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ABSTRACT

An outline of the technique of making impulse volt-
age measurements by cathode ray oscillograph is given.
Circuits for operating, timing and synchronizing of oscil-
lograph and impulse generator are discussed. Certain de-
tails of the technique of operating an oscillograph and of
impulse testing are also mentioned.

The results of experimental determination of the effects
of impulse voltages on distribution transformers are given
in the form of oscillograms and conclusions derived there-
from. It may be said that, in general, the characteristics
of such transformers are similar to those of power trans-
formers.

A brief study of the literature of the subject is in-
cluded.

A study of the mechanism of transient voltage production
in transformers has led to development of a semi-empirical
form of analysis which permits calculation of terminal tran-
sients after certain empirical constants are obtained by
test. The method is essentially that of finding the response
of the transformer to infinite rectangular applied wave from
a few cathode ray oscillograph tests. By application of the
superposition theorem, the response to any arbitrary wave can

then be determined,



INTRODUCTION

One of the mose interesting branches of the study of
lightning phenomena in electrical systems has been con-
cerned with the reaction of transformers to such transient
voltages. This is an old problem, but there are still
many difficulties to be encountered in its solution.

Most of the work done on the problem has been in re-
lation to design. This is,of course, of major importance,
but methods of palculation requiring complete design data
are of little use when such data are lacking.

Theoretical analysis has proved to be very difficult,
and involves complexities that cannot be dealt with in many
practical cases. Approximate methods of analysis have led
to practical results for some of the major features of the
transient effects, but often lack completeness and definite-
ness. A means of analysis that could be successfully applied
to any transformer encountered, even though no design charac-
teristics were known, would be desirable.

The greater portion of the work of detailed analysis of
transient effecﬁé in transformers has been in connection with
power type transformers. Of this work, the chief concern has
been with the transient voltage distributions within the pri-
mary winding. Some work has been done on the transmission of

impulse voltages through transformers, but this has also



dealt primarily with large size transformers.

Since the type of winding construction of power and
distribution type transformers differ, the former consist-
ing of stacks of disc or pancake coils, whereas, the latter
consist of wire wound homogeneous coils, it was felt that
some differences in transient reactions might occur.

An investigation was, therefore, undertaken to clear up
some of the points mentioned. A cathode ray oscillograph
was availlable, but was without the auxiliary equipment necess-
ary to apply it to impulse measurements. Furthermore, there
was no equipment for generating impulse voltages. Construc-
tion of apparatus which would make complete impulse testing
possible was, perforce, a part of the problem, and in point
of time and effort expended, the major part.

‘The purpose of the investigation was eight-fold.

(1) To construct a surge generator for production of
impulse voltages of any desired characteristics for engineer-
ing investigation requiring voltages up to a half million
volts.

(2) To construct auxiliary apparatus suitable for the
application of the cathode ray oscillograph to the measure-
ment of impulse voltages and for synchronizing its operation
with that of the surge generator.

(3) To develop and épply a suitable technique peculiar
to the complete assembly of apparatus.

(4) To plan and execute an experimental investigation,



with the aid of the cathode ray oscillograph, of the
effects of impulse voltages on distribution type trans-
formers.

(5) To systematically prepare and study the result-
ant oscillographic data with the view of (a) reaching
general conclusions as to the behavior of such transform-
ers, (b) the checking of these conclusions with those of
other investigators, and (c) the comparison of the impulse
characteristics of distribution type transformers with
those of the more thoroughly studied power transformers.

(6) To conduct a survey of the literature of the sub-
ject with particular reference to work dealing with anal-
ysis of fundamental causes.

(7) To study the mechanism of the transmission of
surge voltage through a transformer and of the production
of secondary winding terminal transients.

(8) To develop a semi-empirical method of calculation
based on data secured from a few simple oscillograph tests,
by which the complete transient voltages appearing atvthe
secondary terminals and primary mid-tap could be quantita-
tively predetermined in all their complexity, for any wave

shape of applied voltage or condition of connection.



I1

THE MEASUREMENT OF HIGH SPEED TRANSIENTS

An experimental study of any kind must of necessity
be concerned with the technigue of meking measurements,
This is particularly true of a study of high speed tran-
sients whose Total duration is only a few microseconds,
because the technique of measuring such quantities is
rather involved and the possibilities of error and mis-
intefpretation of results are considerable.

A. Impulse Producing and Measuring Apparatus

The first problem to arise in the present investiga-
tion was that of providing sufficient apparatus with which
to do the experimental work. A means of producing impulse
voltages was the first requirement.

1. Surge Generator

The surge generator constructed is shown in Fig. 1.
The condenser banks are made up of glass plates set in
frames of maple impregnated with paraffin. The six con-
denser banks are mounted in a wooden framework in two ver-
tical columns. Charging buses and discharge circuits are
located in the space between the two columns, thus provid-
ing as short a discharge path as possible and with minimum
inductance.

Condenser banks can be connected either in series or
parallel. The series arrangement with six banks is capable

of producing an impulse voltage with crest value close to



500,000 volts, This connection is the conventional Marx

circuit shown diagramatically in Fig. 5. The arrangement
of charging resistors in Fig. 5-b is used. The parallel

arrangement can be operated at about 70 Kv. Capacitance

of the six banks in parallel is about 0.25 microfarad.

The parallel arrangement can be represented by the
simple circuit of Fig. 4-a. The wave form produced can be
varied by using different numbers of condenser banks in
paralle] by inserting inductance, or changing discharge re-
sistance. A convenient form of inductance for this purpose
is shown in Fig. 3-d. A variable discharge resistor hav-
ing taps available is shown in Fig. 3-a.

Wave shapes can be determined if the constants of the
surge generator and discharge circuit are known. The capac-
itance is easily determined by calculation, or measurement
with a bridge, or by the charging current when a suitable
alternating voltage is applied. The inductance is more
difficult to determine, but can be found in two ways. The
frequency of the oscillatory discharge of the surge gener-
ator when the discharge resistor is short circuited can be
measured with a wave meter. From this natural freguency
and the measured capacitance, the inductance can be calcu-
lated.‘ A boetter method is to determine frequency from a
cathode ray oscillogram taken under the same conditions,

Such an oscillogram showing the natural frequency of oscil-



lation of a surge generator after a gap breskdown is shown
in Fig. 167-b of Appendix III. These methods are also men-
tioned by Foust, Kuehni and Rohats.1

The calculation of wave shape for the simple circuit
of Fig. 4-a is not difficult. This is usually sufficient-
ly accurate for the simple parallel arrangewment of con-
densers. Refinements in wave shape calculation and dev-
elopment of impulse generator equivalent circuits have been
treated by Bellaschi® and Thomason.®
2. Cathode Ray Oscillograph

The cathode ray oscillograph used in the main part of
the investigation was one of the high voltage, cold cathode
types made by the General Electric Company. This instru-
ment has been fully described elsewhere,4 so it will suf-
fice to say that it was of the Dufour type. This is the

type shown in Fig. 6-a in which no relay or electron block-

1. "Impulse Testing Technique," C. M. Foust, H. P. Kuehni
and N. Rohats, General Electric Review, Juliy 1932,
p. 558,

2. M"Characteristics of Surge Generators for Transformer
Testing," P. L. Bellaschi, A.I.E.E. Trans., Vol. 51,
Dec. 1932,

4. "Impulse Generator Circuit Formulas," J. L. Thomason,
Flectrical Engineering, Jan. 1934, p. 169.

4, "Cathode Ray Oscillographs and Their Uses," E. 2. Lee,
General Electric Review, Vol. 31, August 1928.



ing device is used. The cathode beam cannot be continu-
ously generated, but must be produced only during the time
of photographing the transient.

Certain oscillograms to be shown representing fea-

tures in the technique of operation and testing were ob-

1

tained with a Dufour— oscillograph of early type. Others

B Dufour or Norinder type

were taken with Westinghouse
instruments shown in Fig. 8, in addition to those from

the General KElectric oscillograph.

1. "The Cathode Ray Oscillograph," A. B, Wood, Journal
Institution of Electrical Engineers, Vol. 63, Nov.
1985, p. 10561,

See also A. Dufour in L'Onde #lectrique, 1932, Vol. 1,
pp. 638, 899, and 1923, Vol. 2, p. 19.

2. M"A Cathode Ray Oscillograph with Norinder Relay,™" O.
Ackermann, A.I.E.E. Trans., Vol. 49, April 1830.
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B. Synchronizing, Timing and Measuring Circuits

Successful application of the cathode ray oscillo-
graph to surge studies depends upon the use of operating
eircuits that will accomplish the desired results. The
chief problem to be met is that of synchronizing oscillo-
graph, surge generator and timing operations. Numerous
methods have been devised for doing this.

1. Operating and Synchronizing Circuilts

For work requiring surge voltages up to 60 Kv., a
cirouit devisedlby Harrington and Opsahll has proved en-
tirely satisfactory. This circuit, (Fig. 7), for use with
Dufour type oscillographs combines oscillograph and surge
generator circuits and requires only one charging source,
Its operation is as follows: condenser banks Cp, the ca-
thode voltage supply, and C the surge generator capaci-
tance, are charged up to a voltage which causes triple
gap Gy to break down. Breakdown of Gy applies voltage to
the oscillograph cathode and starts the cathode beam. This
action also furnishes voltage which, after a short time de-

lay, trips Gg and applies the surge voltage to the test,

1. "Technique of the Dufour Cathode Ray Oscillograph,®
A. M. Opsahl and G. F. Harrington, Electric Journal,
August, 1827.



After the record has been obtained by the oscillograph,
the charge on Cc is drained off through RO until the ca-
thode beam goes out. By choosing Ro of proper value, the
bean can be stopped a few microseconds after the test im-
pulse is over without affecting the oscillograph calibra-
tion during the measurement. The circuit of Fig. 7 is
shown set up for taking volt-ampere curves. The problem
of time measurement does not occur here., Time measure-
ments can be made without additional synchronizing pro-
blems, if an oscillatory time scale is used. Timing
systens will be described later,

Successful operation of the circuit depends largely
upon the gap settings and values of resistances Rz and Ry.
The left side of G ié the master gap which determines the
oscillograph calibration and surge voltage. The right
side of Gj should be set a little above one-quarter of

the master gap voltage setting. If the master gap setting

is 60 Kv., the left and right sides of Gg should be approx-

imately 40 and 20 Kv. respectively. The exact setting
should be determined by trial until proper operation is
obtained.

The ratio of resistances Rz and Ry is more important
than their magnitudes. This ratio should be about 1 to 3

or 1 to 4., The smaller resistance of the two should not

be less than 200,000 ohms. Representative values of other

17
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resistances in the circuit may be listed as follows, the

proper value depending on the nature of the test:

Resistance Ohms
R, 20,000 to 100,000
Ry 40,000 to 150,000
Rg 2,060,000 to 10,000,000
Rz 200,000 to 1,000,000
Ry 700,000 to Z,BO0,00d
Ry 10,000 to 20,000

The use of this circuit with a Marx circuit surge gen-
erator is shown in Fig. 8. The same type circuit with mod-
ifications for making impulse tests on windings with the
Westinghouse Norinder type oscillograph, equipped with
electron blocking relay, is shown in Fig. 9. This is the
circuit used toc take the oscillograms of power transiormer
primary transients included under Part III,

2. Timing Circuits

An additional problem in synchronizing arises when
records showing time variation of voltage or current are
desired. Since this is usually the case, a consideration
of timing circuits is necessary. |

a. Oscillatory Time Sweep. If an oscillatory volt-

age of high freguency were continuously impressed across
the oscillograph time deflecting plates, a record of volt-

age or current against time would be obtained when the cir-
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cuit of Fig. 7 was tripped. Examples of this type of
record are shown in Fig. 27.

b. Unidirectional Time Sweep. Some of the require-

ments of a single time sweep for recording transients have
been listed by Burch and Whelptonl as follows:

(A) Time sweep must be tripped by a conductively con-
veyed impulse with as little time lag as possible. Voltage
and charge required for tripping should be as small as
possible,

(B) The time scale should not be distorted by currents
which come from the tripping impulse.

(C) Oscillograph time deflecting plates should pre-
ferably be equally and oppositely charged.

(D) The beam must not return across the film.

(E) The time sweep circuit must be non-oscillatory.

Several time sweep circuits are shown in Figs. 10 and
11. The timing cir uit in Fig. 10-a and also in Fig. 9 is
particularly valuable in the impulse testing of windings
where it 1s desirable to record several voltages on a single
film for comparison., To do this requires exact and unvary-
ing synchronization of impulse voltage application and oscil-
lograph time scale. Such a result is practically impossible
to attain, if the starting of the time sweep depends on the
breakdown of a gap. Examination of this circuit shows that
exact synchronizing cannot be avoided.

