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SURGE PHENOMENA AT TRANSITION POINTS
OF TRANSMISSION LINES

Mhmtﬂﬂwn‘nmuudm!.tm
a change from one steady state to another, becanse of lightning,
svitehing operations, short cireuits, line famlts or other causes,
surges or traveling waves are set up which travel along the line
vith spproximately the speed of 1ight, As the surges or the travel-
ing waves on a line reach 2 $Sransition point at which there is an
abrupt change of cireuit comstanis, such as an opem or shori~
eircuited termminal, a jJunotion with another line, or & transformer
or & machine winding, & part of the wave is reflected on the line,
and a part may pess to other sections of the ecircuit.

On the tramsmission lines and at the transition points speci-
fied adove, the traveling waves exhibit a variety of phenomena. The
traveling waves are not only reflected and transmitied at the
transition point, dut alse attenuated and distorted. Thus, to
deternine the current and voltage at any point along the line at a
certain time one muet kmow the attenvation, distertion, snd the
successive reflections. Though it is possible to study the surge
behavior at the transition points with a lattice, a space-time
diagram, by virtue of which the shape for all the reflected and the
refracted waves cen be ocaloulated along with the affects of
attenuation end distortion of waves, the methematical approach can
be lengthy end tedious (28, pp. 144-176). For the sake of simplicity
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it vas intended to study visually the surge phenomena as they appear
on the artificial tranemission lines,

During the past few years several tests have bYeen made with the
high voltage impulse genmerators which can produce standard lightning
impulees on the actual powsr trensmission limes (12, pp. 569-576).
The purpose of the tests has been to study the imsulation strength
of the machine and transformer windings and also to investigate the
surge severity at the junction of two or more trensmission lines.
The practice in the past has been to De on the 1ideral side consern-
ing the insulation level and the protection of the mochine and
trensformer windings without full attemtion to the actual severity
of the surges. While these tests are being performed on the actual
power systems, it was eamlightening to set up some such system on a
mach smaller scale for tests in the laboratory.

This project deals with the investigation of voltage and current
phenomena at the transition points on the artificial power transmis-
sion lines when a lightning impulse is applied at & point on one of
the trensmission lines with 2 miniature surge generator. To
ebserve and photograph the waveforms a high-speed oscilloscope was
utilised. The limitations of the artificial trensmission line with
reference to the standard lightning impulse which consists of differ-
ent frequency components are kept in mind threughout the test.

The major portion of this study falls under two different
categories as follows:



Surge generators and the lightning impulses.
Transmission lines.

THE SURGE GENERATORS AND THE LIGHTNING IMPULSES

Though our power systems can be thrown out of stability with
switehing or other fanlts, lightning is the most severe of sil
transient phenomena, Protection is secured against direct strokes
by the use of ground wires over the power conductors. The ground
wires are s0 placed as to intercept direct strokes within at least
half a mile of the substations., The ground wires are grounded at
each tower. Murther protection from lightning is secured by the
use of lightning arresters, vhich sct as safety walves im passing
excess charge from line conductors to ground and resume their
insulating characteristics after the stroke.

Ihe Lightnipg Imnulses

The lightning impulses as recorded in the field with the
lightning masts are not necessarily the same as encountered on the
transmission lines. Some strokes might stay as they nommally would,
but others are intercepted and chopped. The waveforms can be listed
under three different classifications (12, pp. 569-576);

short-tail,
chopped wave, and
full wave.
Short-tail wave. The short-tail waves result frem high-currest
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strokes to the shielding system followed by an insulator string flagh-
over which raises the phase conductor to tower-top potential. The
mn—uuummumuuumx.ﬁmtu
voltage at the struck tower after the current reaches its maximum, A
typical value of the tower indunetance is 20 microhenrys with a
coupling factor of approximately 257 between the ground wire and the
phase conductors, and the tower footing resistance is nearly 10 ohme
(12, pp. 569-576).

Chovved waves (on fromt). Chovped waves result from the strokes
directly to the phase wire of sufficient magnitude to flashover the
ingulation %o the tower. The wavefront lasts until the insulators
flashover. After that, the low resistance of the tower footing
diverts the vave %o the ground. These waves ocour more than half as
frequently as the short-tail waves.

Full waves. Wull waves are of low current magnitudes. They
result from a direct stroke to the conduetor on which the insulators
do not flashover because of the low walues of voltage. Though the
full waves are less frequent than the above two, they cause severe
danage becanse of the long tail.

In general practice experimenters desl with the short-teil and
full waves because of the frequeney of occurrence and the severity,

respectively.
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Beconmendations for Imulse Voltege Zesting

In 1933 the Committee recommended that the impulse strengths of
the insulation ete. be determined from tests made with the following
3 waveshapes (21, A66-474):

1/5 microseconds,
1/10 microseconds, and
1.5/40 mieroseconds.

The above three waveforms cover & wide range to meet the require-
ments of simnlated lightning. The Committee neglected wavefronts of
less than 1 microsecond because of the diffionlty of obiaining them
&t higher voltages. The transformer subgommittee of the electrical
machinery committee has selected tentatively 1.5/40 microseconds wave
for impulse tests for the transformers. In England, 1/50 mieroseconds
waveshape is regarded as the standard impulse for testing purposes
(9, ». 155).

As discussed previously, the lightning impulses vary considersbly.
Therefore, it is not surprising to note that for testing purvoses,
impulses of waveforms other than 1.5/40 miecroseconds are used
commonly. A 10/50 microseconds waveshape was used to test generator
windings (20, pp. 123-31), the vesson being that very steep wavefront
waves may concentrate the complete weltege of the impulse across &
few turns, thus overstressing the tum insulation., However, when the
wavefront is 10 microseconds, the stress may be distributed over all
the winding turns thus releasing them of the overstress. Shorter
wvaves like 1/5 microseconds with+ 508 tolerence on the wave front
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and T 208 on the wevetail are alse allowed for tests.

Definition of the Navefront and the Navetall of an Impulse

The symbol such as 1.5/40 microseconds means that the wavefront
is 1.5 microseconds long while the vevetail lasts 40 microseconds.
The wavefront is the $ime required for am impulse to rise from ite
approximafe sero point to its pesk. The wavetall is the time frem
the start to the point where the waveform has reduced to half of its
peak -plhh (See reference 9, pp. 155-157).

Ihe Actual Surce Generxators

The impulse gemerator is used to produce high~veltage impulses
vhich in turn are utiliszed to test the imsulation properties of the
transmission end distribdution lines apparatus. The mechanism of an
impulse generator consists of a set of cepacitors, resistors, recti-
fiers, and transformers, ete. by means of which high~veltage impulses
of different wvavefronts and wavetails can be produced. The process
is the charging of capacitors in parallel with a d.e¢. source and dis-
charging them in series through load. Some companies have built
these big impulse generators which can produce waveforms of the order
of several thousand kileovolts. A 2,000 XV impulse generator tmilt
by Metropolitan-Vickers Electrical Company has 12 stages, each of
0.12 AL ¥ capacitence, The discharge capacitance is therefore 0,01
AL F and the discharge emergy is 20,000 joules. The d.e. charging
voltage is 167 XV (&, pp. 135-139). These figures obvicusly indicate
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that the physical sisze of such a generator is very large and also
that the generators are costly. Therefore, it was necessary %o
build a miniature surge generator, the characteristics of which dupli-
cate the functions of the large generater except for the magnitude of
voltage end eurrent.

B, Marx is considered the piomeer in the field of impulse genere~
tors. His first eircuit was only a voltage-doudling eireuit, dut
later he extended his circuit to an eight-stage generator. later
Mr. Goodlet modified Marx's cirecuit se the load could be grounded
during the charging period without the necessity for an iselating
gep. The modern multi-stage eireuit (9, pp. 155-180) with distriduted
series resistors to give maximum efficiency has been developed by
Edwards and Scoles.

