sectional
area of the pole., If f ig subgtituted into equation 12,
the resgult is:

E - KnPBmAN/12O e 0 s s s 13
If n, and N are held constant,

E = K{pBpA
If yet the same maximum flux density is desired

E = KZpA -= an 1nverse propertionality.
In other words, for the same generated voltage the number
of poles would hgve to be incressed even though the size
of each pole will be proportionately decreased. For com-
paretively very high frequencies 2 greatly increased number
of poleg may be needed and this may perhsps pogse some con-
gstructional difficulties that not only mske the cost of
such machines fairly expensive, but alsc add more welght

to an already :buLkﬂ; machine,

However, 1if it were possible to operzie at an increased

gpeed, then holding p, N and Bm conztent in egusation 173,

an

E o }:{ :fi r‘{‘i,
3
Under the condition of greater cpead, the power per welght

of the machine is obwicocuely increagsed, To obtain this

greater speed, which alcrne can gilve this zsdvantsge of
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greater power per welght, direct connections of generatorls
to mater wheels must be svoided, cr else radiczlly new

methods of generstor desiegns will be called for,

4,7.1 Armsture Reaction

When o synchronous machine is delivering power, the
current in ite windinge creates a2 magnetomotive force.
This magnetomotive force can be divided into two compon-
ents, one of which the armsture reaction passes through
the msin maghetic circuit where it cauvgeg = distortion of

the main excitation field, and the cther, armsture leakage

resctance which has 2 falrly loczlized influence,

4L,7,1,1 Armaeture Leakepe Reactance

For purposes of calculation,ll the armature leakage
fluy may be further suhdivided irto four parte:

1) <=lot leasksge flux

2) end-connection leskage flux

3) zig-zag leaksge flux, and

LY  belt leakage flux.
The leskage resciance 1s then the product of the inter-
linksges beltween the armature leaskage flux per unit of
current, and the fTime rate of change of the flux. Reac-
tance formulae for each of these components are xnown+!
btut are not presented in this paper. DBut it car be gafely

gaid that there is = direct proportionslity betwszen them
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and freauency, <ince the other variables that make up the
evpressions are related entirely to the physical dimensions
in the armature and these in themgelves are virtuslly unaf-

fected by frequency.

h,7.1.2 Armature Resction

The effect of the srmabure reaction't on the field is

deperdent upon the magnitudes of the armature current, the
arrangement of the windings, the magnetic circuits, and the

power factor.

4,8 Corona Losses

Typicel line designs take the influence of corons into
conslderstion, The phenomenon of corona has not yielded
iteelfl to exsgctbt mathematical snalysis and == cuch most work
on 1t hes been empirical. It is known that corona is in-
duced when the voltage gradient at the surfsce of a conductor
exceeds a certain value, the Visual Corona Onset Voltage

. - L 12 . .
Gradient. An emplrical expressicn for this voltage is:

o

il

30m(Y + 0.301/[7) Kvp/cm
where m = an empirical consitant determined on the
basis of surface condition of the conductor, and

r = the radius of the conductor.
The expression obvicusly shows no frequency influence in
inducing the Visuel Corona Onset Voltage so that if a line

is designed below this value, corona will not be a factor
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To be reckoned with in choosing a2 frequency for power
tranemission. However, once the onset voltage gradient

1s exceeded, corona, with its asccomparying losseg, occurs,
For such 2 case, using Nigol and Cassan's formulal2 the

corcena logs in kilowatt per conduvctor per mile igs:

P Kfr2dPESyp B
v )
where f = freguency
r = conductor radius in cm

K is 2n empiricel constent dependent on weather and conduc-
tor surface condition, Eo is the Visual Corona Onset Voltage

Gr

vl

:dient, and Ee ig a voltage dependent on the combinedl?
influence of the line veltage and mechanical composition
and disvosition of the conductor. Alsc 4P ig =2 value cal-

culated from the line dimension and voltage.