- Time sweep circuits utilizing a separate source of
;e "Technique of the High Speed Cathode Ray Oscillograph,"

F. P. Burch and R. V. Whelpton, Journal Institution of
Flectrical Engineers, August, 1922, p. 380.
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voltage and being tripped from the surge generator are
shown in Fig. 10 and 1ll. These circuits are subject to
the erratic time lags of the trip gaps, but have many ad-
vantages and are of most general use. In connection with
the breakdown of the trip gaps, it may be well to mention
that, although the normal time lag of a sphere gap is
usually considered to be about lO_8 seconds, tne time lag
of a pre-stressed gap often seeus to be guite large.

The arrangement of oscillograph, voltage divider,
and time sweep apparatus is shown in Fig. 2-a. The timing
resistor panel and Trip gap 1s shown in Fig. 4-c.

3. Measuring Circuits
Measuring circuits will be considered in the section

on voltage dividers,
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C. Technique of Impulse Voltage Measurements

In connection with a discussion of technique, it is
well to bring attention to the condition found by Peters,

Blackburn and Hannenl

who have stated that "in the liter-
ature of cathode ray oscillography there has been a dis-
appointing lack of detail regarding the theory and tech-
nigque of measurements.n

Lack of time forbids more than a superficial treat-
ment of the subject, but some remarks will be made con-
cerning various features of oScillograph work. Some of
the details mentioned may appear trivial, but they might
prove puzzling to one unaccustomed to this type of work,

1. Operating Technigue

a. Production of the Cathode Ray. It has been found

necessary to provide a pre-ionizing potential on the cathode
before the full cathode voltage is applied in order to elim-
inate erratic starting of the beam, This is the reason for

the connection to the quarter point on the condenser bank

1. "Theory of Voltage Dividers and their use with Cathode
Ray Oscillographs," M. F. Peters, G. F. Blackburn, P. T.
Hannen, Bureau of Standards Journal of Research, July
1932, p. 114,

26
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shown in Fig. 7. Erratic starting of the cathode beam
and of the synchronizing circuit produces delay in in-
itiation of the beam as shown in Fig. 19.

Under some conditions this initial voltage produces
a fogging effect as shown in Fig. R0-a. This can be
avoided if the time sweep starts off the film to the left.
Use of lower operating pressure in the oscillograph also
reduces this fogging.

Burning of the cathode by positive ion bombardment pr
produces a wide fuzzy line as in Fig. 20-b or a triple line
as in Fig. 18-c. This is due to a hollow beam with central
core as shown in Fig. 18-b. Laszlo and Cosslettl have ex-
plained this as the image of the crater in the cathode pro-
duced by the burning. Fig. 1l3-a shows the effect of dirt or
impurities in the glass of the cathode tube. Static sparks
to such a spot produced the jagged line obtained.

Focussing of the beam in the oscillograph used was by
the ionic methodzldepending on vacuum adjustment. Focus
seems to be impaired by wide angle of deflection in an
assymetrical field. This effect shows in Fig. 23-b.

b. Operating Circuit Faults. Failure of the synchron-

izing circuit to function properly results in delay of ca-

1. M"Rectilinear Propagation and Diffraction of Electrons,"
Henry de Laszlo and V. E. Cosslett, Nature, Vol. 130,
1882. p. 99,

2. M"HMeasurements in Electrica’l Engineering by Means of
Cathode Rays,"™ J. T. MacGregor-iorris and R. Mines,
Journal Institute of Hlectrical Engineering, November
1925,



thode beam as in Fig. 19-a. Improper values of resistances
Rz and Ry of Fig. 7 is usually the cause. BErratic action of
time trip gaps may be seen in oscillograms such as Fig. 26-a.
Return of the beam across the film on the reverse time sweep
occurs in Fig. 19-b. Proper adjustment of resistors in the
timing and synchronizing circuits and proper vacuum adjust-
ment will cause cut-off of the cathode beam before the re-
verse sweep reaches the film. This adjustment depends large-
ly on resistor Ry of Fig. 7.

¢c. Distortion. Distortion of recorded voltage comes

from several sources. Drainage of charge from the cathode
condenser bank changes the sensitivity of the oscillograph
if this is allowed to take place before the measurement is
completed. The increase in oscillator deflections in Fig.
19-b and Fig. 20-b is due to this.

Distortion of records also results from curved or non-
parallel coordinates. Fig. 2l-a and Fig. 20-b show such de-
fects. These effects are most pronounced at maximum values
of deflection and are caused largely by the electrostatic-
fields outslde the region between the deflecting plates.
Crude sketches of these fields as in Fig. 12 may indicate
the nature of the distortion caused. For example, in Fig.
12-a an examination of the field shows that the coordinate
lines would tend to converge as the beam moved from plate g
to a point near plate b. This convergence would be inten-

sified by decreased beam sensitivity due to the added vel-



ocity gained by the beam electrons falling through a greater
potential change when near plate b than when near plate a.
The latter effect has been considered by Roman and White-
head.l

Another efflect of the stray electrostatic. fields in the
oscillograph deflecting system is the initial reversal of
time sweep. A particularly bad case of this is given in
Fig. 22-a. 1In this case pboth voltage deflecting plates were
at high potential above the oscillograph case. Again dis-
tortion is greatest when the time sweep starts from the ex-
treme edge of the film, As would be expected, no distortion
occurred when the beam started from the center of the film.
Fig. 22-b proves tais.

Distortion may also be caused by external fields.
Electrostatic fields are easily eliminated by shielding.
Magnetic fields are more difficult to eliminate, but are
not so freguently encountered. Distortion from the magnetic
effects of the surge generator discharge current are shown
in Fig. 27-a and Fig. 27-b. The oscillator deflection is
greater or less than normal on the wave front. This de-
flection should be the same as shown in Fig. 27-c and Fig.
27-d., This type of distortion is difficult to detect when
a unidirectional time sweep 1is used.

There are also other causes of distortion such as the
effect of the finite speed of the electrons in the beamn,

1. "The Cathode Ray Oscillograph - An Engineering Tool,"

E. R. Whitehead and W. G. Roman, Electric Journal,
April 1934, p. 156,



and the time required to charge the capacitance of the
deflecting plates through the surge impedance of the
leads. These points have been thoroughly discussed by
Minesl and by Klemperer and Wolff.2

2. Test Technique

a. Calibration. Voltage calibrations are most

easily and directly made by means of'a sphere gap. Accur-
acy is good if, (a) the spheres are polished with fine
sandpaper; (b) the spheres are used st spacings not much
greater than half a diameter; and, (c) the breakdown occurs
on the flat crest of the wave., Oscillograms of such gap
breakdowns are shown in Fig. 24-a and 24-d and in Fig. 26-a.
Gaps shown in Fig. 2-c are suitable up to 60 Kv.
Calibration can also be made by applying a D.C. volt-
age to the deflecting plates and measuring the deflection
as in Fig. 2%-a. If the voltage divider ratio were known,
the calibration of the whole could be determined. A re-
sistance divider is generally the only one wnhose ratio is
readily determined,'however, so the D.C. method of calibra-

tion is limited to this type divider.

1. "The Electron Jet as a Measuring Device," R. Mines,
Journal Institution of Electrical Engineers, Vol. 63,
Nov. 1925, p. 1096,

2. "Die Verzerrungen im Kathodenoszillographen bei Hohen
Messgeschwindigkeiten," H. Klemperer and 0. Wolff,
Archiv fur Electrotechnik, July 5, 1832, p. 485,
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Calibrations of other type dividers can be made by
comparison with a resistance divider of known ratio by
taking an oscillogram of the same voltage with each divider
connected to a pair of deflecting plates. The slope of the
line gives the ratio of calibrations. Fig. 24-b shows such
a comparative calibration.

Time sweep calibrations are made by applying a known
high frequency to the voltage plates and making a record
of the oscillatory voltage,

b. Voltage Measurements. Voltage dividers must be

connected at the points between which voltage is desired.
If the divider ground lead were connected to a different
point on the ground system from the point where the test
apparatus is grounded, an error may result. The surge gen-
erator discharge may raise the potential of the whole ground
system. Voltages between two points on a ground bus a few
feet apart may be quite high due to the inductive drop.

Spurious oscillations are always a source of trouble.
These oscillations arise in the leads from test specimen to
voltage divider and from divider to oscillograph. The chief
remedy for such oscillations is in the use of the shortest
possible leads.

Damping resistors may be used in some cases, but must
not be used without careful checking of their effect. Damp-
ing resistors are unable to distinguish between spurious and

genuine high frequency oscillations and may, therefore,
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eliminate part of the actual voltage which should be re-
corded. The effect of series damping resistors with a
capacity divider, connected as in Fig. 13-b, can be seen
in Fig. 25 and 26-a. Resistance voltage dividers are best
suited for the use of damping resistors.

The test apparatus must also be shielded from the
surge generator if it is subject to the effect of electro-
static fields.

c. Time Scales., The method of using the voltage

across a charging condenser for a time sweep in general
gives a logarithmic time scale. If the lower part of the
charging curve is used the scale will be nearly linear,
however. Fig. 14-a and 14-b show this.

A time scale with the condensed portion at the start
is possible, if the timing condenser is charged by a volt-
age wave with slow front. TFig. 1l4-c shows how this may
result and Fig. 99-a gives an oscillogram taken under these
conditions.,

d. Bguivalent Test Circuits, It is customary tc use

lumped resistance in a test circuit to give the effect of
line surge impedance. This is permissable under ordinary

conditions. The conaitions for equivalence and the approx-

i

imations involved have been discussed by Boehne and

1. "Voltage Oscillations in Armature Windings under
Lightning Impulses," E. W. Boehne, A.I.E.E. Trans.,
Vol. 49, October 1830. Appendix A, p. 1602.
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Bewley.l
3. Voltage Dividers

a. Cabacity Voltage Divider. The capacity divider

must be used when drainage of charge from the test specimen
is nol permissable. Its capacity must be small compared
with that of the test specimen. Such a divider nust pe
Well/shielded from external electrostatic fields. TFor
voltages below 50 Kv. a divider made up of glass plates in
a shielded box, as in Fig. 2-d, is satisfactory.

The divider arrangement of Fig. 15-b has the advantage
of producing a more symmetrical electrostatic field within
the oscillograph deflecting system, but cannot be used on
voltages such that the potential of deflecting plates is
too high above that of the oscillograph case.

Differences in potential can be measured by use of
two dividers of equal ratio connected as in Fig. 1lb-c,
Equality of ratio can be checked by making records of the
same voltage with each divider separately and then with the
same voltage applied to both simultaneously. The results
of such a test for equality of divider ratio is given in
Fig. 23-b.

Capacity dividers usually require a leak resistor to

prevent the isolated deflection plate from picking up a

1. "Discussion," L. V. Bewley, A.I.E.E. Trans., Vol. 50,
March 1931. p. 67.



negative charge from the electron stream. Such a charge
gives a shifting zero line as shown in Fig. 24-c. The
leak must have a high enough resistance to prevent drain-
ing off charge due to the impulse to be measured,

The characteristics of capacity dividers and various
forms of capacitance-resistance dividers are treated by
Peters, Blackburn and Hannen! and by Rogowski, Wolff and
2

Klemperer,

b. Resistance Voltage Dividers. Resistance dividers

are usually wore satisfactory where drainage of charge is
of no consequence. A satisfactory form of resistance
divider is shown in Fig. 2-b. This consists of a wire
wound resistor, wound on a thin strip of insulating mater-
ial in a double layer, the parts of which are wound in
opposite directions and connected in parallel. This forms
a resistor which has negligible inductance.

The resistance of such a potentiometer must not be so
high as to introduce errors due to the time required to |
charge the capacitance of the deflection plates. This
limits the maximum resistance permissible to about 10,000

ohms for ordinary work,

1. "The Theory of Voltage Dividers and their use with
Cathode Ray Oscillographs," M. F. Peters, G. F. Black-
burn, P. T. Hannen. U. S. Bureau of\ Standards Journal
of Research, July 1932. p. 81,

2. "Die Spannungsteilung bein Kathodenoszillographen,"
W. Rogowski, O. Wolff, H. Klemperer, Archiv fur-
Elektrotechnik, Vol., 23, 1929-30. p. 579,

34
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Inductance 1n the divider can be detected by taking
the volt-ampere characteristic of a water tube. If the
record has a loop as in Fig. 21-b, the indication is that
something is wrong in the measuring circuit.