Most of the recently-built impulse generators use oil-impregnated
capacitors in inmulating containers, The cepacitors have the
dielectric assembled in an insulating cylinder of porcelain or
varnished peper with plane metal end-plates. The adventage of this
system is that suceessive stages of capacitors canm be bduilt wp in
vertical columns, each stage being separated from the adjacent one
by supports of the same form as the capscitors but without the
dielectric (4, pp. 133-135).

The measurements of the impulse voltages can be made with sphere
gape and capacitance~type voltage dividers for chopped waves, and
with R,L,0 repeated-structure networks for all frequencies and wave-
foms (6, pp. 571-583).
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A single~sweep osecillograph used with a potential divider is
the most satisfactory method for examining waveshapes. Becsuse of
the short duration of the weves it is necessary that the eperation
of the generator and $the oseilloscope be synchronised accurately;: and
if the wavefront is to be recorded satisfactorily, the esecillograph
time sweep must be initiated at a time slightly before the impulse
wave reaches the defleecting plates.

The miniature surge generator is of significant aseistance in
making the preliminary determination of the constants which affect
the waveshape, This instrument enables the eperator to determine
the constants to e used in the large generator to obtain the proper
vaveshape, As mentioned previously the small generator duplicates the
functions of the large generator with the exveption of current and
voltage nagnitudes oaly.

Zhe Minjature Surze Generator

The cireuit diagran for the miniature surge generator is shown
in FPigure 1. Before going into the actual operation of the circuit
as & whole, 4% will be of interest to study the effect of By, Ry, &
and O3 on the production of the waveforms.

Theoretieally, it has been proved that when By is on the load
side of Ry, a lower output voltage is obtained decause the twe resis-
tors form a potentisl divider (9, pp. 155-156). The voltage
efficiency can be improved by putting By on the gemerator side of R;,
but practically it cannot bde done because the resistance of the
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Fig.1. The circult diegram for the impulee generator,.



thyratron is always present in the cirouit.

Though 4t is very difficult to determine exactly the effect of
varying resistors or cspacitors on the waveform, it can be generaliszed
that the series resistor R, controls the wavefrem$, while the resistor
R, dominates the veriations in the wavetail (25, pp. 169-176, 26, pp.
183-189). Tor better efficiency, the generator capacitor ¢y is kept
larger than Oy (9, pp. 155-156).

In the case of inductance in series with R,, the mathematical
analysis becomes enormously difficult; and the presence of the
inductance may sharpen or flatten the waveform depending upon its
value end also upon the weveform (9, p. 130). For the derivation of
the equations for this eirouit see reference 9, pp. 117-129; the final
results are given in the Appendix.

The operation of the eircouit for the miniature surge generator
can be explained ss follows: The capacitors ) and Oy charge with
the indicated polarities during the same half cycle of the sine wave.
mmmnumx-ammm.mmure’a»
charges through the thyratren 884 which in turm is triggered by a
phase~-shifted sine wave. mummtmummure,u
controlled by the resistors valued 470 and 240 ohms end also by the
resistance of the thyratron 884, The waveform of the triggering im-
pulse for the thyratrom FG-33 is shown in Figure 21. The same
triggering impulse but with lower voliage megnitude is used for the
oseillescope. The voltage magnitudes of the triggering impulses for
the thyratron ¥G-33 and the oseillograph are nearly 150 volts and 50
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volts (peak), respectively.

It vas noticed that the thyratron F3-33 can also de triggered
with an impulse of 50 wvolts peak, dut the fonization time was over
15 microseconds with the mormal operating voltages of the eireuit.
The long ionization time makes it impossible to wateh the wavefront en
the oscillograph vhen its sweep time is fast. For that reasen, it
vas desirable to apply to FG-33 an impulse of higher voltage magnitude
to cut down the lonisation time,

The 36 K resistor (sdjacent to Cy) in Pigure 1 takes the place
of a dlode. The function of a diode in a circuit of this type is %o
let the capacitor charge during ome half cyele and to bdlock it from
discharging during the next half cyecle. Though 36 K resistor camnot
mu:mtunmus,mmmam;-m. the dis~-
charge is slow becemse of the long time constant., Therefore, by the
time thyratron 884 fires, O, has sufficient voltage scross 1% to pro-
duce impulses of the desired voltage megnitude. The welue of 36 K
for the resistor gave spproximately the best results.

Since the thyratren 884 hes negative characteristies, the R-C
phase shifting eirenit shifts the negative half cyele of the sine
wave by approximately 90 degrees s¢ that the thyratron will net fire
during the charging period of the cspasitor C,. The fast that
polarity of the output impulse waveforms of Figure 1 is negative rather
than pesitive needs an explemetion. In order o produce a positive
inpulse one mast remove the ground from the cathods of ¥6-33 end
ground the load side of R. MNereover, the triggering circuit has to
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be ungrounded $o aveid a short cireuit if the triggering impulse is
to be applied between the cathode and the grid of ¥G-33. The above-
mentioned procedure fails to give stadble results because the cathede
is not fixed with respect to any reference point, and the strey
capacitance of the cirocuit gives rise to the uncertainties of the
operation. Another alternative is %o comnect the FG-33 thyratren in
such a way that the plate is Sowards the load and the cathode
towards the source; them the polarity of the rectifier 836 has to Ve
reversed. Here again the cathode cannot be grounded. The third
alternative is te interchange Ry and Fé-33 with its cathode towards
the load side; again & negative impulse is obtained if the cathode
is grounded. Therefore, the present arrangement of Figure 1l seems
to be the best in spite of negative output decause the cathode is
grounded; it results in the minimum interelectrode capacitance on the
ground side, and the strey capacitence of the cireuit does mot alter
the operation of the eireuit,

The fimpulse generator, its top view and its bdottom view, are
shown in Figuves 2, 3 and &, respectiwvely.

On the sctual impulse generators, it becomes fairly diffieunlt
%o produce the desired waveform across a given load. If the test
object has low cspacitence (mot more them 1000 micromicrefarads), RO
cireuit is satisfactory; if the capacitance is much larger than that,
it might be necessary to insert an induetor in series with the series
resistor and remove the capacitor Gz (18, pp. 35-37). The eadles have
very high capacitamee (0.2 microfarads for 200 yards lemgth) and



Fig. 3.

Fig. 2. The impulse generator.

The top view of the impulse generator.
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Fig. 4.

The bottom view of the impulse generator.

Fig. 5. The apparatus.
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henee reguire surge generators of very high capacitance which are
physically impossidle. The long cables can be tested (d.c. test)
by using selenium reetifiers where the mein capacitance cemprises a
fov drums of cables which can be charged to a desired potential
(2, pp. 684-685).

Certain adventages and many applications of the minlature surge
generators canunot be overlooked. The small surge generators are an
excellent guide for the setting of constants on the big impulse
generators. These small generators can be used on small impedance
loads becsuse of their lov intemmal impedanse, They can also detect
vinding feult in a very short time and with no loss to insulation
because of low output wltages (17, pp. 376-383). The surge genera-~
tors can also be used to preduce certain waveshapes and are used o
calibrate other instruments for messuring the complex waveforms, One
such application is for the calibration of ignition crest woltmeters
with & surge generator which is built to put out 2 pulse similar to
the output of mwﬁn output (7, pp. 99-10%),

THE TRANSMISSION LINES

Ihe Comparison Botween the Artificial snd the Real lines

It is highly desirable to be able to duplicate the sleetriesl
behavior of actual transmission limes on the artificial 1ines. The
artifieial lines can be used as miniature transmission lines or us
pulse or time-delay eircults in radar and television systems,

An artificial line made of // or / sections resembles a real lime
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more closely the more sections the former has for a certain line
length, If the artificial line is to be required to give fair
equivalence to & real line for a wide band of fregquencies, it them
has to be made of small sections connected in series. Though a line
composed of distriduted comstants gives & true representation of a
real line at one fregqueney only, its ciromit resemdles that of a low-
pass filter (23, p. 179). The equivalence of the artificial trans-
mission lines to an actual line will be taken up later on, but it is
to be emphasized here that if the mumber of sections used %o
represent a real line is incremsed without 1imit, the eize of each
section becoming smaller and smaller as the mumber is inoreased, the
artifieial line approaches an exmet representation of the real line,

Next, the arrangement of the sections is discussed and the
comparison between the artificisl and the actual transmission line is
made.