Thus, once corona sets in, the loss per mile per con-
ductor increases prbportionately with frequency «= a rather
gloomy picture, particularly if it is noted that contemplated
frequencies may range from 80 to 250 cycles per second. But
corona losses are also affected by the level of voltage under
which the conductor operstes. The corona power loss formula

has a2 voltage squared factor which shows clearly the grestly

incressed losses associated with higher operating voltages.

Two lmportant points are worth recalling at this stage.

Firstly, the two-frequency method offers.a possibility

& umvmg,/}_
LIBRARY
OF Manimash
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of transmitiing power thot 1s greater than the line character-
istic vpower without risking the excesgively higher voltages
that would otherwise result in an unmstched half-wave length
1line, (It might be usefuvl to take 2 look at the voltage
profiles of the three cases given under "Tuning Posgsibilitiecs
of the Two-frequency Line.") Secondly, the anticipated
tuning devices of the two-frequency method are integral

ports of the frequency converting devices and would be of
very 1little extra cost should it be necessary to obtain
specially designed converters to provide for yelt greater
tuning capacities. The first point becomes more significant
when it is considered that the lower voltage level of Trans-
migsion line 25 is made possible in the two-freguency method,
might make the difference between a transmission line being
or not being stressed to visusl coronsa onset voltage gradient;
it might very well be the factor regponsgible for obtaining

2 design that may be corona free for small overlcads on the

line.




CBAPTER FIVE

FREQUENCY CCNVERTERS

The operation of the two-freguency mode of power
transmission necessitates the use of freguency converting
devicesg, and a survey of existing and possible means of

such converting devices will now be presented.

It will be pointed out again that the frequencles
contemplated must of necesceity be above the standard con-
sumer freguencies, otherwise most of the few adventages
that go with the method are likely to be lcocst. Ag has
been shouwn in the section under "Freguency Effects," any
power transmission device with magnetic circuit will beconme
pulky and unwieldy at lower frequencies. Therefore, the
range of frequencies contemplated for extra-long distance

lines will be above 60 cycles,

5,1 Classification of Frequency Converters

Frequency changing devices fgll within two categories:
synchronous and non-gynchronous, and a table classifying
various devices that sre in present-day use 1s given below.
The classificstion is important becsuse the tie chosen
will determine the ease of expanding the system to cope
with additional capacity, and the manner in which increased
10ad demands on the systems sre met. TFor a synchronous tle,

in the event of a sudden increase in the load of one system,

- 43 -
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Synchronous Ties
Synchronous-~Synchronous
Induction-Synchronous Freguency Converter
Non-Synchronous Tieg
Induction~Synchronocus Speed Regulating
Static Electrenic Frequency Changer

Induction Motor Set

the demand 1is met collectively =nd the proportion to which
the separate systems meet this demanrd 1is determined by their
relative capacities and their respective speed regulatlions.
Thug twe systems of the same capacities and speed regula-
tions will share loads equally. In addition, synchronous
ties can be easily expanded to meet increased demand.16
These are the distinguishing features hetween the synchron-

ous and non-synchronous ties,

Another important distinction is made on the basis of
freguency couvling. The fixed frequency ratio type of
converters does not allow any depsrture from its design
ratio, and any prolonged deviations would break the tie
netween the connected sysbtems. In general, it is designed

to withetand small deviations of short duration only.

flexible ratio typesof converters wre designed to

accommodate freguency devistions of a more serious and
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durable nature. In actuality, nc converter 1ig inherently
flexible with respect to frequency. The flexibility such
2g ig intended here 1s one attained through the uge of a
geries of regulating devices. As such, Tlexible type of

13

converters are economical only in large power projects.

16

5.2 Tynes of ConverterslB’

Ae shown on the foregoing page, there are many types
of freguenecy changers, but each has =some definite character-
istics that make it best suited for certain special require-
ments of system performance. These devices with their

epecial characteristics will now be described,

5.2.1 Synchronous-Synchroncus

A synchronous-synchroncus converter is gimply a syn-
chronous motor driving a synchronous generator, with each
of the units having separate d-¢ excitation. It is the set
most commonly found. It is of a fixed frequency ratio type
in which case any tendency of the systems connected by it

to depart frowm this rstio may null it cut of synchronism.