The wire wound resistor has capacitance between turns
and to ground so that it actually is a resistance-capaci-
tance network as shown in Fig. 16-¢c. The response of such
1

a network has been investigated by Bellaschi.

c. Impedance-Cable Divider. The problem of syn-

chronizing oscillograph, time sweep, and surge generator
operations requires a time delay between tripping of oscil-
lograph and time sweep by the surge generator and the
arrival of the voltage at the deflecting plates. This may
be accomplished by use of a delay cable in the measuring
circuit. The resistance-cable divider of Gabor? is shown
in Fig. 17-a. The resistance Ro is not always used.

The cable divider has the advantage of allowing the
oscillograph to be located at a place far enough from the
surge generator to avoid trouble from external influences.

The characteristics of the cable type divider with
terminal impedances, consisting of combinations of resis-

tance and capacity, have been studied by Burch,?

1. "The Measurement of High Surge Voltages," P, L. Bellaschi,
A I.E.E. Trans., Vol. 52, June 1933, p, 544,

2, "Forschungshefte der Studiengesellschaft fur Hochst-
spannungsanlagen," p, Gabor, September 1927, Heft 1.

3. "On Potential Dividers for Cathode Ray Oscillographs,"
F. P. Burch, Philosophical Magazine, Series 7, Vol. 13,
April 1932. p. 760.
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IIT
INTERNAL TRANSIENTS
in
TRANSFORMER PRIMARY WINDINGS

A. Theoretical Considerations

The importance of the problem of transient conditions
in transformers was recognized several years ago. The fun-
damental principles involved in the problem were pointed out,
and much progress in analysis was made over ten years ago by
Weed, Blume and Boyajian.l

Lack of experimental investigation linited the advances
that could be made until the advent of the cathode ray oscil-
lograph, Since it became possible to measure accurately the
effects of impulse voltages in transformers, great advances
have been made both in experimental and analytical treatment
of the phenomena.

The most recent and complete theoretical analyses are due
to Bewley. Reference to analytical theory will, in general,
mean to that of Bewley.

Similarly, the most complete series of experimental in-
vestigations are those of Palueff. Reference to experimental
conclusions or analysis based on experimental data wili, in

general, be to Palueff's work.

l. m"abnormal Voltages in Transformers," J. . Weed,
A.I.F.E. Trans., Vol. 34, 1915.
"Prevention of Transient Voltages in Windings," J. M. Weed,
. &«I.E.E. Trans., Vol. 41, 1922.
"Abnormal Voltages in Transformers," L. F. Blume and
A. Boyajian, A.I.E.E. Trans., Vol. 38, 1919.



1. Two Winding Theory

The rigorous solution of the complete transformer cir-
cult including distributed winding constants and general
primary, secondary and neutral impedances, has not been
attempted. Mathematical analysis of transient oscillations
in transformer windings has, therefore, been made on the
basis of approximate equivalent circuits, the validity of
which must finally rest on experimental verification.

The most complete analysis of the problem must consider
both primary and secondary windings in their mutual relation-
ship. ©Such an analysis, based on approximate equivalent cir-
cuits similar to those shown in Fig. 42, has been made by
Berey.l

The two winding tTheory has been found unnecessary, how-
ever, in dealing with the internal transients in primary
windings. Consequently, a simpler single winding theory,
which ignores the presence of secondary windings, has been
developed for analysis of primary conditions. The chief
value of the two winding theory is apparently that it pro-
vides & means of establishing the validity of the single
Winding theory and indicates that the reaction of the sec-
ocndary winding produces no important effect in the primary.

It may be well to point out, however, that in most of

1. "Transient Oscillations of Mutually Coupled Windings,"
L. V. Rewley, A.I.E.E., Trans., Vol, 51, No. 2, June
1952,

"Traveling Waves on Transmission Systems," L. V. Bewley,
John Wiley & Sons, Inc., 1935, Chap. XII.
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the work that has been done the transformers considered

have been step-down transformers, having a ratio consider-
ably greater than unity, although this point is not men-
tioned specifically. If the situation were reversed and

the impulse applied to the low voltage winding, the analysis
of transient effects in the low voltage winding could not
neglect the presence of the high voltage side., This will

be dealt with in more detail later, where it will be shown
that the reaction from the high voltage winding may predom-

inate over all other effects.

2. QSingle Winding Theory

The major part of all published work deals only with
the conditions in the high voltage primary winding. The
analysis for this case has been worked out on the basis of
a single independent winding with equivalent circuit similar

to that shown in Fig. 42, except for the secondary and

mutual coupling parts.l The analysis 1s thus based on a
single winding, having series capacitances along the stack,
capacitances to ground, and self and mutual inductance be-
tween turns.

a., Additional Approximations. In addition to neglect-

ing the secondary winding, further approximations are made

1. "Transient Oscillations in Distributed Circuits with
Special Reference to Transformer Windings," L. V. Bewley,
A.I.BE.E. Traps., Vol. 50, 193l.
n"Trgveling Waves on Transmission Systems," L. V. Bewley,
John Wiley & Sons, Inc., 1933, Chap. XIIIl.



concerning capacity paths, mutual inductance and resistance.

These matters are considered in detail by Blume & Boyajian.l

All discontinuities in the winding, due to disc or pancake
construction or interleaving, have been neglected. Thus, the
conclusions of the theory may be applied to any winding in
general and are found to check with semi-empirical analysis
for distribution transformers, which will be described later.,

b. Derivation of FEguation. For the purpose of compar-

ing the method of derivation of certain primary transients
by the purely analytical method with the semi-empirical
method mentioned, a brief resumé of Bewley'!s methods and re-
sults will be given.

The solution involves the setting up of a fifth order
partial differential equation for the equivalent circuit
with uniformly distributed constants. Constants involved
are self inductance, including certain partisl interlinkages,
mutual inductance between winding elements, series and shunt
capacitance, series resistance, and shunt conductances to
ground and along the winding. Variables are voltages to
ground, currents in capacitances, inductances, and shunt
conductances, flux density, flux linkages, mean length of
turn, number of turns, length of leakage path, length of
winding.

In order to calculate or estimate all the above gquan-

tities, the complete design data of the transformer are re-

le. Loe. ¢&it.



quired. The determination of many of the guantities is
even then a matter of great difficulty and uncertain accu-
racy. These limitations are recognized by Bewley, who
states, "It may be necessary to make arbitrary changes in
the circuit constants, particularly of the inductance coef-
ficient, to obtain accurate numerical agreement," with
experiment, So it is seen that even in the simpler case of
the single independent winding, purely theoretical reason-
ing is insufficient for a complete solution.

Cc. General Solution of FEguation. The solution of the

equation is obtained by trial and adjustment as commonly
done. The initial voltage distribution can be obtained with
a general impedance in the neutral, but a complete solution
is practical only in the special cases of grounded or iso-
lated neutral. After obtaining a general solution, it must,
of course, be made to satisfy the boundary conditions at the
ends of the winding and the initial and final voltage dis-
tributions. The general solution is in the form of an in-
finite series of space and time harmonics oscillating about
the final distribution as an axis.

The initial voltage distribution depends, of course,
only on the relative values of series and shunt capacitances
of the winding. This 1is similar to the problem of distribu-
tion on an insulator string, except the capacitances are dis-
tributed instead of lumped.

The final distribution would depend only on resistance,

since the applied wave was assumed to be an infinite rec-

57



tangular wave,
The events in the transition period between these two

conditions represent the transient conditions which it is

desired to calculate,

d. Solution for Grounded Neutral. The general solu-

tion for the case of grounded neutral becomes, for the
special conditions of no losses, mid-point of the winding,
and fundamental space harmonic, a simple expression involv-
ing a constant term plus a cosine term. This same result
will be shown to be derivable from the simple physical pic-
ture of the oscillation in a winding snd constitutes the
starting point from which the calculation of secondary term-
inal transients is made.

e, pffect of Losses. An interesting result of the

analytical theory is the indication of the effect of losses
on the transient oscillations. Three effects are shown to
be present. These are damping of oscillations, lowering of
frequency of oscillation, and shift of the axis of oscilla-
tion. These effects of losses may be observed in several
oscillograms of the present investigation.

The decrement factors must be considered as empirical
constants to be obtained by test, since their calculation
depends upon knowledge of several other constants of the
winding which are difficult to obtain. Thus, the analytical
method again falls back on experiment. Bewley gives a value
for damping in a power transformer of twenty per cent per

half cycle of fundamental frequency. This dauping increases
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in the higher harmonics about as the square of the order of
the harmonic.

f« DMechanism of Oscillation. Three ways of viewing

the mechanism of oscillation have been worked out. These
are all obtainable from the general analytical solution,
under somewhat different assumptions regerding certain cir-
cuit constants, chiefly the series capacitance and mutual
inductance. The osciliations can be considered as being
caused by (a) a fixed voltage distribution plus harmonic
standing waves; (b) a fixed voltage distribution plus pairs
of harmonic traveiing waves; and (c) a simple reflecting
traveling wave.

The first of these has been developed to the greatest
extent by Palueffl in his work on the effect of transients
on power transformer design. The traveling wave analysis
has been perfected by Boéhnez with particular regard to
machine windings in slots where capacitance to ground is
high, capacitance between turns negligible and mutual in-
ductance very small. The relative merits of these theories
and their proper sphere of application has been discussed

at length by Bewley, Palueff and Boehne.g

3. Analytical Results for Arbitrary Wave Shapes
The foregoing discussion of the analytical theory, as

worked out by Bewley, was for the case of a wave with verti-

l. m"Effect of Transient Voltages on Power Transformer
Design-I," K. K. Palueff, A.I.E.E., Trans., Vol. 48,
July 1929.

2. M"Yoltage Oscillations in Armature Windings Under Light-
ning Impulses," E. W. Boehne, A.I.E.E. Trans., Vol. 49,
October 1930,

3. Ibid, Discussion.



cal front and infinite tail applied to one transformer
terminal, The extension of the theory to the case of
applied voltages of arbitrary wave shape has also been
carried out .t This, of course, involves the use of the
superposition theorem.

To avolid the necessity of laborious calculation in
the determination of amplitudes of oscillation for each
new wave shape applied, Bewley has shown that curves of
reduction factors for wave front and wave tail can be pre-
pared, as functions of front or tail length and natural
period of oscillation, from which the amplitude of oscilla-
tion can be estimated, if the value for the infinite rec-
tangular wave is known.

Complete theoretical discussion of the effects pro-
duced by the impact of damped oscillatory wave trains is

likewise available.2

1. 1, V. Bewley. Op. cit.

2. "lransformer Oscillations Caused by Damped Oscillatory
Waves," L. V. Bewley, General Electric Review, Sept.
1931,



61

B. Previous Experimental Investigations

Complementary to the ahélytical methods Jjust dis-
cussed, and inseparably connected with them, are the re-
sults of parallel experimental investigations. To com-
plete the account of the present status of the work on
transient phenomena in transformer primary windings some
account of the experimental results is in order.

Experimental investigations of the internal transient
oscillations have, in general, been made with the object of
determining voltage stresses on insulation and ia finding
design changes which would eliminate oscillations, produce
uniform voltage distribution at all times, and decrease in-
sulation stress. Nearly all this work has been concerned
with power transformers only. Little information is avail-
able on the internal conditions in small size distribution
transformers, except protective studies, which will be men-
tioned in more detail in another section.

The experimental conclusions reached, therefore, apply
girectly only to power transformer windings. These windings
are characterized by being built up of stacks of disc or
pancake coils. This construction produces a winding having
discontinuities in the circult elements which may be a source
of local oscillations not found in a more homogeneous struc-
ture.

1. Transformer with Grounded Neutral
Cathode ray oscillograph studies of the effects of

surge generator voltages on grounded neutral windings have



produced, in general, a very good agreement with the
theory previously outlined. All the major effects called
for by analytical theory have been found to exist. Dis-
crepancies occur in the case of certain minor local oscil-
lations, but this could be expected, due to the approxima-
tions made in developing the theory.

a. Mechanism of Oscillation. Oscillogranms of internal

oscillations and voltage distribution show excellent agree-
ment with Palueff's theory of standing waves mentioned in the
last section. Certain features of interest and importance
concerning the harmonic standing waves he has listed as
follows;l (a) the time frequency of the harmonics was found
to be nearly proportional to the square of the order of the
narmonic, the exact ratio depending chiefly on the series
capacitance of the winding; (b) the higher the harmonic, the
smaller its amplitude; (c¢) harmonics are symmetrically locat-
ed with respect to the center of the winding; (d) the am-
plitude of oscillation depends on the voltage, steepness of
front, and length of tail of the applied wave and on the in-
itial electrostatic voltage distribution. These facts will
be shown to have an important bearing on the voltage trans-

ferred to the secondary winding by capacity coupling.