On an sctual trensmission line, the constants or the parametere
are distridbuted and consist of inductence capacitance, resistance,
and leskance. When one takes these comstants into consideration,
the 1ime can be represented with either /] or | sections (28,
pp. 112-113).

The lumped 1ine loses its close equivalence to the actual line
(especially for surges) when the flow of current is not a repeating
function, The constenis behave as separate units Sowvard the wave-
fronts set up in changing from one state of flow o ancther,
wimnmwm“umfmﬂww.ﬂ
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very large conduction by the lumped espacitance. If the inductance
were entirely free from distributed capacity, then a vertiecal wave-
front would be completely reflected., However, the inductance coil
mist alweys contain a certain amount of distributed capacity snd
therefore the reflection of a wavefront will depend upon the ratie
of the inductance to the actual distributed capacity. Since the
distriduted capacity of the colls is mot designed but ccours as a
result of winding wire in a coil, 4t is a more or less poor feature
of the ususl artificial line, The wvaves resulting from a transient
impressed upon a lumped line consist of a multiplicity of super—-
imposed reflections which can distort 1t from 1i%s correct form., In
this case, the Dest thing to hope for i¢ that the line has just about
the same smount of the distributed capacitance all alomg it, In
order to aveid superimposed reflections, 1% is highly desiradle to
make an artificial line for vhich the indunotance snd ecapacitance
are intimately associated at all points in a similar mammer as
they exist actually on the real limes (8, pp. 803-823).

Seversl years age, Massachusetts Institute of Techmology made
some artificial transmission lines to study the transient phenomena.
Their coils consisted of tinfoll wound Detween the different layers
of vire and insulated from the winding by the usual form of condenser
dielectric paper. Each layer of tinfoll projected at one end so that
all the layers were soldered together. This resulted in a coil having
the capacity wniformly distributed along the condustor., The
formulas were derived to ealculate this capacitance for a certain
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coil and necessary steps were taken to mamufacture the coils within
reasonnble tolerance. The reason for directing attention te such
intricate design was to be able to duild transmission lines of
several hundved miles in few sections (8, pp. 803-823). For this
project, satisfactory unlh_”m obtained by using 0.73 mile
sections %o be deserided later om.

As brought out previously, sn artificial transmission line is
equivalent to a2otual transmiseion at one frequency. The artificial
transnission line is 2 low-pass filter. If the cut-off frequency
is remote from the operating frequencies, the discrepancies for the
different frequencies are very slight--such is not the ease in
practice. The high frequencies oceur partly beceuse of the peried
of the reflection or oscillation of high frequency components and
partly because of the steep wavefront which consists of many
frequency components. On an srtificial line there is a certain
amount of periedicity becemse of the mutual inductence bdetween turms
in each coil being lumped with the coils,

It 48 of interest to notice that skin effect is almost entirely
sbsent in artificial line coils. This faet is quite odvious on the
actual trensmission lines at higher frequency components of the
surge becsuse of the larger dismeter of the conductors.

Since the lightning surges on trensmission lines are of very
high voltages and currents, corona is predominent on the lines in
the vieinity of lightning streke. Corona tends to attemuate and
distort the top of the wave as it progresses along the line
(1. ». 36).
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There are many other minor losses on the actual transmission
lines not exactly simulated in the laboratory on the artifieial
lines. These losses include dielectric losses in the insulation,
radiation loss at very high frequencies or for steep wavefronts and
leakages over the insulators.

From the above discussion, it is quite apparent that it is
impossible to simulate & line with exact electrical characteristics
of a real line except for the real line in the field itself, It is
not, however, the purpose of this projeect to strive for exact repro-
duction of a transmission line, but only to study the different
phenomena with approximations.

Ihe Ar%ificial Trensmission Line

An attempt was made to make the parameters (R, L, C, and G) of
the artificial line closely resemble those of a practieal line. To
cite a practical case, there is associated with Hoover dam a trans-
mission line approximately 175 miles long. The trensmission line
uses & 795,000 eireular mills conductor with spacing of 25 feet
between conductors and with the outside diameter of conductor being
1.108 inches. The above-mentioned transmission line has its
parameters as !'011.'!!1

lstarr, B. 0., Olass lectures at Oregon State College, Corvallis,
Oregon (1954).
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r = 0,115 ohm per mile, each vire

1 = 0.002125 henry per mile, each vire

e = 0,01369 mierofarad per mile, each wire
g=0

A 1ittle thought concerning the design of the coils will
indicate that it is very expensive to wind small coils with resis-
tence comparsdle to that of an actusl line. It is easier to spproach
an equivalent resistance condition by making a coil bigger, but them
(as has already Deen pointed out) one deviates further from the
representation of an actual trensmission line, Moreover, the resis-
tance of the line is not of much importance for an impulse decaunse
the attenuation due to resistance is negligible as compared to the
nagni tude of the impulse and also in comparison to the reflections
on the line in the case of a mismatch., The general trend is to con-
sider only the inductance and cepacitance when dealing with the
lightning fmpulses (20, pp. 123-131).

For this experiment the wvalues of the eapacitors available for
use were also a controlling factor for the determination of the
pection lengths, Since they were 0.01 mierofarads, everything else
had to be planned sccordingly. The parameters should be as follows:

e = 0,01 microfarad per section each wire
1 = 0,00155 henry per section each wire
r = 0,084 ohm per section each wire

The values of the parameters correspond to a section of line

approximately 0.73 miles long.
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Zhe Colls

Though 1t is possidle to obiain inductance by wrepping turne
into a loop, it is desirable to get the maximum inductance with the
ninisum amount of wire. Grover (15, pp. 94-105) derives the formu-
las for the maximum induectance with the different configurations for
the coils. The inductamce of the coil is related to the number of
turns by (15, p. 98).

L = 0,016994 aN? mierohenrys

where
e - mean redius of the tame in conme,

F « number of turms.

The copper wire f#AWG 20 was used for winding the colls om a
eoil winder. The wire has a dismeter of 0.0320 inches with double
enamel insulation and a resistance of 11.1 olms per 1000 f%. at
25° ¢.

The full-size coil had around 225 turns with spproximately 14
lsyers while the half-gige coils had approximately 160 turns.

The dimensions of the coils and the core are as follows:

Gors:  Outer diameter = i sneh

Length =§m

Coilst &) full size
mumber of turns = 220 - 22§
mu.umt-r-ldm

ntdudmm=3f‘m-2ﬁhchu



®) half sise
mmber of turns = 160 - 170
mu-umm-ﬁm

ut-u.ummux-&m
munber of layers = 9 - 10

Between each palr of layers of the winding was inserted a fiber 0,015
inch in thickness for most of the coils and of 0,010 inech thickness
for the remaining coils.

There were three reasons for using the fiber:

1. The fider holds the layers im place, Without the
insulation between the layers, the wianding collepses
after & fow layers.

2. I% cuts down the distriduted capacitance.

3. The fiber insulates the layers one from the other
in case of breakdown,

It is necessary to point out at this time that it was fairly difficult
to maintain uniformity in the physiecal size of the coils. In the case
of a full coil, for instance, the number of layers varied from 13

to 14 in order to get the same mumber of turns. The change in the
size of the imsulation from 0,015 inch to 0.010 inch in thickness
mnade some difference in the physical dimensions.