5.2.2 Induction Motor Set

Both the induction and the synchronous sets sre ginmilar
in operation excect that the induction motor slip responds
to load changes and consequently brings about frequency

deviations a2s the lozd is varied,
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5.2.3 Induction-Synchrorous Speed-regulating

. . . 1 ! a
In esgence this is s S(ﬂ,hezc’blus*3 type of speed control
for operating induction motors above and below synchrovnism.
It ig mostly used 2= a converter in caseg where freguencieg

may vary within wide limits,

5.2,4 Electronic Static Freguency Changer

The electronic statle frequency changer is a static
equipment which in ite hasic form will convert power of =
given freguency to direct current power. Thils conversion
ig by measns of grid ccontrolled rectifiers, the cperatiocn
of which is now common knowledge. The conversion of one
fregquency tc another involves a process of AC-DC and a
reverse procegs for LC-AC, but what i1s considered here is
a converter that performs the entire AC-AC operation in

one unit,

5,2.,4,1 Basic Princivnles of the Static AC-AC Converter188

The overating prircinleg cen be iTlustrated by means
of 2 three phase to single phase power conversion. These
principles apply to =2 three phage To three phase network
gince the game considerations hold for esch phase, The
diagram egssential for sn understanding of the basic opera-
tion is shown in figure 23, These diagrames show how single

phase current is obtained from the main three phase line.
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CSingle b 1) 2 phase trensformer;
Fig. 23 Three phase-single phase converter. (2) rectifier;
(7Y voltape smoother; (L) current smoother; S ) phess Xeormer

S

The cathode current of the grid controlled rectifier flows
through the single ohase transformer in one direction at
first and then the other., The single phsse current and
voltage are far from sinusoidal 2rd to overcome this short-
coming the inductance "3" and the condenser "M are intro-
duced into the network to smooth out the voltage and current
regpectively. The voltasge and current smoothers may not be
ag simplified as indicaﬁed in the diagram, but in the main
they are no more than a combdination of cepacitors and
inductances of varying capgcities to meet design specifi-
cations., The smoothing condenser has a fairly large
cavacity so that apart from its current smoothing function,
it can supply 2 good deal of reactive current inte the

single phase network.

In figure 23 the hesvy lines chow the flow of reactive

power both in the conversion circuit and the gingle phase
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network. The significance of thisg ags far as the two-
freguency line 1g concerned is that only sctive power
flows in the transmisgion line from the sending end up

to the converter, while reactive power, certainly a by-

product, can be supplied to the load.

Again it will be emphasized that the entire process
ig one of AC rectification and DC invertiuwm,; but these two
actions have only been performed in what looks like =2
single stage. By this means the cost duplicstion is con-
gsiderably reduced, The diasgram for the three phase AC-AC

. . . s s ) 18b
conversion ig given in figure 24,

j;-?_ “i 3

NN <
-
Fig. 2L One phese only of a 2 phase-? phase AC-AC converter,
2 end 4 - transformers; 5 - converter.

To take care of the freguency deviations that are
likely to ocecur in either of the networks, thils device
can be eguipped with suxiliaries which engble it to have

variasble frequency ratios.
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5,2.5 Induction-Synchronous Freguency Converter

Weither of Lhe devices discugeged In the foregoing
provides an electromegnetic continuity such as would make
the erntire gystem amensble to one contlnuous analysis,
What 1g desirable is =2 device that provides = gort of
cable tie. One such device iz the induction-gyncnronous

fregquency converter, >

It ie ¥rnown from Induction Machine theory that 1if the
stator of the machine is excited from a source of a constant
frequency, 2 revolving magnetic fleld 1s set up and 1f the
rotor were held fixed, i.e., zero slip, = voltage of the
csame frequency zs the stator would sppear in the rotor
terminals. However, if the rotor were allowed to move it
would try to keep abregsst of the flux. But if a load is
attsched to the roter, it would then =glip behind the rotat-
ing field of the stator, the extent of this glip being
governed by the load. The rotor frequency st a given slip
S is then

fr = st

where fs is the stator frequency.
A diagramatic representation of the machine is shown in

figure 25.
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g
/sss“] ‘%\‘ («« RN \>__)

Fig 25 Induction motor diagram.