1. "Lightning Studies of Transformers by the Cathode Ray
Oscillograph," F. F. Brand and K. K. Palueff, A.I.E.E.
Trans., Vol. 48, July 1829,

62



b. Effect of Wave Front. It has been found that a

sloping wave front will produce oscillations of only those
harmonics having periods of oscillation greater in length
than the wave front. A wave with time to crest greater

than the time of one cycle of the fundamentzl natural fre-
quency of the transformer will produce no oscillation.
Transformers have natural frequencies as low as 5,000 cycles
or less which means that wave fronts as slow as 100 micro-
seconds may produce oscillation. WMost measured wave fronts
due to natural lightning are shorter than this.

c. Bffect of Length of Wave. Tests have shown that

maximum amplitudes of oscillation will occur when the wave
front is steep and its duration is greater than one-half
cycle of fundamental frequency. Most natural lightning
surges have been found to have durations ranging from 20 to
60 microseconds, which is within the range. of half cycle
periods of natural frequencies of many transformers.

d. Effect of Wave Tail. The wave tail appears to

have an effect similar to that of the front, except in a
negative sense. The resultant internal voltage would, then,
depend on the steepness of wave tail and on the relation of
the tail transient to the transient already started by the
wave front. It is thus a case of two superimposed transient
effects.

e. Effect of Transformer on Applied Wave, The effect

of the capacitance of transformer and bushing in sloping

wave fronts or reducing wave crests has been found negligible.



64

The surge impedance of a transformer is also too high to
cause appreclable change in the applied wave. The primary
terminal reaction can thus be neglected,

f. Effect of Damping. Losses in transformers are

found to be insufficient to prevent oscillation or to
appreciably reduce the amplitude of the first half cycle.

g. Effect of Type of Transformer. Huch time and

space has been devoted to the discussion of the relative
merits of core and shell types of construction as regards
internal transients. The difference depends mainly on the
differences in characteriétics of long, narrow stacks of
coils and short, wide ones. One fact that stands out is
that shell type windings are more likely to have local
oscillations appearing within the winding. The major fea-
tures of voltage distribution in the two types seems to de-
pend largely upon which manufacturing company the investi-
gator is employed by. However, both types are similar in
that the windings are built up of stacks of disc or pancake
colls. ILittle or no information has been given in the char-
acteristics of small windings of homogeneous structure.

It may be remarked that the general conclusions regard-
ing the effects of impulses as given by Palueff are also

agreed to by Hodnette .t

1. "Effect of Surges on Transformer Windings," J. K.
Hodnette, A.I.E.F. Trans., Vol. 48, Jan. 1930,



2. Transformer with Isolated Neutrsl

The general conclusions as to the effect of surge volt-
ages 1in producing internal transients in transformers with
grounded neutral can also be carried over to those with iso-
lated neutral with the following changes:

(A) The initial voltage distribution which depends only
on the capacitances is unaffected by neutral connection.

(B) The final voltage distribution becomes constant
throughout the winding and is equal to the terminal voltage.

(C) Transient oscillations occur about the final dis-
tribution as an axis.

Studies of the transient conditions in windings when
the neutral is grounded through various types of impedance

have been made by palueffl and by Vogel and Hodnette,?

3. Traveling Wave Theory

The existence of traveling waves within transformer
windings is usually not mentioned when the mechanism of in-
ternal oscillations is discussed., The standing wave con-
ception has so successfully explained all variations of
voltage observed that there has been little reason to look
for other explanations. However, for a complete understand-

ing of transient phenomena in windings, it is well to ex-

1. MW"Effect of Trangient Voltages on Power Transformer
Design-II," K. K. Palueff, A.I.F.E. Trans., Vol. 49,
July 1930.

2. "Grounding Banks of Transformers with Neutral Imped-
ances and the Resultant Transient Conditions in the
Windings," F. J. Vogel and J. K. Hodnette, A.I.E.E.
Trans., Vol. 50, Marech 1931,
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amine all possible sources of voltage.

What has been described as a classic treatment of the
subject of traveling waves in machine windings is due to
Boehne,+ Although his work was done with armature windings,
the principles of traveling wave phenomena he develops
would be the same for transformer windings.

a. Characteristics of Transformer and Machine Windings.

The reason for the dominating effect of the traveling wave
in machine windings and the apparent absence of it in trans-
former windings can easily be explained by the differences
in construction. In the transformer winding,'turn to turn
capacitance is of great importance., Also, the capacitance
between discs in the stack. In armature windings, turn to
turn capacitance is nearly absent because the conductors

are imbedded in separate slots., For the same reason, the
turn to ground capacitance is very high compared with trans-
former windings. Similarly, the mutual inductance between
turns and elements,which is a major feature in the trans-
former winding, is almost wholly absent in the armature wind-
ing.

These differences in circuit constants account for the
difference in action of the two types of winding. In the
transformer, by virtue of close electrostatic and electro-
magnetic coupling of the whole winding, the transient volt-

age appears simultaneously in all parts of the winding and

1. "Voltage Oscillations in Armature Windings under
Lightning Impulses," E. W. Boehne, A.I.F.E. Trans.,
Vol. 49, 1930.
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the ensuing oscillations start everywhere at the same in-
stant. 1In the armature, the impact of the applied wave is
not felt everywhere ip the winding due to lack of coupling
between winding elements. The only way the wave can pro-
duce voltages at interior points is then to travel along
the conductor. This explains the predominant influence

of the tfaveling wave in machine windings.

An induction regulator possesses some of the features
of both windings. The slotted construction and air gap be-
tween series and shunt windings would change capacity re-
lations from those in either of the other type windings.
Mutual inductance between elements would be similar to a
transformer winding. Added complication would result from
the reactions between the windings due to their mutual ca-
pacity, inductive and cohductive coupling. The case of the
induction regulator has not yet been adequately covered in
the literature,

b. Criteria of Traveling Wave Phenomena, The seven

characteristics of traveling wave phenomena have been listed
by Boehne as follows:

(A) "The maximum voltage with the neutral open is twice
that of the neutral grounded.”

(B) "The frequency of the oscillations with the neutral
grounded is twice that of the neutral open."

(C) "The time delay of any appreciable voltage rise
increases in proportion to the distance from the line term-

inal at which the voltage is measured."
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(D) "This time delay is the same with the neutral open
or grounded.m

(E) "The voltage oscillations measured at various
points in the winding with either the neutral open or ground-
ed are substantially in phase.n

(F) "A certain flat top characteristic is evident in
many oscillograms, it being predominant near the neutral of
the open neutral winding and near the line terminal of the
grounded neutral winding."

(G) "All records are distinctly unidirectional.m

Some of these features can be recognized in oscillo-
grams of transformer windings included in section ITI-C-5 and
described in section ITI-C.

c. Transformer Winding as a Transmission Line. A

winding may be considered as a finite transmission line by
regarding it as an extension of the incoming line by another
section of different surge impedance. A traveling wave
reaching the junction point of the two lines would divide,
part being reflected and part transmitted. The transmitted
portion, which would appear as a traveling wave within the

winding, would have a magnitude given by the usual relation

e =F£F£/ _RZz
25 - B,

In this the surge impedance, Zj, of the incoming line may
be from 200 to 500 ohms, if it is an overhead line, or

about 50 ohms, if it is a cable. The surge impedance, Zg,
of the winding may be as high as 5,000 ohms,



After entering the winding, the wave would be reflected
at the terminals with polarity and magnitude depending on
the nature of the terminal impedances. If there were dis-
continuities within the winding, there would be partial re-
flections at these points also.

Roehnel found that nearly everything appearing on os-
cillograms of surge tests on armature windings could be
accounted for by the simple traveling wave theory. Success-
ful explanations were thus found for such features as (a)
relations between natural frequency and voltage in grounded,
open and fractional windings, (b) phase displacements be-
tween points in the winding, (c¢) oscillation of voltage
distribution curves about the final voltage distribution
as standing waves, (d) damping of oscillations. The be-
havior of the internal traveling wave at line or neutral
impedance was the same as outlined by Brune® for trans-
mission line terminal impedances,

The simple traveling wave theory thus accounts for the
major features of the trénsients appearing in machine wind-
ings and may also be expected to account for much of those
appearing in transformer windings. It is not able to
account for all transient gffects found in transformers,

however. The traveling wave theory recommends itself be-

1. L. cll.

2. MWReflection of Transwission Line Surges at a Terminal
Impedance,™ 0. Brune, General Electric Review, May 1929,
p. 258,
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cause of the simplicity of the concept, but should be
considered only one of the components in the mechanism

of production of transient voltage oscillations.

4, Autotransformers

Autotransformers differ from ordinary transformers
in their reaction to impulse voltages primarily in the
connection of two points of the winding to separate trans-
mission lines. Otherwise, the principles of internal
transient oscillations are the same in both cases,

As has been shown analyticallyl and, also, experi-
mentally,2 the reaction to a voltage surge of a trans-
former, whose neutral is grounded through a resistance of
four or five hundred ohms, is almost exactly the same as
if the neutral were directly grounded. This is also in-
dicated by the results obtained on small transformers in
the tests to be described.® This would indicate that the
effect of'the second transmission line connected to an
sutotransformer would act as a ground with reference to
a surge arriving on the first line. In other words, a'
wave coming in on the high voltage line would in effect
find the other end of the series part of the winding ground-
ed and the common part short circuited. Likewise, a wave

coming in on the low voltage side would find the conditions

1. "Abnormal Voltages Within Transformer Windings," L. F.
Blume and A. Boyajian, A.I.E.E. Trans., Vol. 38,
1919, p. 477.

2. "Grounding Banks of Transformers with Neutral Impedances
and the Resultant Transient Conditions in the Windings,"
F. J. Vogel and J. K. Hodnette, A.I.E.E. Trans., Vol. 50,
March 1931, p. 63, Fig. 5. .

3. See Fig. 53, Test 5 and corresponding osc;llgﬁram%g Figs.
126 to 129, of this thesis and compare with est 2.



that of a ground on both ends of the whole winding.
Palueffl has again presented a thorough study of the
transient reactions of autotransformers. He shows that the
above relations hold only if the ratio of transformation
of the autotransformer is considerably greater than unity.
In the case where the ratio approaches unity, the series
part of the winding between the high and low voltage lines
consists of but few turns and, hence, acts as a small series
inductance, The outgoing line would not remain at ground
potential in this case, but would increase in voltage slow-
ly conpared to the other transient effects. Palueff thus
divides the phenomenon into two parts; (a) the gradual rise
and fall of secondary line voltage; (b) the internal oscil-
lations which comprise the fast transient. The internal
voltage stresses in parts of autotransformer windings are
shown to be much higher than in corresponding transformer

windingse.

4, MmEffect of Transient Voltages on Power Transformer
Design-III," K. K. Palueff, A.I.E.E. Trans., Vol. 50,
June 1981,



C. Certain Features of Power Transformer
Primary Transients

The subject of transient oscillations in the primary
winding of power transformers has been so thoroughly covered
in the work briefly referred to in the preceding pages that
no attempt has been made to appreciably extend that work in
the experimental results here presented.

Some examples of the type of internal oscillations
occurring in a normal type of high voltage power transformer
are given to show graphically the type of phenomenon to be
expected and to illustrate the previous discussion of such
transients, These oscillograms show the complexity of the
oscillations and indicate that the complete primary tran-
sient is not so simple as the analysis in Part IV might in-
dicate. Reasons will be given as to why these complexities
need not be considered in that particular analysis. Com-
parison of the center tap oscillations with those of distri-
pbution transformers described in Part IV is also of value.

A few oscillograms obtained under certain special or un-
usual conditions have been included for the purpose of illus-
trating some feature of interest or to indicate more clearly
some point connected with the mechanism of transient voltage
production,

All oscillograms in Figs. 30 to 41 were taken with a
Westinghouse Cathode Ray Oscillograph of the Norinder type
shown in Fig. 6-a.

The windings on which the tests were made were typical

core type stacks of circular disc coils. The stacks were
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built up of twin coils composed of two discs connected to-
gether at the inside diameter. Connections between twin
colls were made at the outside diameter, Taps were avail-
able between each coil and on the turns in the line coil.