After the insulating paper was inserted betwean layers and also
on the last layer, the coll was teped with an electrical tape and was
then wrapped with & small, narrow sirip of wvhite cloth around its
radial thickness,
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As explained previously, it remains quite a challenge to be
able to explain exmctly the behavier of the distributed capacitance
of the coil. The problem is very complex when the distributed
capacitance is to e known for & lightaing impulse. No attempt has
been made t¢ explain that gomplex problem; however, it was interesting
to note the behavior of the coil parvameters (coil #4) at the differ-
ent frequencies. v accomplish that purpose, a General Radie Twin -~ 7
Impedsnce Measuring Bridge type 821 - A (frequency range 460 K.0 -
40 M,0) was utilized with a General Radio Standard Signel Generator
type 605 B vhose output was fed to the adove-mentioned dridge. For
the detection of the mull point a medel 450 - A Howard Communication
receiver was used (frequency range 550 K.0 - 65 M.C). The readings
obtained from the Twin - T Impedance Messuring Bridge are in terms
of conductance and susceptance. They were converted to the
equivalent series cirecult of R and L or ¢, Pigures 8 and 9 represent
the resistance and induetance or eapacitance respectively with the
frequency renging from $50 kilocycles %o 9.5 megacyeles., It is
interesting %o note that the resonance peint cccurs at a frequency
of approximately 1.1 megacycles., Below that frequeney the coil acts
as an inductive circuit, vhile at frequencies higher than resonant,
coils become 2 capacitive cireuit. The resistence at the point of
resonance should theoretieally be infinite, Put that condition is
difficult to show experimentally; however, at 1.1 megaeycles (approxi-
mately the point of resonance) resistance is of the magnitude of
149,000 ohms, Another point of importemce to be moted in these curves
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is the phenomena around the point of resonsnce. The coil will offer
very high impedance around the point of resonance, while it will not
50 obstruct the other frequencies. The coil, therefore, is equiva-
lent to a parallel resonant eireuit.

The inductence and resistance of the coils ave shown in Figures
6 and 7 respectively. The d.c. resistance and the inductance at
1000 cycles were measured on & General Rsdio Type 650 - A Impedance
Bridge. The § of the full-size coils wvaried frem 12.4 %o 14 while
7.5 %o 8.5 for the half coils.

Zhe Cepacitors

The ecapacitance of the capacitors used for the transmission line
is shown in Figure 10. The cspacitence (mica capacitors) measurements
were made on & model BN capacitor dridge.

Zhe Three Artificie) Transmission Lines

The experiment was carried through by using three artificial
transmission lines consisting of 14 sections each. Zach section is
represented by a coil and a capacitor - the walues being so chosen
that each seetion is approximately 0.73 mile long (refer to the
cirouit diagram of Figure 11).

It is desirable to mount the coils and capacitors in such a
manner as to cut down the umnecessary mismateh by making the trans-
nission line of %apering charscteristies. In other words, if the
inductance were incressing from one end of the trensmission line %o



20

-8

L

0.6

02

| 3 S 7 9 i 13 15 7 19 21 23 25 27 29 31 33 35 37 39 42
Coil numter

Piz. 6. The inductance in millihenrys at 1 kilocycie per second we. coil number for the

artl’icial transmiscslion lires.

&2



08

G4

Oe2

3
i 3 5 7 9 | I3 15 17 19 21 e 25 27 29 3| 33 35 3 ag 42
fad 25
Coil pumter
Fig.7. The D.C resistance in chms vs. the coil numter fe ne avtifie! trensmission lires,

92



4149,000

Resistance in chme

100,000
d
10,000
o]
1,000 H—14 -
{
E \
3 \
L\
<; T o
"\ o
\\
—
o T
0
100
055 +0 50 Q0

Frequency in megacycles

Fig. 8. The resistence in ohme ve. frequency in megacycles
for eoil no. 26 (graph on page 25).



o

Inductance in millihenrye
w

o | ,
o5ls| r«oX'r-*-q‘-“mF I F.T 510 iojo
: 0\J ,
.
o
£
g X
=0 >
o
o \
°
&
§.{5 \\}*\\ Q ”//"
17:5 e

Filg. 9.

The inductance in millih
: 1

BTl
frequency iu negacyecles fo

ve end cspecitence in micromicrofarzds ws.
r coil #26 (graph on page 25).




% 0:008

[

| 3

+0.007

"
L7

-t
¥
5]

@

1ts

]
L]

0,003

ool

0,010

0,009

0.006

0.005

0,004

0002

0.00I

Oi

| 3 5 7 9 I 13 15 17 19 21 23

Capacitor cumber

Fig. 10. The cepacitence in microfarade at 60 cyc.es per

lines.

25

sec

27 29 3

¢ for

the &

v+ 4

I vi

33 35

ficlal

37 39

trarsmissicn

42




Key:

24 21 22 23 25 26 28 A 29 30 3l 32 33 34 35
B >—T00

8 = 9T mT nT sz |3T |4T 15-1- rsT n,[ wT 30T 3IT 32.T
L SR T WA TS | NGt (SRCT IV S (SRR a R e

&
__i
Py
=

41 40 39 38 37 36 18 16 15 4 13 12 7 6

One section of a line represents 0.73 mile of an actual power trensmission line,
The charecteristic impedence ie¢ approximately 38C ohms.

For the walues of the numbered cepacitore and coils refer to pages 25 and 29.
The pointe CC are the Junction points for the transmission lines.

The poirts BE or AA are the inputs

) When the impulse wee arplied at pointe AA, points BE were terminated in Z, and capacitor #14
wes disconnected from the line.
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Fig.1ll. The circuit diegrem for the three artificiel trepsmiscslon lines each copsisting of
14 seclions.
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the other, the capacitance too should be arranged in a similar manner.
Though this prineiple should have been followed with more rigor, it
wvas obgserved later that the minor differences between the values
of the adjacent coils and eapacitors made no difference on the wave-
shape. Teble 2 shows the relationghip between the mmbers as they
appear on the colls and the capacitors and the numbers assigned to
them according to their walues.

The mutual impedsnce between the coils is & problem of concern.
The coils had to be mounted in such 2 memner as to keep the mutual
induetence to 2 minimum if not reduced %o zere. Actually, for a
spacing of six inches between the sdjecent coils (that is how they
are mounted) the mutual inductance is not serious since the coils
are only spproximately 2% imches in diameter. It muet be kept in
nind that there are many mounting positions of the coils by vhich the
coupling can be reduced to a minimum. The common prectice is %o
mount the cells in such a way that their redial axes are perpendicu-
lar to sach other, theredy cutting down the flux linkages. If the
changing magnetie flux cuts 2 coil at right angles, the coil will
have no induced voltages in 1%, Theoretically therefore it is found
that at an angle of 54°% B4’ with the axis of a coil there is locus of
points in a straight line along which there is mo coupling due to the
eofls (10, pp. 504-506)., Since the locus is a straight line, &
series of coils parallel to each other and centered on this loeus
will have no coupling. For a spacing of six inches between the
adjecent coils, the inductance measurements were made on an
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impedance bridge at & frequency of 1 k.c for the coils' axes at the
different positions, dut no difference was noticed. At closer
spacings, however, the methods of mounting coils with their axes at
right engles and with the axes parellel but centered on the locus
of 54° as mentioned shove showed the least amount of eowpling. The
latter method was used for this experiment.

Teble 1 indicates the voltage output at the end of esch section
with 10 sections of 1ine #1 terminated in Z,. The input to the line
was a constant value of 2 volis with the frequency reange of 10 kilo-
cycles to & megacycles. The supply for the transmission line was
talken from a Type 1001 - A Standard Signal Gemerator, and the voltage
along the line was measured with a Hewlett Packard Nedel 4000 Vacuum
Tube Voltmeter. It is obvious fyrem the teble that the line passes
the signal without muech attesuation around 10 kilocyeles, while on
the other hand, the output diminishes readily for frequencies around
100 k.e. At these freguencies the attenuation is quite significant
even at the end of the first section.

It would have been of interest to note the voltage variations
along the line at frequencies considerably above the point of
resonance of the coil, but the wvacuvum tube volimeters do not respond
well above three or four megacyecles.

By referring to the circuit diagram of the transmission line
one can see that the line is equivalent te a low-pass filter.
Accordingly the cut-off frequency for the lime would de (5, p. 168)



Table 1. Voltage at the end of different sections with tem sections of line #1 termimated inm Z,
wes
10 kilocycles to &4 megacycles).