The power flow for such & machine 1s governed also
by the slip. The power expended in the rotor islo
P = gP
r s
where PS igs the input power at the stator and the power
transfered to the load is (1ws)PS under normal motoring
operation. This rotor power is virtually lost and is the
cauze of the low efficiencies associated with the induction
machines.

For frequency conversion purposes no power 1is actuslly
lost except the usual losses associated with rotating mach-
ines, In this case the power transwitted ascross the alr
gop is available for consumption either through the shaft
of the Totor which could be used to drive g synchronous
generator, or through the rotor which derives its energy
through normal electromagnetic processes as with the ordinary

10
The two powers may or may not be of the same

tranaeformer,
frequency, but either of them could be made to assume any

rredetermined frequencies, made equal or ctherwise.
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Assuming, therefore, that both these secondary fre-
guencies are eoual, an arrangement for freguency conversion
and transmission, along the sz2me line is as ghown in

figure 26, The diagram is a graphic illustration of the

strong tie between the twe A.C, eyestems, They are connected
by o cormon masnetic field, and to all intents and purposec

tehave 22 an electrical cable Lie, save, of course, for the

‘\)

much larger impedance drop ther would normslly be encountered

in & cable. But this differevice, a= will be shown later,

poses no rroblem for the two~freguency line. The synchronous

cenerator could suoely 2n entirely different line, =so long
/jﬁ/? @K%Ya 5) \
Slatar | S‘DY" Qaw .
Pip. 26 TInduction Synchronous Frequency Converter,

22 it 1s an infinite bus. The only limitetions imposed

on lthe utilization of the generated energy of the gynchronoug
generatore are that the feeder line be such that would ern-
sure gystem stability, and no greater demsnd than is

rrovided for by the transformation rztlic of the set can

te made of it, 2ut 1if the tuning =2dvantages are not to

be lost, hoth the rotor and the synchronous machine
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ahould feed the game line.

>

i /

; . N L
L kgfi )
{
Ny

o~
L

Fig., 27 Connections for two-frequency line.

The possibilities expressed above are illustrated
in figure 27. The amount of power avallable st each bus,
ga exelained earlier, deperds entirely on the frequency
transformation ratio. Thus by a judicious choice of
primary freguency, estimated power demands of an inter-
medilate city could be met while the rewmaining continues
on an onward, perhavs much further, journey, This way,
the hitherto unsolved problem of intermediate tapping of
half-wave length power is remedied even though the problem

*

is only sidestepred.

A schematic diagram for a2 voggible double line systen

ig shown in figure 28, If bus 5 is within the stability
range ¢f the synchronous generator, some of its power
could be diverted to the main line., By regulating the
excitation of s synchrenous maechine on an infinite busg,

the mechine can be made to =upply lagging or leading Kvars.

It is in the light of thigs that the section "Tuning

this statement is subject to the limitations
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Pogeibilities of the Two-Frequency Line," should he
closely exanmined. Taking advantage of the turning capacity
of the synchrornous generator, line voltages for overload
conditions, (i.e., losds greater than surge impedsnce
toading ) could he held down to 2 certain degree, 2t least

much below what they would otherwise have been,

Induetion-=synchrcenous frequency converiers can

theoretically be built to sny size. 12 One of the largest

. . ) , o . 10
Puilt so far was in 1030 and hed 2 35FW capacity.” It seemed
to hove been a2t a dicendventage bhecause exicting synchro-
nous-s¥nechronous ceonverter sets under the ssme circumstances
proved to be more efficient. Induction machines envisaged
under freguency cunerations need not have disnrovortionately

bulkier rotors 2= do those of the 60/25% cycle machines, =rd

thie could impreve trheir performance.