The windings are described further in the following

table,.
Winding No., Discs in Stack Stack Length
A 56 48mn
B 30 24n
C 20 24n
D 50 26"

Windings B and D were similar except for the number
of coils in the stack. Taps are designated in per cent
of the whole winding from the normally gfounded end.,

All measured voltages are voltages toc ground unless

otherwise specified,

l. Voltage Distribution

Typical transient oscillations in a grounded neutral
winding are given in Fig. 30: (a) gives voltages to ground
appearing on taps within the winding; (b) gives the same
voltages for many téps throughout the winding. The first
abrupt bend in the voltage curves before the osgcillation
starts represents the initial or capacity distribution.

The initial distribution is more‘sharply defined in
Fig. 31 on winding B. Here the transition between initial
gistribution and oscillation is much slower due to the lower
frequency of oscillation, It is interesting to note that

the voltage difference between line terminal and any tap is



greater at the time of the initial distribution than at any
other time. This means that the distribution can be measured
with a spark gap between line terminal and the various taps.
However, this method should be used only as a check on the
curve if oscillograms can be obtained.

The necessity of using a fast wave front in determining
the capacity distribution can be seen in Fig. 35-a. With
slow wave fronts, the sharp break in the curve disappears,
and the proper point is difficult to locate.

The initial distribution for Winding C has been plotted
from oscillograms in Fig. 28, The maximum distribution or
envelope of maximum voltages 1s also shown.

The effect of isolated neutral oa the capacity distri-
bution can be seen by comparing Figs. 31 and 34-a.

An interesting test was made on Winding D which proves
the capacity relations. 1In Fig. 33-a, the complete winding
was used. The connections between coils were then cut,
leaving each coil completely isolated. The same test was
repeated without other change. For the first few micro-
seconds the two cases are identical, thus giving experimental
verification to the theory that capacitance plays the only

part at the instant of impact of the surge.

2. Oscillations
Voltage distribution curves for various instants of
time have been plotted from Fig. 20 to get the curves of

Fig. 29. These curves show the oscillation of the voltage



distribution about the final value as an axis.

In considering the internal oscillations appearing
in the windings, both Figs. 30 and 31 show the 75% tap
voltage rising to a value exceeding all others. The curves
of voltage distribution in Fig. 29 show irregularities at
both quarter points. These peculiarities are explained by
the standing wave theory,

The oscillations of mid point and quarter points of
Winding A are shown in Fig. 32-a and Fig. 39-a. The mid
point oscillation appears %o be a smooth sine wave, whereas
the gquarter point voltages evidently contain many harmonics.

Other interesting relations are shown in Fig. 32.

When the center of the winding is grounded, the half length
winding has exactly twice the frequency of oscillation as
the whole stack. The free half of the winding, (Record 8),
is seen to have half the frequency of the other half. With
the whole winding isolated, the freguency is hslf that of
the whole winding when grounded (Cf. Figs. 32-a and 34-b).

Examples of the local oscillétions of the line coils
are given in Figs. 35, 36 and 37. The effect of wave front
on the magnitude of these oscillations can be seen in the
test on Winding D, in which tap lc is the 93.8% point locgted
in the center of the first disc. This shows that the first

disc acts independently of the rest of the winding, as though
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it were a separate winding by itself. The records of Fig.
36-a and 37-b differ in that they are the measured differ-
ence in voltage between line terminal and tap in the line
disc, instead of voltage to ground. The voltage scale has
been changed from the other tests on this winding.

The tests on windings with some interior tap grounded
instead of the end of the winding were made to determine the
characteristics of oscillation of short stacks. The oscil-

lations in the isolated parts are also of interest.

3, Traveling Wave Analysis

Several oscillograms show with remarkable clarity the
characteristics of traveling wave phenomena that have been
previously given. The major features of the oscillations of
Fig. 30 can be explained by the traveling wave concept. These
oscillations chow differences in time to the first crest at
various points in the winding which might be construed as
representing the progress of a wave propagated along the wind-
ing conductors. The fact that the qutage oscillations on
taps near the ground reach their positive crest last and neg-
ative crest first would check with' the idea of a wave passing
the tap on its way to grouad and then returning with reversed
polarity after reflection at the ground terminal.

Perhaps the clearest picture of the existence of a
traveling wave is to be seen in Fig. 40. Here the first coil
was grounded and the remainder of the winding left isolated

except for the ground connection at the first coil., An im-



pulse was applied across the first coil., The chief charac-
teristics of the voltage in the free end of the stack, which
comprised 93.3% of the total length, are obviously due to

a wave propagated along the winding. The shape of the volt-
age peaks and their time differences on various taps both
call for a propagated wave,

The explanation of the pehnomena can be easily worked
out. First, the surge applied, (Curve 1), to the first coil
passes through that coll to ground. The time required is
short, since only one coil is traversed. This initial wave
is then reflected with reversed polarity and re-enters the
winding, one wave going back through the first coil, and an-
other entering the free end of the stack. The latter wave
then proceeds along the stack until it reaches the open end,
(Tap 18), where it doubles in value and is reflected with
the polarity unchanged. The returning wave then proceeds
back along the winding to the grounded point. At the ground-
ed tap it is again reflected with reversed polarity and
starts back along the winding towards the free end., This
accounts for the sudden change in sign of the voltage at
about forty microseconds. This shows that the time required
for a wave to traverse the length of the winding was about
20 microseconds.

The prominence of the traveling wave in this case 1is no
dqoubt due to the absence of some of the other causes of volt-

age normally present in a winding. The grounding of the
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lower disc of the first coil provides an electrostatic
shield between the line disc and the free end of the stack.
This would eliminate most of the capacity effects and the
resulting oscillations due to initial capacity distribution
of voltages. The electromagnetic effect from neutral in-
ductance is, of course, still present. Tests can thus some-
times be devised to eliminate some of the variables of the
problem and show more clearly the operation of remaining
factors in the phenomenon,

Another'point of interest appears in the voltage at the
open end of an isolated neutral winding, (Fig. 34-a). This
shows the "certain flat top characteristic" mentioned by
Boehne, It will be shown that this effect is probably main-
ly due to losses in the iron core,

The preceding discussion of the traveling wave is not
intended as an argument for discarding the standing wave
theory of oscillations, but merely to show that there is ex-
perimental evidence that traveling waves do exist in trans-
former windings. It is felt that in this connection the
idea of a wave propagated along the conductor has not general-

ly been given the consideration it deserves.

4, [L[osses and Damping

The predictions of analytical theory as to the effects
of losses on the transient oscillations have been previously
stated to be threefold. TLTosses should cause damping of

oscillations, lowering of frequency, and shift of axis of
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oscillation. The effect of the losses in the iron core
in decreasing the frequency of oscillation may be seen by
comparing the two oscillograms of Fig. 3l. The maximum
voltage due to the first half cycle of oscillation is not
appreciably diminished by the losses, but the frequency is
seen to be perceptibly changed. Similar decrease in fre-
quency 1s evident on couparing Fig. 39-b and Fig. 4l-a,
and in the two oscillograms of Fig. 40, The damping of
oscillations is also evident, The shift of axis of oscil-
lation is clearly shown in Fig. 40. The presence of the
iron core also seems to have a tendency to flatten the
peaks of the oscillation. The shift of axis may also be
gseen in the test of a distribution transformer shown in
Fig, ©6-a.

If the voltages of Fig. 40 are considered as being
due to a traveling wave, the effect of the iron would be
to slow down the velocity of propagation. This is to be

expected since the velocity of propagation of a wave is

c
given by the relation ‘j;;=====* where _«¢ 1is the
V. 9274

magnetic permeability and g the dielectric constant of the

surrounding medium.
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Cathode Ray Oscillograms of Transient Effects in

Power Transformer Windings
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Normal Connection of Windingl

Neutral Wave
Winding Connection Applied Fig. No.
A Grounded 1.5/860 30-a, Db
A Grounded 1.5/60 d2-a
A Grounded 1.5/60 39-a
A Isolated 1.5/60 34-b
B Grounded 1.5/60 3l-a, b
B Grounded 0.5/~ &7-a
B Isolated 1.5/60 34-a
"D Grounded 0.3/60 33-a
D Grounded 5/~ 35-a
D Grounded 1.5/60 35-b
D Grounded 0.2/60 36-a
Double
Shell Grounded 1.5/60 41-b

1. Normal connection means grounded or isolated neutral
as the transformer would be used in practice.

A 1.5/60 wave means the voltage rises to crest value
in 1.5 microseconds and falls to 50% of crest value on
the tail in 60 microseconds.



Winding

1.

A

W W w w =

Special Connections of Winding 1

Tap

50%
50%
46.7%
46.7%
93.3%
93.3%

Grounded

Applied

_Wave _

1.5/60

n

n

"
Iron
Air

Iron

Fig. No,
32-b
38-a, b
39-b
41-a
40-a
40-b

In these tests a tap in the interior of the stack
was grounded and the surge applied between the 100%
tap and ground. The portion between the grounded
tap and the 0% end of the winding was left isolated.

82



[RBEARMRAR SLha)

SSSEEpuERS

‘...;&4‘.‘ e

e

]

HH4 -
EusESSREy

861
R

T







Winding A - Internal %)fafes




N P I NSy RISy W — A

A0

W/im’lﬁj B
Zyon Core

30 40
Micre - S5econds

(b)

Fig. 31

S

e

="
6o 70

A TRING TR
8o go joo

86



s

Wirding A

\ e
o W

\

Nd Fert Qsci))ation

E .

Ro
MMicro~Secongls

87



Winding 2D
Coi) Connectyopns Complete

Micro;seconds

M//I;n’//'?j D
Coil Connectrons 0/?8/7

100},

P S

- ]
60 70 §o 90

Mmicro-seconds

(b)

Fig. 33

88



B bk B s B o .

Winding B
Zso)ated Nevtvg)

30 4o
Micro~Seconds

Winding A
Zsolated MWeviva)

[0 30 40
Arere - d‘cco);ds

Fig. 34

B ISR P S
so 60 o 8o po

Joc

89



~
30

Vi)
cro-Seconds




Winding P
0.2 gr s Wave Front

Wm'dtr')j A
Line Coi) Osciddatron

5
{4
AR Micro - Secongs

5L ﬁ"‘({,‘ 0.5 1.0

e

wo X ~16.5%

(b)

Fig. 36

/.5

O

j=a



¢

¢

Winding B
Lihe Coir'l OJC/V)ﬂf/:;n

] - . Mﬂ.-,ﬂ‘*‘ W

1, ~ So A
Sicro- Sece /11 5

Winding A
Lijne Coi) Oscillatyon

/00% - 72 %

.
By "‘.t
- v -

' §

%

W ey, {Wmﬁ% 'nx&«af'm&»ma&w«mw von!uremmm‘-
0.5 3 /o0 /-5
Micro -Seconds




/007°

Winding A
Center 7ap Grovpded

Winding A
Center 7ap Erovnded




Windjng 1
Ihterna) Qsci)lations

Micro - Scconds

Windin g B

‘Interna) Grovnd

94



Winging B
Grovnd on Firs¥ coi?

A Core

Winding B

Grouvnd op First Cei)

Mizro - Second's

(b) .

Fig. 40



Winding B
Lnterngl Grovnd

Lron Core

wo Gyovp ‘QA‘,}) T[‘,p’

T7ansforme »
Z .,r'ferno/ OJC/))Q f,pn_,




o7

Iv
TERMINAL TRANSIENTS OF TRANSFORMER
SECONDARY WINDINGS

Another phase of the problem of transient conditions
in transformers is the study of the transient voltages
appearing on the secondary terminals when an impulse volt-
age is applied to the primary. Progress in the solution
of this part of the problem has not kept pace with that of
the internal transients in the primary winding. Perhaps
this has been due partly to the greater importance of the
primary phemomena, but it is also due to the greater com-
plexity of the problem of secondary transients, and to the
consequent difficulty involved in devising methods of pre-
dicting those transients. Although this problem has not
been solved as completely as the problem of the primary

winding, nevertheless something has been accomplished.

A. Theoretical Considerations

1. General Analytical Theory

Bewley's general two winding theory, based on the
solution of the equivalent circuit of a transformer shown
in Fig. 42, has been previously discussed with the view of
finding the reaction of the secondary winding on the primary
internal transients. It will now be in order to examine
this theory to see what successes it has had in determining

the nature of the transients in the secondary winding.
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An outline of the general procedure followed in de-
veloping the theory will be of value., This is, of course,
the common way of attacking any such problem mathematically,
but was first stated with reference to the transients in
windings by Wagnerl and has been re-stated by Bewley.® The
steps involved in the process may be listed as follows:

(A) An equivalent circuit is developed.

(B) The differential equation of the circuit is de-
rived and tne terminal conditions specified.

(C) 1Initial voltage distribution for impact of an in-
finite rectangular wave is determined.

(D) Final voltage distribution or axis of oscillation
is obtained.