(Figare 11). (The imput was kept comstant at 2Y and the frequency
7

FPreguency 1 2 3 i 5 6 8 9 10
10 k.e 2.00 2.00 1-” 1.90 1.“ 10” ls” 1.80 1.80 1.80
2,5 " zvn 2.1’ 2.” 29” 2.-1’ 2:” ’..,” 11’5 lom 1-”
20 * 1.82 170 1.69 1.80 1.90 1.88 1.70 1.52 147 1.8
30 * .78 195 200 1.80 1.7 170 185 165 1. 1.0
& * 2,10 2.10 1.70 1.80 1.90 1.40 1.50 1.70 1.20 1.20
,ﬂ . ZJ.‘ 1.7 1.” 1.” 1«? 10‘& 1'-” 1035 1 .” onw
“ . 1-” p 1-” 1-!’ 1!“ 1.00 - 1.” o‘” o:’n °‘£
72 ¢ 1.80 1.35 1.46 1.10 0.90 1.00 0.7  0.60 0.70 0.30
30 " 1;“ 1.-“ Ot” °.” °t“ °l” GM : °¢‘3‘ 0.26 0-“
% * 1.00 0.50 0.2 0.13 0.07 0.03 0.0 0.00 0.00 0.00
00 * 0.64 0.21 0.06 0.02 0.00 0.00 0.00 0.00 0.00 0.00
200 * 0.10 0.00 0.00 0.00
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£y % e = - = 79.5 kiloeycles/second.

77 (2 77 (1.6 x 107 x 0.01 x 107 ~
Such, however, is not the case. Were it so, the lightning fmpulse
(consisting of frequency components much higher tham 79.5 kilocycles)
would lose much of its steepness even at the end of the first
section. Therefore, the only other explanation is that the distri-
buted ecapacitance of the coil changes the line charscteristics to
some extemt. The distriduted empacitance of the coil will tend to
pass some of the frequeney components which the coil inductance will
not normally pass. The limitation to the passage of the signal will
occur around the resonant point of the coil, snd it will offer very
high impedance. For frequencies above resonance, again the distri-
buted capacitance might offer a low impedance path; conseguently, it
can be sumarized that at frequencies comsiderabdly below and sbove
the point of resonance, the windings offer low impedance while at
resonance, they have very high impedsnee (22, pp. 1030-1040),

It should be noticed that at frequencies far above resonance the
shunt capacitors offer quite low impedance and hence the output
diminishes quite readily. Consequenily the line is a low-pass filter,
but the cut-off frequency is not as described above.

With refersnce to Table 1, another question of interest arises,
Why is it that the magnitude of the voltage alomg the line does not
keep on decreasing as it moves farther away from the source? At the
different sections of the line, the voltage is higher than the
preceding sections. It cammot be due to the small wvariations im the
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values of the adjecent coils and eapacitors becaunse the voltage
irregularities are not consistent at all times at any particular
point. It cammot be due %o the effect of the distributed ecapaecitance
because we are dealing with fregquencies far below the point of
resonsnce and the coil is essentially an induetor (Figure 9), It is
possidle, however, that the charmcteristic impedance of the line
night be different at the different frequencies, thereby causing
standing waves along the line,

Jhe Comparison of Voltage Wavefomms with
Lana 7 Bormstion of ihe Line

Figure 12 shows the voltage waveforms along trensmission line
#1 vith the impulse applied %o it through a full cofl, a half eoil
or a espacitor (0,01 miecrofarads). The voltage waveform at the
sending end is quite smooth for a full eeil, while it shows some
oscillations for a half coil; the oscillations bBecome quite pre~
dominant at the wavefront for a capscitor. These are the
escillations which make a current waveform even more escillatory
sccording to the relattonship 4 = ¢ &¥ . mough the osctllations
become predemimant for all three cases at the end of the first
section, the case of the capacitor is the worst around the wavefront.
The use of the full coil at the inmput of line, therefore, was fully
Justified. Since the transmission lines consist of enly full eoils
end full eapacitors with the coils preceding the capacitors, the use
of words 7 or /] s immaterial
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a) The sending end voltage for b) The voltage at section 1 for
the full coil. the full coil.
Total time - 100 microseconds Total time - 100 microseconds
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¢) The sending end voltage for d) The voltage at section 1 for
the half coil. the half coil.
Total time - 100 microsecond: Total time - 100 microseconds
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e) The sending end voltage for f) The voltage at section 1 for

a capacitor. the capacitor.
Total time - 100 microsecondr Total time - 100 microseconds
Fig.1”, The voltage waveforms alonz transmission line #1 (figure

with the impulse applied to it through a full coil, a half
coil or a capacitor. Thr transmiseion line #1 wae termi-
nated in Z, at points CC.



The Yoltage and Current Waveforme Acyess a Full
Soil, a Half Coil snd a Capacitor

It wvas found useful to apply an impulse directly to 2 full coil,
s half coil, and a espacitor individually esnd study their charecter-
istice. The period of oscillation for the full and the half coil is
approximately 80 microseconds for both the current and the voltage
vaveforns (Figare 13). The current waveforn across the capacitor
is complex and is diffienlit to photograph., The oscillations are so
predominant that the waveform was invisible with both the high or
the low gains of the oscillosecope. The current waveform shown was
taken with a high gain of the oseillogreph amd with a total time of
3,000 migroseconds., It is to be sssumed that even the minimum smount
of inductence in the circult can camse noticesble oseillations,

Do Yoltage and Current ¥aveforms Along the
Artificial Transmission Iine

A1 the current and yoltage waveforms dealt with have their time
axes renging from zero on the left side of the oscillograms to
maximun on the right side. The peak magnitudes of the curreat and
the voltage waveforms are labeled for all the escillograms,

Figures 14 and 15 show the voltage waveforms along the transmis-
sion line at the end of the diffevent sbotions when the line was
terminated in its characteristic impedance (to be discussed below).
The applied impulse was a standerd 1.5/40 microseconds waveform as
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a) The voltage waveform across b) The current waveform through
the full coil. a full coil.

Total time - 300 microsecond- Total time -~ 300 microseconds

300Q
TIME, &5
c) The voltage waveform across 1) The current waveform through
the half coil. the half coil.
Total time - 500 microsecond- Total time - 500 microseconds

e) The voltage weverorm across the f) The current waveform through
capacitor. the capecitor.
Total time - 100 microseconds Total time - 3000 microsecon.s

Fig. 17. The voltage and current waveforms across a full ceil, a
half coil and a capacitor when a standard 1.5/40 micro-
geconds impulse was applied to them.



2) The sending end voltage. 3) The sending end voltage.
Total time - 30 microseconds Total time - 100 microseconds

c¢) The voltage at section 1. d) The voltage at section 1.
Total time - 30 microseconds Total time - 100 microseconds
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e) The voltage at section 2. f) The voltage at section 2.
Total time - 30 microseconds Total time - 100 microseconds
Fig. . .. The voltage waveforms along the transmission line with 42

sections terminated in the characteristic impedance.
The impulse was applied at points BB of figure 17.



a) The voltage at section 3. b) The voltage at section 5.
Total time - 100 microseconds Totel time - 100 microseconds

c) The voltaege at section 10. d) The voltage at section 14.
Total time - 100 microseconds Total time - 100 microseconds

10Q
TIME, « 3
e) The voltage at section 28. f) The voltage at section 42.
Total time - 200 microsecond: Total time - 300 microseconds

Fig.! . The voltage waveforms along the transmission line with 42
sections terminated in the characteristic impedance. The
impulse was applied at points EB of figure
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shown on Figures 14 a and b with & peak magnitude of 70 volts. In
order to show the rising portion of the waveforms the scale was
expanded to 30 microseconds while a total scale of 100 microseconds
ves used commonly %o show the wavetails. Alse, the scale was reduced
to more than 100 microseconds quite often te show the yesults in an
appropriate fomm,