~ * H ,9 s
5.2.6 Static Freqercy Doubler?C

Another device which hag some excilbling possibilities

for higher freqguency work lg the static fresuency dcoubler.

In ite gimplest form the doubler is = magnetic core
device, the basic structure of which is shown in fipure 2@,
The core magnetic characteristic ig ghown (ideslized) in
figure 29h, The Ltwo outer windinge are series connected
tut are so wound that the voltaegee induced by an exciting

source at Pq and PB 2re not only eauasl, but alsc add
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Fig. 2?9 Frequency doubler and idesl
tegether. This condition also means that the fluxes set

up by an exciting current flowing through the windinggs 2id
each other everywhere except a2t the middle leg, where they

are in opposition and tend to cancel each other outb.

If now 2 direct current source is applied 2t terminals
ClmG? and is of sufficiently high voltage to push the outer

magnetic paths very c¢lose to saturation, then if s current

Lo

now flows through P1 and P one of the fluxeg will push

Pos
the nearly-saturated leg further into saturation, while
the other pughes it out of saturstion., Bul because of the
non-linearity of the magnetic circuit, these two effects,
while opprosite, are not equal., The contrihbution of each

leg to the centre leg is gsketched on figure 30, The flux

which gctuslly flowe through the centre leg iz the resultant
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of these two. It ig geen te he st twice the freguency of
the original exciting source, Therefore, a2 voltege of twice

the freguency appears at the terminales CT«C?°

- (1) Unsaturated flux 2t one
s e 2 ‘ X e
/ leg due to a-c exciting
™
/ L current at P,-P,.

- -’
(2) (7)) Resultent flux = e due
to s—c and d-c ewcitations.

‘d— RN
, ’,
4 / N, (1) Same asahove but for the
y
other leg.
@ )
e ~ y T = (b) (2) Seme as ehove but for the
< *2 other leg.
s
s

////’f“\\\\\ - Double frecuency flux through
\ o
(o) S Sqe

= lem

Lol

Fig. 30 Sketch illustrating how doubling isc obtained.

With a doubler installed at the sending end terminsasl
of a transmission line, generzators need net have the large
number of poles required if they were operated at relatively

higher freguencies.

The doubler was conceived as a means of obtsining high
speeds from induction motors. 4An experimentsl model having
2 1.5kw capacity and approximately 65% efficiency, has been
built, It ig =till in its research stage but there ig no
doubt that it holds out very high promise of higher fre-

guency application.



CHAPTER STIX

TUNING POSSIBILITIES OF THE TWO-FREQUENCY LINE

Both the induction frequency and the electroniec fre-
quency converters have posgibilities for tuned transmiesion
of power., There is = number of reasons wny a tuned line is
desirable. It permits a greater flow of power to the load
and where lines are lossy, losses are least when the load
ig matched to the line, Above all, it permits the transfer
of powers greater than the characteristic line load, while
keeping the line voltages well below what they would have

been for the unmatched lcads.

Tuning can be obtained either by single or double stub~
matchingal? In single stub-matching, reactance is placed in
cshunt at = certsin distance from the lozd, (See figure 31a)
The value of the reactance and the distance ere such as to
rresent a mstched load to the source. The resulting voltage

profile is flat up to the stub position and thereafter as-

sumes 2 shave dependent on the load condition. (See figure 31b.)

T \\VR

Velby, >

) A

L) s —

Fig. 31 Single stub line dizgram and possible voltage profile.
If the values are compromised, the lire is no lonrger
matched and the flat portion of the voltage profile will
no longer be flat. But the overall profile will be better

than that of the urnmstched line.

QS?“.




- 58 .

+3

ne method of evalusting the distance, the reactance,
and the voltage sre aveillebls in any cstanderd text on
Electromasgnetic Wave theory.