(E) Complete solution is obtained using the relation
that the initial distribution equals the final distribution
plus the initial transient.

(F) Solutions for any arbitrary wave shape can be ob-
tained from the above solution by use of Duhamel's integral.

The equation derived for the equivalent circuit turns

out to be an eighth order partial differential equation.

1. "Das Eindringen einer Elektromagnetischen Welle in eine
Spule mit Windungskapazitat," K. W. Wagner, Electro-
technik und Maschinenbau, Feb. 1915, S. 89.

2, M"Traveling Waves on Transmission Systems," L. V. Bewley,
John Wiley & Sons, 1933, p. 208.
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Solution of this equation, after initial and final distri-
butions have been obtained, is in terms of an infinite
Fourier expansion of space and time harmonics, and involves
the determination of sixteen integration constants, a wave
length constant, and two frequency constants. The sixteen
integration constants are further restricted by the relations
imposed by two auxiliary fourth order partial differential
equations. These facts are mentioned in order to give some
idea of the difficulty which must be overcome in making an
analytical attack on the problem.

Solutions have been found possible only for grounded
or isolated terminal conditions. Even with these limitations,
certain useful general conclusions have been reached. The
initial distributions and electrostatic components of the
terminal voltages are seen to be determined entirely by
capacitances of the windings and the terminal impedances.,
The final disfributions depend on inductances of the wind-
ing, final electrostatic field, and terminal impedances. In-
ternal transient oscillations have been seen to consist of
an infinite series of space and time harmonics whose ampli-
tudes depend on the difference between initial and final
voltage distributions.
2. Approximate Analysis

The difficulties encountered by the purely analytical
method, and the practicél limitations of the general theory,

have led to attempts to devise approximate methods of anal-



ysis which would account for the more important features
of the phenomenon and, at the same time, avoid the com-
plexities entailed by the use of more rigorous methods.
Such an approximate method of analysis has been devised
by Palueffl in his fourth paper on transients in trans-
foruers,

A different and more complete method of analysis will
be developed herein.

a. Components of Secondary Terminal Transient Voltage.

Both theory and experiment indicate that the transient
secondary terminal voltages can in general be divided up
into four component voltages, each of these components be-
ing produced from a different cause. These four component
voltages are: (a) an electrostatic voltage from the applied
primary wave, induced by capacity coupling between tThe two
windings; (b) a primary frequency component arising from
the voltage produced by the natural oscillation of the high
voltage winding and induced in the secondary by capacity
coupling; (c) an oscillatory component arising from the free
oscillation of the secondary winding; (d) a unidirectional
component produced by electromagnetic induction between the
windings.

The relative magnitudes of these components depend on

the transformer characteristics, terminal impedances, and

shape of applied wave. The electrostatic component obviously

1. "Effect of Transient Voltages on Power Transformer
Design-I¥," K. K. Palueff and J. H. Hagenguth, A.I.E.BE.
Trans., Vol., 51, Sept. 19382,
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does not depend on turn ratio, but only on effective capac-
itances. The primary frequency component is also independent
of turn ratio and depends on capacitances which may differ
from those effective for the electrostatic component. This
point will be considered in detail later. The secondary
frequency component depends on the distributed constants of
the secondary winding and its amplitude on the turn ratio
and applied wave shape, The electromagnetic component is
directly pfoportional to turn ratio and is independent of
capacity relations.

Some disagreement exists between the present writer
and Palueff as to mechanism of production of the oscillatory
components, Palueff statesl with regard to the primary fre-
quency component that, "The induction is accomplished by

means of the electrostatic and electromagnetic fields of

these harmonics, and is dependent upon the distributed con-

stants and turn ratio of the windings." It is undoubtedly

true that voltages are induced in the secondary by electro-
magnetic means from the primary oscillation., However, a
consideration of the directions of the oscillatory current
in elements of the primary winding, and of the magnetic
fields produced by them, will show that the voltages induced
by such means will have components ~gqual and opposite, and

will, therefore, cancel as far as terminal effect is con-

1. Loc. cit,
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cerned. This can be seen in the relations between the har-
monic currents and magnetic fields as shown by Palueff him-
self.t

Differences may also exist in connection with the
mechanism of secondary oscillation. Palueff states® that
in the secondary free oscillation, "The resulting voltages
depend upon the distributed constants of the low voltage
winding." He mentions no effect due to turn ratio. The
initial electrostatic voltage distribution in the secondary
would tend to produce an oscillation whose initial magni-
tude would depend on the difference between the initial and
final distributions. It must also be true that a steep
front or chopped tail on the electromagnetic component would
be productive of oscillations since this would cause a dis-
placement of voltage from the equilibrium distribution. If
the initial electrostatic voltages are the same in all parts
of the low voltage winding, no oscillation from this source
would be generated. An examination of many of the oscil-
lograms presented in Figs. 60 to 165 of this thesis show
that this situation exists and that no oscillation from this
source would be present. This reduces the cause of oscilla-
tion to the electromagnetic component whose éteepness of
front znd tail Palueff has shown to depend on turn ratio and

leakage reactance,

1. "Lightning Studies of Transformers by the Cathode Ray
Oscillograph," F. F. Brand and K. K. Palueff, A:I.E.E.
Trans., Vol. 48, July 129, p. 1001, Figs. 4 and 5.

2. Ibid.-
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b. Palueff's Approximate Analysis.l A search for a

simpler, more practical approach to the problem of pre-
dicting secondary terminal transients has led to a method

of computation which gives with engineering accuracy the
most important component of secondary voltage under ordinary
conditions. This is the electromagnetic component,

An examination of the relative importance of the four
components of voltage when the secondary winding is grounded,
or connected through impedances to ground of a few hundred
ohms, has indicated that the electromagnetic component dom-
inates, This will also be shown in the oscillograms of the
secondary voltages of small transformers included in this
work.

Palueff shows thst the electromagnetic component can
be calculated by considering the transformer replaced by a
series inductance between primary and secondary lines. The
value of this inductance can be taken as the short circuit
inductance of the transformer. This value must, of course,
be that of the equivalent one to one ratio transformer,

This method results in the conclusion that the electro-
magnetic component way be considered as a copy of the applied
primary wave, reduced by the turn ratio, and with front

sloped to Tg microseconds where

1l, "Effect of Transient Voltages on Power Transformer
Design-IV," K. K. Palueff and J. H. Hagenguth, A.I.E.E.
Trans., Vol. 51, Sept. 1938,



BLg
Z; + Zg

T2:
To = Time to 95% of crest velue.

Lg = Equivalent short circuit inductance.
Z1 = Surge impedance of primary line.

Zg = Surge impedance of secondary line.

This relation assumes a grounded neutral connection. A

more rigdrous solution for this component has been present-
ed by Hagenguthl and a method derived by the general analyt-
ical method by Bewley.2

The electrostatic cbmponent may in some cases exceed
in magnitude the electromagnetic component. This is nearly
always the case if the secondary winding is open and iso-
lated. Even in a grounded secondary connected to a line,
this component may reach high initial values, but will have
short duration., This will also be seen in the oscillograms
of small transformers included herein.

Palueff's treztment of this component is based on con-
siderations of the total energy contained in the primary and
secondary waves. This method apparently leads to correct
general conclusions as to the behavior of this component,
but does not seem to lend itself to definite numerical cal-
culation.

The two oscillatory components are shown to be of prob-
ably minor importance in most cases.

1. Ibid.
2. Ibid. Sees discussion.
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It must be said that the analysis described is in-
tended to give approximately correct results for the major
components of secondary transient voltages in transformers
under usual service conditions. Within these limitations,

it appears to adequately fulfill the requirements,
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B. Previous Experimental Investigations

The published experimental work dealing with secondary
terminal transients is not very extensive. With one notable
exception, most of this work has been concerned with the
protection of distribution transformers from lightning
voltages.

1. Accuracy of Approximate Analysis

The only important paper dealing with the mechanism
of secondafy transient production that has come to the atten-
tion of the author is that by Palueff and Hagenguth. This
has just been discussed as an analytical work, but it might
just as well have been considered an experimental one. The
analysis presented therein is based on, and arose from, an
experimental background.

Actual experimental data included in the form of curves
or oscillograms are disappointingly meagre. A few examples
of the application of Palueff's method of analysis to the
calculation of specific cases have been given.l These show
good agreement between calculated and measured curves, if
allowances are made for the approximations and limitations
of the method. It should be noted that all examples given
are for high voltage power type transformers,

2. Protective Studies
Cathode ray oscillograph studies of secondary terminal

voltages have been made with the object of determining the

1. Palueff and Hagenguth, Op. cit., Discussion p. 619,
Discussion by J. H. Hagenguth, A.I.E.E. Trans., Vol. 49,
July 1930, p. 1192.
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effectiveness of protective measures. Published accounts

of such work gives little information as to the character

of the voltages found other than crest values of voltage.
Some examples of oscillograms of secondary voltages

are to be found, which show the effect of grounded or iso-

lated tank, effect of lightning arrester protection, and

effect of method of connection.l Passing mention of the

effect of mid point ground and terminal impedance has also

been made by Treanor and Cooney.2 These papers give little,

however, which is of much value in an analysis of the

nature of secondary transients.

1., Symposium on "Lightning Protection for Distribution
Transformers," A.I.E.E. Trans., Vol, 51, March 1932,

2, tInsulation Coordination of Distribution Transformers,"
E. D. Treanor and W. H. Cooney, A.I.E.E. Trans., Vol.
51, Dec. 1932,
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C. TImpulse Tests on Distribution Transformers

The experimental part of the present investigation
was undertaken to obtain records of the characteristics
of secondary terminal transients under a wide variety of
conditions. Distribution type transformers were used for
three reasonss first, such transformers were more easily
available than other types and more convenient to handle
on test; second, there is an essential difference in type
of constrﬁction of windings in distribution and power type
transformers which would affect the characteristics of the
equivalent transient network, thus making comparison with
published results on power types desirable; third, it was
felt that a method developed for the analysis of the tran-
sient effects in small transformer windings could also be
applied to any other winding with suitable modifications,
The tests can/be separated roughly into three groups: (a)
voltage impulse was applied to primary; (b) voltage impulse
was applied to secondary winding; (c) primary and secondary
windings were connected together to simulate an autotrans-
former.
1. TImpulse Applied to Primary

The normal condition to be found in practice is where
the surge arrives on the primary line. Complete tests were
made under these conditions, using four different transform-
ers and a variety of wave shapes and secondary conditions,

A few of the outstanding characteristics of the secondary
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transients found in these tests may be listed as follows:

(A) The capacity components of voltage predominate
when the secondary is isolated and open circuited.

(B) The effect of isolating the transformer tank is to
increase greatly the capacity component of voltage on the
secondary when it is isolated and open circuited,

(C) Secondary terminal impedances to ground lower than
500 ohms eliminate most of the oscillatory components and
reduces gfeatly thé electrostatic component.

(D) Electromagnetic component predominates when second-
ary 1is grounded directly or through terminal impedances less
than 500 ohms,

(E) A grounded secondary has no primary frequency com-
ponent,

(F) Duration of the electrostatic component with second-
ary grounded is less than one microsecond and may be as little
as two-tenths of a microsecond. Magnitude of the electro-
static component may be as great as the electromagnetic com-
ponent under these conditions, however,

2. Impulse Applied to Secondary

Only a few tests of this type were made, because of
time limitations. This condition is important, however,
since it is not impossible for surges to arrive on the sec-
ondary lines in service. Similar situations exist when im-
pulses are applied across the series windings of induction

regulators or autotransformers. Many of the characteristic
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effects observed when impulses are applied to the low volt-
age winding have been observed in induction regulators.l
some of the general results of this type.of test follow:

(A) Applied secondary surge is increased in crest value
by the turn ratio.

(B) Reaction of high voltage winding produces the
major part of the transient voltage appearing in the low
voltage Winding.

(C) Duration of applied impulse voltage is very short.
This voltage 1s similar in appearance to the secondary
electrostatic component, but is the inductive voltage across
the low voltage winding.

(D) Transient in both high and low windings is charac-
terized by the long period oscillation of the high voltage
winding.

The above éharacteristics may be seen in the oscillo-
grams of Figs. 135 to 140.