At the end of section 1, the wavefront has been attenuated end
distorted to mmw 11 microseconds (The expression wavefront
of 11 mieroseconds means that 1t takes 11 microseconds for the
fmpulse to rise from its initial zero point to its peak value.) while
the vavetail is of the duration of sbout 45 microssconds, There is
no apprecisble change in the peak magnitude of the voltage waveform.
By the time the impulse arrives ot the end of section 2, the wave-
front becomes 14 microseconds and the wavetail shows ne appreciadle
change from the previous sesction except that the escillations in
the waveform become proncunced. IHven now the peak aagnitude of the
waveform shows no noticeable atienuation. The waveform at the end
of five sections shows that the wavefrent &5dithe-wavetail is still
about the seme. The peak magnitude of the waveform is reduced to
about 66 volte from its initiel velue of 70 volds pesk, At this
point, it is of interest to compare the resulis with an actual power
transuission line. Vhen lightning strikes a power transmission
1ine the high surge voltages cause corens which in turn 1z the
controlling factor for the attenuation and dlstortion of the
traveling waves and comsequently the magnitude of the impulse
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decreases faster than 1% would on the artificial transmission line,
However, the distortion produced by the artificial trensmission line
is quite noticeable. The wavefront is 11 microseconds even during
the firet section and 17 microseconds at the end of 5 sections (1ittle
more than three and a half miles)., At the end of 10 sections, the
wavefront is 20 microseconds and the peak magnitude has decreased %o
about 61 wolts. As the waveform has traveled 14 sections (approxi-
mately 10 miles), the vavefront pesks at 23 microseconds and the
wvavetail has a duration of over 50 microseconds. The peaik magnitude
is roughly S$6 volts. The waveform shows & wavefront of adbout 30
microseconds and a wavetail of nearly 60 mieroseconds at the end of
28 sections. The magnitude is sbout 49 wolts. 3By the time the impulse
has traveled about 30 miles (as represented by 42 sections) its
wavefront lasts for about 34 microseconds, the wavetail for sboumt
70 microseconds and the magnitude has gome down to nearly 44 wolts,
Figure 22 shows 2 graph of the steepness and the peak magnitude of
the wavefront as it progresses along the line., It can be cencluded
that though the wavefrent and wevetelil are attenusted and distorted
as the impulse travels along the line and the magnitude contimmes %o
decrease, the wavefront is distorted the most at the first few
sections of the artificial transmission line,

Figure 16 shows the current waveforms along the transmission
line with 42 sections terminsted in the characteristic impedance.
The applied impulse was of the same nature as for the last figures
which show the vollage waveforms, In order %o measurs or record
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a) The sending end current. b) The current at section 5.
Total time - 30 microseconds Total time - 100 microseconds

100
TIME, «S
¢) The current at section 10, d) The current at section 14.
Total time - 100 microseconds Total time - 200 microseconds
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Q 100 200
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e) The current at section 28. f) The current at section 42.
Total time - 300 microseconds Total time - 300 microseconds
Fig. 1©. The current waveforms along the transmission line with

42 sections terminated in the characteristic impedance.
The impulse was applied at points BB of figure 11.
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the current waveforma without disturbing the system, a resistor of
1 obn was inserted on the ground side of the line vherever the current
wvaveform was Sesired. To make sure that there were no inductance
due to the resistor. the resistor itself wes a straight wire of high
resistivity with & length of only a few inches.

It is intevesting to peint out thet although mmooth voltage
vaveforms can be produced by changing the generator constants the
current waveforms are not so simple as that., Though we deal quite
frequently with the voltage waveforms to study the surge phenomena,
the current waveforms seem to be kept mestly for theoretical
purposes, Since we are dealing with ecapacitors and coils, the
oscillations are secondary. No attempt has deen made in this paper
to determine the oscillations or their period as related to the trams-
mnission lines or the colils. The facts are presented as observed and
the compromises are made as pointed out in the last paragreph.

Since it was hard to determine the magnitude, wavefront, and
the wavetail at the sending end of the current wavefoms of Figure
16, a smooth 1.5/40 micreseconds voltage impulse was spplied at the
sending end, and the current waveforms were observed along the line.
Each vertical division on the graticules of the oseillogram
corresponds %o 30 milliamperes for this figure. At the end of
five sections, the current has a magnitude of spproximately 165
nillismperes. As the current waveform reaches 10 sections, its
magni tude hes decreased to 135 milliamperes. Similarly the current
waveform has gone down %o 128 milliamperes at the end of 14 sections

i
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%o 112 milliamperes at the end of 28 sections and to 98 millismperes
at the end of 42 sections.

From the oscillograms it is obvious that the wavefront and the
vavetail are attenuated and distorted as the impulse travels along
the line. The wavefront lasts for 30 micreseconds and the wavetail
for 55 microseconds at the end of 10 sections, As the impulse has
traveled approximately 10 miles (14 sections) the wavefront peaks
at 35 microseconds and the wavetail has a duration of 65 mieroseconds.
A% the end of 28 sections, the wavefront is 40 microseconds and the
wavetail lasts for 70 microseconds. The wavefront end wavetail last
for 45 and 75 microssconds respectively at the end of 42 sections
(about 30 miles).

It is interesting to notice the time sn impulse takes to travel
some distence on an artificial treansmission line. The experiment
was conducted by applying an impulse to the transmission line at
one end and watching the waveform at the desired point under
investigation, The time vhich the impulse took to trawvel frem the
sending end to the point of investigation showed ms a straight line
on the oscilloscepe., As a matbter of fact, all the waveforms shown
have a straight line at the beginning of the impulse, With reference
to Figare 1 1% can be seen that the triggering fmpulse (shown in
Figare 21) serves two purposes; first, it fires ¥(-33 vhich results
in the produetion of the impulse and secondly, it triggers the sweep
on the oscilloscope. It can be seen then that the triggering impulse
sets up 2 reference time for all the waveforms on the oscilloscope.
Because of the ionmization time (which is only few micreseconds)
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of the thyratron F&-33, the results at the end of firet few sections
camnot be relied on; however, at the end of 14, 28 and 42 seetions,
the average time of travel per section came out %o bde approximately
4 mieroseconds. This compares reasonably well with 982 feet per
microsecond (equivalent to 3.92 microseconds per seetion of the
artificial tranemission linme)--the veloeity of light,

For the Artificisl Trensmission ldne

When a transmission line is terminated in its charecteristic
impedance, there are no reflections from the load end; the voltage
and current waveforms are fully absorbed by the lead. Though speecial
care is taken to match the line impedance and the load impedance for
communication works, such is not the case on power tremsmission lines
because of the uncertainty of the load. The load on the power lines
may vary from very small values of Z, up to almost an open eiveuit,
Therefore, it is useful o investigate the surge phenomena for both
above-menticned extremes of the load.

When a transmission line is opem circuited at the far end, the
wave travels along the line suffering the usual distortion and
attenvation and is reflected from the open end without any reversal
of sign; 1t doubles in magnitude as compered to what it would have
been if the line were terminated in its characteristic impedance.
The current waveform on the other hand is reflected from the open
end with a reversal of sign thus leaving gero resultant current at
the open end,
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For the case of a trensmission line with the far end short ecir-
cuited, the conditions are the opposite of these in the open-eirenit
conditions., The voltage waveform is reflected with a reversal of
sign, hence leaving sero resultent voltage at the receiving end., The
current vaveform on the other hand is reflected from the short-
cireuited end without any reversal of signs and therefore the current
nagni tude doubles.