The appropriaste shunting reactance may ce cazpacitive
or ircductive. Static condensers snd reactors can be enployed
ze shunts in power work. For this purpose, a synchronous
condenser or reactor could be employed Jjust as well. Syn-
chronous equipments provide very fine control and have the
added advantage of being able to supply and absorb resctive
power,ZZ

Results are presented for the voltage profile corres-
vonding to certaln degrees of mismatch, (See figure 32.)
The following plots are 211 made in figure 33.

a) Maximum expected line voltage versus load, when

ne 1ire i =single stub-matched.

o

b) The required shunting susceptance versus load.

It can be seen that if loads greater than the line
characteristic losd are to be supplied, tuning will keep
voltages within not too disastrous levels. Besides, for

15

long lines there has always been the problem of main-
teining voltages at 211 points within * 10 per cent of
design values €o that for underload or overload conditlons

tuning could help keep the volteges within these limits.
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CHAPTER SEVEN

DESIGN FOR HYPOTHETTICAL LINE USING

7 .L\ é\*.
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¢) irrespective of frequency, the transformers have
an impedsnce of ,1 pu since in general, trans-
former impedances are designed for the purpose
of limiting chort circuit currents to reasonable

values.

NOTE: For want of deota on induction converters zs would seem prac-
L

tical for large power trensmission, the reactences used For the
shator snd the roter of the converter are those of the 35MW capacity
mentioned on page 5h. For the purpose of thie chapter, exact values

of regctances are unnecesssiy.
The reactesnce of the synchroncus generstor is assumsd equal
to thet of the induction machine rotor. The stator snd rotor rezc-

tances are 6,6 and 5.L per cent resvpectively.

I.TRNE DATA

ot
1"‘
o
w
“
o
=
D
[
o
il
~0
QD
(@]
=
r__!
(_l
¢
I

Distence of conversion site from load = 100 miles

Phese shift of trensmission line et = ,204 rads/100 miles
60 cps o
= or 11.7 /100 miles
Cherscteristic Tmpedance = 1.22 per cent

Determine the opereting freguency such that the phase

1ifference between the terminels of the line is approxi-

o)
mately 1907, ¢
i w;-.w.a\awﬂri V}d ™.

JEN

— \i, . .
O S - ‘3 “5~»——~—3§—|~O

KOO .,;\l -‘=l FO© 1t
Bagyat .

je d i B <, et

J + . A CES Y $.= bocps
T C—— B TS 7 NP W - S ekt 61, MR
+ e d < b &
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—

Fig. 24 Single for & hypotheticsl

line using en induction eynchronous freguency converier,




S0LUTION

Suppose recel

e Vo=

Substituting,
Vv =
a

k==
2

RO A
a
+

B o+ 7 w
UL, ‘b
+

Hence V. =
b

° * @ V =
b

But kb =

Hence WV =

Now Z, =

. \ o
ving end voltage V= LOZO

- i
V, % B+ &,
I Y Lu
S
L

i

o

1.0/0 (1.22 + 3.1)
1.22

1/6° 4L = 1 o4 3,082

= v+ k)

B 2 '4" . . . w W
y coeff at“a"and V' is the incident voltage at 2\

Z =12

a o= 1,22
A A 1.22

a O
.0L1/87°39m

1/LoKL
1+ .0L1/87 39N

ju = 152?
3

+ el
+ Jel + 1.22

L3

1/2% 20w
Viepd; and ab = 100 miles

(1.0/2%20n)(1/11.7°)
1.0/14.03°

o+
. 1
(0 4 kb)Jb

ke P = (Lon1/er°a0m) (£-22.)