3. Autotransformer Connection

The ratio of the transformers connected as autotrans-
formers was too near untiy to show clearly the effects given
in the previous discussion of Palueff's work. Some infor-
mation of value concerning the component voltages can be
obtained from these tests, however,

Those tests (Test 21), where the ratio was higher,

show in striking fashion the transient characteristics ob-

1. "Surge Tests on Induction Regulators," M. E. Gainder,
Unpublished Engineering Memorandum No. 865 of the
Westinghouse Electric & Mfg. Co., July 1930.



served in the preceding tests in which the surge was ap-

plied to the secondary winding. Similar results are found

in induction regulators.
4, General Conclusions

Most of the general conclusions mentioned in the pre-
vious discussions of transformer transient characteristics
have been found in the distribution transformer tests. The
general transient effects seem to be the same for the type
winding uéed in small transformers as in the type used in
power transformers. The chief differences probably lie in
the character of the local oscillations. The center tap
only of the high voltage winding was available in these
tests so the presence of local oscillations could not be de-
tected. It may be seen, however, that the transient oscil-
lation at the center point of the winding is a sine wave of
fundamental frequency in both power type and distribution
type transformers, This is fortunate, since the fundamental
frequency is the only one transmitted to the secondary in
appreciable magnitude. The analysis of the primary fre-
quency component of secondary transient given in the next
sections will then be applicable to either type transformer,

Some of the general conclusions which may be drawn
are the following:

(A) Free oscillations of either or both windings may
pe caused by impact of surge voltage.

(B) No oscillations occur, if wave front of applied

111
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surge is slower than the period of oscillation,

(C) Duration of applied surge greater than one-half
cycle of oscillation produces highest amplitudes.

(D) Steep wave fronts produce maximum amplitudes of
oscillation.

(E) Oscillations are damped by losses in the dielec-
tric and iron,

(F) Losses reduce amplitude of first half cycle of
oscillation but little,

(G) Transmission of applied surge through a trans-
former with crest changed by amount of the turn ratio is
to be expected,

(H) Natural frequencies of windings vary over a wide
range. Values from 5,000 cycles to nearly 1,000,000 cycles.
were found,

(I) Electrostatic distribution of voltage in the wind-
ings occurs at the instant of impact.

(J) Transient voltages appearing in windings are the
result of several factors, the predominating influence
changing with time after the instant of application of the
impulse wave front.

Many more similar conclusions could be listed. Some
data taken from the oscillograms of Test 1, with secondary
winding isclated and open circuited, is given in Tables I
to VI.

This brief treatment of the experimental results ob-

tained in the present investigation is not to be construed
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as an indication of its lack of importance, The oscil-
lograph tests constitute the most vital part of the work,
Time was not available to extract and tabulate all of the
informatien that was available in the approximately 700
oscillograph records at hand.

It is felt that, to some extent, the oscillograms can
pbe left to speak for themselves, since the reader can in-
terpret the results in the light of the discussions of

transient characteristics that have been presented,
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D. Calculation and Test of Distribution

Transformer Primary Transients

A method of calculation, by which the transient re-
actions of transformers to applied impulse voltages can
be calculated, is, of course, to be desired. There are
several reasons for this. A quantitative analysis would
lead to a much better understanding of the phenomena ob-
served. It would be possible to predict what would happen
under any given conditions. It would be an invaluable aid
to the design, application and protection of transformers.
It would be a valuable advance in the problem of insulation
coordination of power systems. It would be another step
toward the mastery of transient conditions in systems as a
whole.

The limitations of the general analytical method of
attack i1s evident, because of its complexity, impossibility
of obtaining a general solution, and the practical impossi-
bility of evaluating accurately the constants of the equiv-
alent circuit from which the solution was derived, even
though complete design data were available,

The limitation of Palueff's approximate analysis lies
in the inadequate treatment of the wminor components of tran-
sient voltage.

These limitations apply chiefly to the calculation of
secondary transients, since the primary transients are more

easily handled, 1In any case, it seems to be necessary to
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have recourse to experiment in order to get some part of
the data required.

It would seem desirable to devise a means of analysis
that would be more complete and free from the limitations
of the other methods, but that would at the same time make
practical numerical calculations possible. Since recourse
must be made to experiment anyway, the analysis might as
well be made a semi-empirical one derived from experi-
mentally determined relations., The results of an attempt
to make such an analysis will now be considered. |
1. General Method of Calculation

Since the calculation of primary internal transients
has been fairly successful by other methods, the calculation
of secondary terminal transients will be the primary object.
To determine the secondary terminal transients, it is nec-
essary to know the transient voltage conditions at the center
of the primary winding. For this reason, the calculation
of that voltage will be considered.

a. Production of Oscillations. Voltage oscillations

in windings are produced when a force or potential is applied
which causes a displacement of voltage conditions from the
equilibrium distribution. If the potential of a part of the
winding were suddenly changed, oscillations would ensue dur-
ing the return to equilibrium. If the potential of the whole
winding were changed suddenly, no oscillation would occur

because the voltage distribution would remain unchanged.
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This point should be kept in mind.

It can be seen from the oscillograms of primary mid-
tap voltage that the impact of the surge at the primary
terminal produces an initial voltage distribution differ-
ing greatly from uniformity. The return of the voltage to
the uniform distribution, which is the equilibrium condi-
tion, causes the oscillations, The initial amplitude of
this oscillation would be the difference between the initial
and the nofmal potentials of the mid point of the winding.
This simple relation is all that is required to determine
the amplitude. The frequency of the oscillation, of course,
depends on the distributed constants of the windong.

b. Determination of Initial Distribution. The 1nitial

voltage distribution can be determined from an oscillogram
of the applied voltage and the mid tap voltage. A wave with
steep front and long tail is desirable for this test. This
will give the initial amplitude of oscillation.

This value could also be obtained with a simple spark
measurement of the maximum voltage between line terminal and
50% tap, as mentioned in Part III-c. This is the first con-
stant required.

¢, Freguency and Damping. Frequency and damping con-

stants must be obtained from oscillograms. Both these can be
obtained from the oscillogram of mid point voltage from which
the initial distribution was found. The rate of damping can

be more easily obtained from a record obtained by chopping

the applied wave at the crest with a spark gap. The oscil-
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lations then appear witanout any other component of voltage
to complicate the record. It has been found that a value
of damping of about 30% per half cycle is representative
of the distribution transformers tested. The time scale
on the oscillogram should be such as to give at least two
cycles of oscillation to show the damping. These are the
second and third constants required.

d. Mathematical Calculation of Center Tap Voltage for

Arbitrary Applied Wave. The complete determination of the

mid tap transient can be calculated for any shape of applied
wave, if the three constants required have been obtained,
The equation of the applied wave can usually be written
in the form of the difference of two exponentials. The
general equation of most lightning and impulse generator

waves is then

e= £ (% &) ()

The equation of the indicial admittance or response of
the mid tap to the application of an infinite rectangular
wave (Heaviside's Unit Function) can immediately be written
down. The normal equilibrium voltage of the center tap 1is,
of course, half the terminal voltage. The resultant voltage
is the sum of this normal voltage and the oscillating volt-
age. The general equation of the indicial admittance is
thus

CGQ:;,Q * B co&(a’t'f—e) é?)



118

if no damping is assumed. Damping can be accounted for by
multiplying the cosine term by an exponential. Center
point voltage is designated as egg to correspond to the
lettering on the oscillograms,

In passing, 1t may be remarked that Bewley's general
analytical solution reduces to the form of equation (2)
for the special case of center of winding and fundamental
space wave, L

The résponse for any applied wave can now be obtained
by using equations (1) and (2) in Duhamel's integral. The
integral can be evaluated formally, since the equations in-
Voive only exponentials and trigonometric terms which are
the easiest forms to handle., Most of the integrals in-

volved have been evaluated and are available in tables.

e. Graphical Calculation. The calculation could

also be made graphically, or rather arithmetically, by
dividing the wave shape and response curves into a suitable
number of steps and adding up the components for each step.
This method makes the applied voltage a stepped wave com-
posed of small rectangular waves. The response to each step
“is known and the effect of the whole determined by adding
the various responses in proper time relation.

2. Response to Rectangular Waves

a. Response to Infinite Rectangular Wave. The response

of center tap to rectangular waves is simple, but typical,
and will be considered in more detail. Three sets of curves

1l. "Traveling Waves on Transmission System§ n 1,, V. Bewley,
John Wiley &% Sons, 1933, p. 243, Eq. (43).



have been prepared showing the effect of infinite and finite
rectangular waves on the center point of the winding. The
data used 1s the actual data from transformer No. 125 of the
tests. (See Part IV-f.) The data for this transformer was

found from oscillograms of Fig. 60-a and 66-a to be as fol-

lows:
Initial distribution 17%
Natural period 34 microseconds per cycle
Damping 30% per half cycle

Amplitude of oscillation is then 50%-17% or 33% of the im-
pressed voltage. The mid tap voltage can then be plotted

as in Fig. 4% where Curve A is the impressed wave, B. the
normal mid tap voltage which acts as the axis of oscillation,
C the undamped oscillation, and D the final response to in-
finite rectangular wave, if damping is considered.

b. Response to Finite Rectangular Wave. The effect of

finite waves can be found by chopping the infinite tail of
the applied wave. This can be accomplished by applying a
similar infinite rectangular wave of opposite polarity at
the time chopping is desired. The response of the center tap
to this second wave is the same as to the first, except oppo-
site in polarity and displaced in time., The resuiting center
tap voltage 1is ﬁhe sum of the two effects. These relations
are shown in the curves of Fig. 43.

This brings out the important point of the phase re-
lations between the component oscillations caused by wave

front and tail. It can be seen from the curves of Figs. 45

Lig
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to 45 that the two oscillatory components can be prac-
tically out of phase or in phase or with any other inter-
mediate phase relation, depending on the frequency and
point at which the first wave is chopped. The resulting
amplitude is then dependent on this phase relatiom as is
the time of crest of the oscillation.

c. Wave Front and Wave Tail Components of Primary

Oscillation. As has been pointed out, any wave can be

divided up'into a stepped wave. The front is divided into

a number of small infinite rectangular waves, thus giving

a slowly rising front and flat top. The tail is accounted
for by applying another stepped wave of opposite polarity.
All the oscillations caused by the stepped front of the first
oscillation could be added to give a resultant wave front
component, Similarly, a resultant wave tail component of
oscillation could be found. The two components add to give
the final oscillation.

We have thus simply explained the whole effect of wave
shape on the internal oscillations,and the voltage in the
oscillograms immediately becomesclear,

3. HEquations of Wave Shape

The equations of most waves that are used in practice
may be represented by the difference of two exponentials.
Other forms of waves may often be obtained by adding a num-
1

per of simple shapes.

1. See for example "Traveling Waves on Transmission Systems,"
L. V. Bewley, Wiley 1933, pp. 19-24.



The general approximate equation of a practical wave

may be written as

e=E(éat—-— 6-676) 0)
The values of the constants a and b are most easily found
from general curves such as given by Rorden.t The data re-
quired are the time to maximum and the time to half value
on the tall of the wave,

The two exponential components of a wave rising to max-
imum in 15 microseconds and falling to half value in 47
microseconds are shown in Fig. 46-b.

The equation of a chopped wave may be obtained in two
parts. First, the equation obtained for the full wave which
will hold up to time tj;. A second wave equal and opposite
the first at every point beyond time t; must then be added.
The sum of the equations will be zero for all values of t
greater than tj.

Actually, since the original wave is made up of two com-
ponents, the second wave is also made up by chopping two ex-
ponentials. Fig. 46-a shows the relations between an ex-
ponential and the second chopping wave. It is clear that the
sécond wave will reduce the first to zero everywhere after

tl since

-9t -:z(t-t _
""[ 6016 I)z-Eéat

1. "The Solution of Circuits Subjected to Traveling Waves,"
by H. L. Rorden, A.I.E.E. Trans. Vol. 51, No. 3, Sept.
1932, p. 3825, Fig. 3.
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The four components of the chopped wave equation for
the specific case of the 15/47 wave are plotted in Fig.
48-c,

4, Response to Practical Full Wave

As an example, the method outlined for calculation of
the voltage at the center of the primary winding will be
applied to ah actual case, The transformer No. 125 in the
tests to be described was a 10 Kva, 2200 volt Moloney trans-
former, 1In accordance with designations of voltages on the
oscillograms, the impressed surge voltage will be denoted
as eg, and the voltage of the mid point of the primary wind-
ing to ground as egg. The impressed wave chosen is the test
wave G, reaching its crest in 15 microseconds and falling to
half value in 47 microseconds.

a, Wave Shape Fquation. Upon evaluating the constants

in the general wave shape equation (1), the equation is

found to be
-0.03 ¢ ~0. /225 ¢
e, = Aoed (€ - € @)

where time t is expressed in microseconds and instantaneous
voltage eg is expressed in per cent of the crest voltage of

the wave,

b. Indicial Admittance. The general equation of the

indicial admittance from (2) is,
‘c“’ = A +B cCos (w‘C‘ + 9) @)

The value of A is 0.50, since it represents the uniform

distribution voltage which would be 50% of terminal voltage.