Figure 17 shows the voltage waveforms along the artificial
trenemission line #1 with different terminations. In these pletures
the seale is reduced to show the reflections. By observing the
voltage vaveform at the sending end with the far end open circuited,
one can see that the reflections of the waveform frem the far end
reach the sending end while the first waveform is still Deing sent
from the gemerator. This is quite logical decause the total dure~
tion for a stendard 1.5/40 micreseconds waveform is well over 100
microseconds and the time for a wave to travel to and from 14
sections is approximately 112 mieroseconds. The voltage waveform
at the end of 10 sections with line open cirenited shows quite an
interesting phenomenon. Sinee the traveling time from section 10
to section 14 and back is only about 32 microseconds, the reflected
wave arrives at the 10th section and adde S0 the wolilage waveform
thereby giving that added megnitude to the voltage as seen on the
oscillogram. The voltage at the end of 14 sections is doubled with
the end open cirenited as ecan be seen by the comparison of the
wvaveform of Figure 17 ¢ with the waveform of Figure 154, The
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a) The sending end voltage with b) The voltage at section 10 wit-
line open circuited. line open circuited.
Totel time - 30C microseconds Tote? +ime - 300 microseconds

¢) The voltage at section 14 with d) The sending end voltage with
line open circuited. line short circuited.
Total time - 30C microseconds. Tatel +ime - 2330 microseconds

200 400
TIME, «S
e) The voltage at section 13 f) The sending end voltage with
with line short circuilted. line termirated in Z,.
Total time - 200 microsecondes Total time - 500 microseconds

Fig.17. The voltage waveforms alr-ng trensmission line #1 with
different terminations. The impulse was applied at
points BB of figure 11.
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positive portion of the waveform in Pigure 17 ¢ indicates that the
voltage wvaveform is reflected from the sending end with a reversal
of sign becsuse the impedance of the gemerator is lower than the
characteristic impedence of the line.

The oseillogram of the sending end veltage with the line
(Figure 11) short eireuited is shown on = total time of 3330 miere-
seconds in order to show the reflections in detail. The reflections
continue dack and forth until they arve completely absorbed by the
transmission line. Ome notices that with a negative-sending-end
voltage vaveform, the first reflection registered at the generator
gide of the transmission line is positive because negative woltage
is reflected from the short-circuited end with a positive pelarity.
The second registered reflection is negative because the previcusly
received positive wvaveform is veflected without sign reversal
(becanse the generator side of the line has higher impedance than
the short-cireuited side of the transmission line) which in tumn
is reflected back from the short-cireuited side with a reversal of
polarity. This process continues until the waveforms are reduced
to gero in magnitude. The similar reasoning can de applied for the
voltage wvaveform at the end of 13 sections with line short cirenited.
Though the voltage at section 14 is zero, such is not the case for
section 13 because of the time of delay between these adjacent
sections.

In order to obtain the characteristiec impedance of the trens-
mission line (refer to Pigure 17 £) the voliage waveform wms watched
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at the sending end for no reflections while the nom-inductive
resistor was varied at the far end, The Z, thus used to eliminate
reflections was approximately 380 ohmas.

In order to obtain the impedance of the generator the line was
open cireuited and o varisble non-inductive resistor was inserted
in series with the line next to the gemerator. The series resistor
vas varied until the reflections (not the first refleetion) were
eliminated. The difference between the charecteristiec impedance and
the series resistor gave the impedance of the generator whieh for
this partisular part of the experiment came out to be roughly 20 ohms.

Ihe Surge Fhenomens at the Trensition Points of the
Artificial Trongmission Lines

Ihe Maveforms end the Discussion

The transition point on the trensmission line cen bde referred
to as the abrupt change of cireuit constants, such as open- or
short-cirenited terminal, or a junetion with snother line, or a
transformer or & machine winding. In this experiment the only
transition point due to transmission lines iz considered. This study
oves its importance to the power transmission line substations where
several lines form a point of transition. Consider the case of a
lightning impulse striking a line a few miles away from a substation;
the traveling waves are set up on each side of the transmiseion line.
The reflections which follow will depend on the nature of the
impedance offered to Doth ends of the tramsmission line. This study
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deals vith the above-mentioned simulation wheredy the lightning
impulse was applied at points AA (Piguve 11) of trensmission line
#1, points BB were terminated in Z, and points OC were treated as
the points of junetion with different terminations,

To produce 2 standard lightning impulse at points AL of Figure 11,
the generator constants had to e changed (as explained bdelow) from
the previous setting used for applying the standard impulse at
points BB, For example, to produce a standard 1.5/40 microseconds
voltage waveforn at point BB, the gemerator constents (Pigure 1)
vere as follows:

0y - 0,05 and 0,03 microfarads in series
B - 10 ohms

Rp - 2000 ohms

Gz - 0.10 microfarads

With the same generator constants, the impulse wavetail did not
last for 40 microseconds when spplied at points AA. The new generator
constants were as follows:

0y - 0.05 and 0,03 mierofarads in series

By = 5.5 obms

Ry - 1000 ohms (Bp did not make much difference)
0y - 0.2 mierofarads

The walue of Oz had to be doubled while Ry was lowered. For
the first case the gemerator has %o feed only one line while for the
second case the impulse is fed to two lines. For the latter case,
the higher walue of Oz holde the wavetail for a longer time decsuse
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of its longer time comstant, or, te look at it from another point of

view, because it stores more energy.

To produce a standard impulse at the generator without any load
applied to 1%, the walue of Cy was made higher as compared to the
previous cases, the value of 0y was made lower and the walues of By
and Rz were kept about the same. The velue of €; had to be reduced
to keep the wvavefront sharp (1.5 microseconds) when the load was
sdded to the gemerator.

Tigure 18 ghows the voltage waveforms along Sransmission line
#1 end at the junction OC with different temminations. The voltage
at the junction with Z; termination or with & line added is the same.
This is obvious from the fact that as the waveform reaches point CC,
1t sees the characteristic impedsnee of the line. Iater, however,
reflections may ocour if the line at the far end is not properly
terminated.

When &t the junstion of Figure 11, line #2 and 1ine #3 are added,
the voltage magnitude at the Jumetion is reduced to 40 volts as
compared to 60 volts with only %, at the junetion. It was interesting
uswmmutd?munumm. As is obvious
fron the oscillograms, it gave the same results as if the line at
the junetion were terminated in two lines of the same characteristie
impedsnces.

The voltage magnitude at the junction with Z and line #2 end
line #3 reduced in magnitude %o 31 volts which is spproximately half
of the value vhen the junction had only Z, as its termination. The
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TIM Ej, “©S

a) The sending end -voltage with b) The voltege at the Junction

points CC terminated in Z,. with Zy termination.
Total time - 100 microseccnds Total time - 100 microseconds

¢) The voltage at the junction d) The voltage at the junction
with only line #2 added. with lines #2 and #3 added.
Total time - 100 microseconds Total time - 100 microseconds

TIME, <

e) The voltege at the junction f) The voltage at the junction
with Zo only. with Z, plus lines #2 anc #3.
Totel time - 100 microseconds

2
“otal time - 100 microseconds

74g. 18, The voltage waveforms along trensmission line #1 and at the
Junction CC with different terminations. The impulse was
applied at points AA and the line at points BB (figure 37)

was terminated in Zo.
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combination of Z, and lines {2 and #3 is equivalent to three lines
st the jumetion with & fourth line ss the line on vhich the fmpulse
arrives. ‘

The current waveforms at the junction with different termina-
tions are shown in Figures 19 and 20, Thaey correspond to the voliage
waveforms discussed in the previous paregraphs. The current at the
Junetion of line #1 with Z, termination has a magnitude of 38
milliamperes vhich is the same as for the junctions terminated in
anether 1ine. The current st the junotion on line §1 has & eurrent
magnitude of about 50 millismperes (approximately 4/3 of the
previous case) when two lines come %o the junction of line #1. The
current magnitude remsins the seme if instead of two lines coming to
amumnéuudu&nunmthafnlmﬁ.
The current magnitude at the Junction on line #1 increases %o 56
millismperes {(roughly ome end a half times as much when the junction
vas terminated in Z,) when lines #2 and #3 and Z, are used as the
terninations at the jJunstion. Por the above case the eurrent on
lines #2 and §3 is nearly 19 milliemperes (roughly 1/2 of the 38
nillisnperes at the junction on 1ine #1 when the junction vas bermi-
nated in Z,) at the junction,

Figures 23 and 24 represent the current and voltage magnitudes in
per unit values respectively as the mumber of outgoing lines are
inereased at the junction of Figure 11, The per-unit value of 1.0
indicates the voltage or the current megnitude at the junction when
the incident line is terminated in its characteristic impedance.



a) The sending end current with ©b) The current on line #1 at the

points CC terminated in Z,. Junction with Z, termination.
Total time - 100 microseconds Total time - 100 microseconds

¢) The current on line #1 at the d) The current on line #1 at the
Junction with only line #2 Junction with lines #2 and #3

added. added.
Tatel time - 10C microseconds Total time - 100 microseconds

e) The current on line #1 at the f) The current on line #1 at the
Junction with Z,/2 terminatior Jjunction with Z, plues lines
only. #2 and #3.