.05,1/61,%1.50

(1L.0/14. 0 (1 + .041/64L°15m)

1.0177/16.1°

1 4!
zo(““ b ‘<b)

Tk,

1.22(1 4+ 0178 + 3.037)
1 - 0178 - 3,037




- . ]
= 1,205 A4 3.092 = 1.2L5/L 1)

. Z
Haore V. = __ b v
booog 4z d
D hd
2 ‘r . 1
* e 4 b A

[oH

° 1 - 5 — T
° by =By =20 3,005 4 3,412 - 11.22
Z, 4+ & Le2L5 4 J. 412 4 1.22
d o
o)
= J1645/77 1"
Now V. = V(L4 k)
) g d ol
Ce V= 1,05 /10
d Eate e
1. ’ll' ol()]—!‘E_?{ l”
= 1,051/14
1.048/8.8
o
= 1,005/5 140
The point to remember abt this stage is:
hetween ¥ and V? the vhase difference is approximaielylgﬁoo
S -.‘h

v the transmigsion

. . o .0
line end the reazctence 2, will be approximetely 190-5.

Hence, the pevrmissible phase shi

Hence, from here on, the sclution will be by trial and crror.
¢ - D - r+ EN + 1 . . P
. o ossume the vhase angle of Ee that would eventuzlly lead
. 0 . o)
to an oversll phase shift of 1907 at *e”is 1857,

+ + 40 + o
Ve =V o= V1185
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The concent of ftwo-Tveguency bUransmlecion ao iri-

tended here involves the use of freguenciesgs higher than

Fal
]

tandard consuner freguencies. There higher fre-

suencies may bring about epprecisble savings on the
magretic materisls of transformers and other magnetic
core devices. Put, it is quite likely that heat diegipaticn
may hecome more difficult as the magnetic materinl
hecomes greatly reduced.

Quite rightly the power engineer is more concerned
with locces than with znything elge. Magretic core
logses on the whole incresmse ranidly with freguency, bhut
are less ropid when considered for sssembled units, lilke

cerneretore and trangformers, 2ll having the ssme capsciiy.

r\o
¢ 0

increased logsesgs on 2 reduced surface srea will

=

-

further worsen the preblems of heat digsipation,

Or dielectrice there is generally 2 decresge in strength

se freguency increages. Dielectric core losses of Insulatio
will increasse repidly as freguency increa2ses, and these losco-
eg may bring 2bout considerable hesting and deterioration
of the insulation. Transmissicn line logeses may be
negligikle,

Tneresse in line snd eguipment resctances =re of no

conecern slso, since thege resctance velues s2re all combined

- b7



age reactance of The armature may be gome gource of trouble

-
]

11 csuse 2 directly proportional

[

A rise in Treguency w

namigcion linee, But since

rice in corona losseg of tr:

m
Y]

.

corons iz not induced by frequency, the onl

rosolution would

to degiegn lines thet induce minimel corons losses ov

.

The other losses srise as a result of Tthe effect of
skin effect or resistance. Although the resistance, and
hence the losses, can always be reduced by
bundled vhace conductors, in relation to those losses

will

(Ll
-
O
wn
B
D
]

occurring at 60 or 50 cycles, higher freguency

0]

5
alwayse be greater, However, where such losseg become sig-
nificent, adventage might be taken of the tuning capabilities

of the converter system. Thig might decrease the losses.

Cr converting Aevices there ig a fairly wide range

from which to make a choice, Thie veriety makes 1t vos-

=ible to obtain the most practical and economical set for

Thig machire hag generslly rnot met
opirions of engineers, but it is hoped that the uniqgue

poggibilities 1t offers will draw immediate attention to
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It is not the purpose of thig thesis to delve into an
economic congideration of the two-freguency mode of power
transmission. But it can be sa2id that, in the entire
sralysis, there is no single device or suggestion that is
co obviocusly uneconomical and hence undeserving of consid-
eration. The idea of higher frequencies for power trans-

mission is not new. In fact, "up to about 1890, the most

common freguency was 133 cycles per cecond , "2

Pioneer projects invarizbly cost more and this has
always militated againet new ideag which are not very ob-
viously cheaper than existing ones. The two-frequency
method is certainly not presented =g s universal and final
solution to the problems of extra~long distance transmisslon.
It hes its problems, too, for which sclutions must be found.
It iz only one way out of a difficult situation and this

thesis is merely trying to serve ss a pointer to that way.
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