Total time - 100 microseconds Total time = 100 microseconds

Fig.19. The current waveforms along transmission line #1 and at
the junction CC with different terminations. The impulse

was applied at points AA and the line at points EB
(figure 11) was terminated in Z,.



a) The current on line $2 5) The current on line #3
Total time - 100 microseconds Total time - 100 miecroseconds

Fig.20. The current waveforms on the lines #2 and #3 (figure 11 )
at the junction with Z  plue lines #2 and #3.

TIME, <S5

Fig.-1l. The triggering impulse from
the output of thyratron 884
for the thyratron FG-33
(figure 1 ).
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Fig. 23. The volts in per-unit velues at the junction (points CC of figure 11) as the
number of outgoing lines iz incremsed. The 1.0 per unit walue of voltage
corresponds to a single line terminated in Z, at the jumetion.
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The 1.0 per unit walue of current

The current in per-unit values at the junction (points CC of figure 11) as the
corresponds to a single line terminated in Z, at the jJunction.

number of outgoing lines is increased.

Pig. 24,
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The solid lines indicate the experimental results while the dotted
lines represent the thunth.ul values up to 10 outgoing lines from
a2 substation.

The voltage megnitude at the jumction deereases quite rapidly
at first and then diminishes gradually as the mumber of lines are
inecreased. The current magnitude on the ineident line, on the other
hand, increases with inereasing lines at & junction. The decrease
in the voltage magnitude and the increase in the current magnitude
at the junction is due %o the decreasing value of the equivalent
impedance with the increasing sumber of transmission lines. As
the impedance of the termination gets smaller than the characteristic
impedance of the line the voltage wave is reflected with a reversal
of polarity, theredy decressing the initial value, and the current
vaveform is reflscted without a reversal of polarity thereby increas-
ing the initial value of the current,

Ihe Mpthematical inalyeis of the Wevefomms at the Junction

With reference to Figure 11 points CC are made the reference
points for the computations. The incident voltage and current wave-
forms on line #1 are related by Z; (the characteristic impedance of
line #1) such that (1, pp. 40-42) ‘

Ben .

The reflected waves (shown By & single prime) are releted by the
negative of the surge impedance
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The transmitted waves (shown by double prime) on ocutgoing lines arve
related by

',fr-l,. (% = % for a1 the lines)

The total current and voltege at the transition point arve

1.=11+£i

= ''s 3 is the ]

VTt fpi e et
going lines (not
ineluding line #1).

From the above relationships,

.;:H.l-m"mmmm

oﬁ-;f;%-l-q-ammm

11--!!..__'11.1 reflected current wave

s,s-;-}_—;.l-umumt

ﬂ-mtm tranamitted to
’I: 5;""1 any line k.

1 4 23 2
%:%s%:m_—%.%.as To . &

= voltage wave transmitted to any line k.
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In order to compare the experimental and the theoretical
resul ts one may consider first the case of the junction when it is
terminated by twe outgoing lines.
The total veltage et the junction is

l.=i-'—2;’-§;l1'&olbml!=ﬁ

The total currvent is

S e , 0 = 2 9
ER ’a‘%‘::'m& Yy Su

Por the case of muwmz.u&.nmkglhu. the total
voltege at the junction is _;-" ('

g-&—q -} because h.=h

The total current is

1,-mq-%%(1-rmmg-tu the 1ine vers

The current transmitted to eny ocutgoeing ‘!m ie
2
1":’-’--;%.3-—'%;(1«&.“”‘1:&.1&.
& i - vere terminated in 3,).
end is eguivalent to 1/3 of the total current.

The experimental and Sheevetieal mumnmw}‘pﬁ.
It cen be summarized very hriefly that the wvoltage -mu-

at the jmetion with two outgoing lines is reduced to 2/3 q its

original value while the current magnitude increases %o 4/3 of its
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initial value (the initial value refers to the conditions of Z,
termination at the junction). With two outgoing lines and %, at
the jumction, the woltage is reduced to half of its initial value
while the current jumps to one and one half of its original walue.
The current transmitted to the outgoing lines for the above case is
1/2 of the initizl walue of the enrrent at junction on line #1 when
it is temminated by %, only.



SUMMARY AND CONCLUSIONS

It 4s possible to study the surge phenomens on the artificial
transmission lines with a miniature surge generator. Since the surge
generator puts out sn impulse with every cyele a stationary pattern
of the voltage and current waveforms can be observed on the oseillo-
seope. By changing the gemerator constants, one can achieve quite a
variety of waveforms.

The artificial transmission lines ean pess the standard
lightning impulses though the wavefront is distorted and attenusted
even during the first section. The distributed ecapacitance of the
coils plays an important role in the behavior of the waveform slong
the line.

Since appreciably higher voltaeges can be developed at the open
ends of the transmission line, it is desirable to avoid such condi-
tions on a2 substation, On the other hand, currents of higher magni-
tude are developed at the short-cirouited ends of the transmission
lines.

The influence of the multiple lines at the Junction is to reduce
the surge voltage at that transition point. As the number of lines
at the trameition point inereases, the voltage magnitude is lowered.
As for the ecurrent waveforms, the current at the junotion on the
ineident line increases in magnitude because of the reflections with-
out any reversal of signs when many lines come Sogether at the junctioen.
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It can be concluded that the simulated apparatus in the labora-
tory gives satisfactory results which can give a fair idea of the
actual happenings in the field.
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The mathematical analysis for the basic impulse generater
eirenit of Figure 25.

For the derivation of the equations given below, refer %o
reference 9, pp. 117-129.

The following equations deal with the discharge of Oy (once it
has been charged through different sources) through R;, Ry and C,p.

The general equation of the voltage waveform across the output
resistor is of the form:

[-(«-6» (x+8 n"l
v=A|e -e .

mtmumu«muwnumg-ommmru
tm&&-».tshthltlhmmﬂl-nm\v

as B

‘1 =ilih‘o (T:‘E" "
The peak walue of the voltage, thersfore, can be written as
[-(w-snl -(»«-ﬁ)tl}
- 8 .

v =A
max

The voltage then decreases to half the peak walus in a time &5,

so that
(x=B)tp (x+B) ~(xB (x4
A{l ‘!-. ‘zj-%,‘&{o( ”1-0( h]’].

The valus of $» can be expressed only in terms of ratiocs of the
different parameters including ¢,.



The constants A, X and P are given as follows

2 _ g2
A= V0, 2oty te the
3 .‘:‘ n“llltovhhhﬂlu
X o A
2 0)02R Ry

i [l 1
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Fig. 25.

Cy -'gmrator capacitance
Ry - series resistor

shunt resistor

N

load capacitance

(=]
]
|

The basic impulse generator circult.
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The relationship between the numbders as they appear on the
coils and the capacitors and the numbers as assigned to them
according to their values (Graphs of Figures 6 and 10,
respectively).

Actual

|

Goil Wo.'s Ao tual Capacitor No.'s as

43 2 14 2
34 3 12 z
45 Ly 2
%Y 5 c-23 5
22 6 Cc-22 3
8 7 1 7
z: 8 2 8
9 2 9
zg 10 bigger 10
n {physically) 5 11
19 12 size 6 12
2 1 capacitors 7 1
4 xs : :5
1 1
z; 16 10 16
38 17 11 17
6 18 12 18
35 19 ¢-21 19
39 20 ¢-20 20
3 21 c-19 21
b3 o -
3 & 15 2
x B Y »
29 28 c-14 28
31 29 C-12 29
21 30 B 30
1 31 & 3
15 32 7 32
14 ;g c-8 33
18 c-10 3
1 35 ¢-11 3
: 3 i ;
i: 38 c-6 38
c-
26 4 o 4
9 %Y 0-3 by
37 42 1; 42
R ¢
[ — 45