(>}

b



The value of B can be determined from the initial dis-
tribution of voltage. The initial voltage for this trans-
former was found to be 17%; the amplitude of oscillation

is then 50-17 = 33%; the oscillation starts from a negative
maximun (assuming positive applied wave) so that the cosine
should be -1 when t is zero. This requires @ to be7r. The

period was found to be 34 microseconds, hence w would be
27

w = = 0./8
34 i

The eQuation for applied unit function then becomes

Cea = 0:50 +0.33 cos (0/64C + 7) (4)

¢. Damping. The damping was found to be about 30%
per half cycle., This can be inserted in the equation by
—ct .
multiplying the cosine term by an exponential 6‘: which re-

duces to 0,7 at t = 17. This can be determined as follows:

=J7c

]

0.7

Il

i? Jog 0.7

cC ::—;;—)Q] 0.

L. — ©.-027

This damping factor actually gives decreasing ampli-
tudes as follows:

Half Cycle % Decrease

1 30
2 4 8
S 15
4 10
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The final equation with damping included is therefore:

~0.031 ¢

€Csq =050 + 0.33 € cos (o./i#t »7) CJ)

All data was obtained from oscillograms of Figs. 60-a and
66"30

d. Use of Duhamel's Integral, The response to the

actual applied wave can be obtained by means of some form

of Duhamel's integral.l The following form will be used.
: b

e =cec)AR) +f/;‘(/l) e’(¥-2) da @
In this expression, e(o) is given by equation (2) for
t = o. The first férm is, therefore, zero. Under the in-
tegral A(A) is given by equation 5 with t replaced by A ;
e’(t -A) is obtained by replacing t by t-2A in equation (2)
and differentiating with respect to t. Upon making the

above substitutions, equation (8) becomes
t

~0.021

o ~0.03(tA, -o0. €2
€cq = O # 205 [01\5’0+o‘336 Cos (01842 +7) [0-0360 . .,.>a/z7a’éams( 7/)_

o

Re-arranging terms ¢

& : 0092
oo = —p0F 6093t /?’56003&7‘—0-,760”, cos (0- /642 7%—7):)]4/’)_

o

~0.72725 ¢

z
+ ’?'0 5 e Z; 37601,”527-'- 222 éo./ocf 2'605 é' I§4 + 7727 ”l}_
[/

1. "Operational Circuit Analysis," V. Bush, John Wiley
& Sons, 1929, Chap. V, p. 63,
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After integrating and simplifying, this becomes

_ -0.03/ ¢ .
€Csa = -/)lo0 € Sir (0-/62 € + /62.6°)

~0-02/)

_ .

~0.03%¢ . 5> Z
FI0 € 02,03 i éf)« P .9 —d05 6-9./27.:. jz/'” @/p./y C)

+r00.5 (€775 6‘"'"”9

or

o021

eca = ~Jo 6—0 .03 ¢

Sh mw4t+&@9*ﬂ¢?éw

A -o. 8
s (o162 ¢ +3.62)~ 78/ 60w;t ¢ )

‘0-0_.?/

+40.5 €

From Equation (7), the value of egy is zero at t = o
and t = €@ as it is known to be. The oscillatory components
are of different magnitudes and phase, but have the same
damping. This equation should give the voltage appearing
at the mid point of the primary winding when the full wave
G is impressed on the line terminal.

The normal axis of'oscillation would be the line of
50% impressed voltage and would thus be a wave of the same
shape, but half the magnitude. This component is given in
the last term of the equation, since it is equation (2) re-
duced to half value. The remaining two exponential terms

are interesting in that they represent a shift in the axis
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of oscillation due to the damping term. Such a shift of
axis may be seen on some of the oscillograums of chopped
waves where the normal axis of oscillation is known to be
the zero axis.

e. Check between Experimental and Calculated Values.

The voltages calculated from equation (8) and that re-
plotted from Fig. 86-a are given in Fig. 47. The various
components which make up this voltage are also shown.

The 6scillogram indicates greater damping on the tail
and less on the front than calculated., This may mean that
the damping is not exponential, but more nearly uniform,

The accuracy of the check between the two curves is
within the range of errors in reading oscillograms and of
slide rule computation.

5. Calculation of Response to Chopped Wave

The calculation of the mid point voltage in case of a
chopped wave is similar to that of the full wave, except
that it is necessary to divide the problem into two parts.
The response to the application of the full wave must first
be calculated as in the preceding case., This will give the
voltage appearing up to the time the wave is chopped at
t = t1.

The reduction of impressed voltage to zero at t =t3
and maintenance of zero voltage thereafter can be accom-
plished analytically by impressing a wave of opposite po-

larity to the transformer terminal at t = ti. This wave
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must have a vertical front equal to the value of the full
wave at the time of chopping and a tail which has the same
value at all points as the tail of the full wave.

The response of the mid point to the application of
the new wave is determined by use of Duhamel's integral as
in the previous case, but with time reckoned from the tiame
of chopping. The final voltage is then calculated from the
first equation up to time tj and from the sum of the two
equations after ©j.

For the case of the wave which was used in the pre-
ceding calculation, the voltage up to the time of choppilng
is given by equation (7) or (8). The response to the sec-
ond wave of opposite polarity must be calculated in addition.

The equation of the second wave can be found by the
method outlined in Section D-3. From Equation (3), the

equation up to time of chopping 1s
_0.03F  ~0/205 &
e, = 205 (€L &) (3)

If the wave be chopped at 8 microseconds, the chopping equa-

tion becomes

o -0.03 (t-8) ~0 275 (t-&
€, = =205 [o.28/ € —0.3¢/ € )] (7)



The equation of the indicial admittance is given in

(5)
~o.021 €
oy = 0.50 +033 € [cos (o163 5 7] )

The response equation is found from (9) and (5) by use

of the superposition theorem, equation (6).

-0-02/(15““'?)
Con = - 937 —286 € cos [0.189 (t-8) + 7]

t-&

-0.021 _ =
+208 Z;..s‘o 238 £° " oss (o152 +7) Z;”J‘én.oséf £

[

~0.1275 (£ ~8-2)
—0.046 & J da

t-&
-0:0 t-
Eon = Re¥2 e’ HLEW) 60.032 A
o
t-5
—o-o,u[t-i)
—0-009 (t-& 0.009A
+/"06 2 o ) € ij(p,/fq./"fﬂ\) 6//{
[
. -5
~0.7275 (t~&4
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Integrating and reducing, this becomes

—~0.02/ Ct-&
Cl, = 87 € S)n [o0-184 (E-8) + T +a.o47]

-0.03 (E-F .
-&7 6”3 )..5/)7 (W‘ +o'o¢y

-0, t~ .
- )4.63 éow( ")Jm [0-/4’4&—5);*7# # 0. 5257

~0.2275 (¥~ .
1463 € )o’/n (™ + 0.526) ¢0)

~0.03(t-&) ‘0-1275'(é~é)’]

— [ §0.6 € -3¢.J¢€

~o0-02/ (€-&,

— 3§ 6 £ coS [o,/.M(t-a 1-7;«-]
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’ _ ~0.02/ (t_i) &
Coq = 6.7 € SN [0-/64 (¢ -£) 7".3-//_7

-0-03 (¢-&) ~0.[R25(t-8)
—§0.2 € +29.¢ €

-0.02/ (¥-5)
/4. €3 600 SIn L;./i4(zf—39-;-3.(7—7 (//)

~0-02/ (¢ -4
—4¢.¢ € )Caa Z;./fgz (28 * 7/:7

Bquation (10) shows all the components due to the
chopping wave. Equation (11) has been condensed for
easier calculation. The final equation would be (8) up
to time t; and the sum of (8) and (11) after time tj.

The calculated curves from the above equations and

the re-plotted curves from Fig. 87-b are given in Fig. 48,
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The agreement in this case is not so good. Examination
of other oscillograms of the same voltage, such as Fig.
89-b, shows some distortion in the oscillation of Fig,
87-b not present in other oscillograms. The cause of
this has not been determined, but it is felt that this
effect causes the discrepancy.

6. Bxperimental Results

It will be well to re-state the experimental re-
quirements of the method of calculation just outlined,
First, the transformer must have a tap available at the
mid-point of the high voltage winding. Most distribution
transformers have this., Second, the following data are
required.

(A) 1Initial voitage distripution.

(B) DNatural period of oscillation.,

(C) Damping constant,

This information may be obtained from three records on one
oscillogram or from a spark gap measurement and one oscil-
lograph record. If the natural frequency could be obtained
by other means, no oscillograph records would be necessary,
since damping can be taken as 30% per half cycle without
much error,

No additional data would be required to calculate the
case of a transformer in a delta bank with surges coming in
on both lines at once. This case could be calculated by
considering line 2 grounded and finding the effect of a

surge on line 1; line 1 would then be considered grounded



and the effect of a surge on line 2 determined. The sum
of the two effects Wouid give the desired solution with
no additional experiment necessary.

A tabulation of the impulse characteristics of the
primary windings of the transformers tested is given in
Table I. These values were taken from the oscillograms

in Part IV, Section F.



Table I

Surge Characteristics of Distribution

Transformer Primary Windings

Transformer 50% Tap Voltagel Natural
Number Wave Initial Maximum Period
125 A 17 80 54
473 A 26 57 120
E1129 A 42 48,5 100
EE1419 A ® * 200
125 B 17 63 34
473 B 26 27 120
125 6 17 80 34
1129 & 41 56 100
125 D 17 20 34

1. Columns 3 and 4 give voltages in per cent of applied
wave crest. Column 5 gives time of one cycle of
oscillation in microseconds. Characteristics of
waves are given in Table IX and curves of Figs. 958
and 59.

Center tap on primary was not available.
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E. Calculation of Secondary Voltages

The calculation of the primary winding center tap
transient just described is essential to the calculation
of secondary terminal transients under certain conditions.
The calculation of the secondary transients will now be
undertaken by a continuation of the same method of pro-
cedure used for the primary.

The object of the method is to use experiment as free-
ly as necessary, but to keep the number of empirical con-
stants required to as small a value as possible., The aim
is, therefore, to combine experiment and analysis to get
complete results,

1. General Method of Analysis

The general method of attack is the same as in the case
of the primary transient. The primary center tap transient
must be first determined as in the preceding section, Addi-
tional experimental data is required before the secondary
calculation can be made. The new empirical constants to be
determined depend on the nature of the secondary connection

and terminal impedances.,

a. Electromagnetic component. The computation of this

component is often unnecessary, since it is nearly enough

a reproduction of the applied wave as to make its use as sgch

permissible, reduced, of course, by the turn ratio, If

calculation is necessary to determine the sloping of the
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voltage rise, the method of Palueff should be used. This
component is not affected by capacity coupling or effect
of grounded or ungrounded tank, Terminal impedance would
affect the magnitude if iﬁiiio low. This condition can
also be treated in the same manner, Calculation would re-

guire short circuit inductance to be determined by test.

b. Electrostatic component., The capacity coupling

factor between primary and secondary can only be determined
by taking én oscillogram, Capacity relations depend on
effective values under impulse conditions and are not
necessarily the same as measured at low frequency with a
bridge.

Capacity coupling factors are best expressed as a
percentage based on the ratio of magnitudes of secondary
to primary components., The secondary component can then
be obtained from the primary by simple multiplication,

This simple relation would not hold without consideration
of additional factors, if the secondary were not completely
isolated.

It is convenient to consider the whole of the primary
mid-tap voltage to be transferred to the secondary. The
equation of the primary voltage must first be obtained and
this multiplied by the appropriate coupling factor. This,
of course, means the transfer of each component of primary
voltage. The electrostatic component will be taken to mean

that part of the voltage transferred which is directly



attributable to the applied wave. The primary frequency
component is not considered a part of this.

The primary center point voltage is made up of a
component the same as the applied wave and half the mag-
nitude, which can be called the normal center point wave,
and an oscillatory component. The first of these con-
tributes to the electrostatic component of the secondary.
The second contributes the secondary primary frequency com-
ponent which will be considered later.

It will be shown in the specific case to be considered
later that the whole electrostatic component of secondary
voltage is not accounted for by transfer of the normal
center point wave. There is an additional component which
must be considered. This additional component can be
accounted for by another coupling factor to be multiplied
by the impressed wave. This is a convenient way of treat-
ing the matter, since it would be awkward to counsider the
normal center point wave anda the primary oscillatory wave
as having different coupling factors. The division of
electrostatic coupling factors is arbitrary and largely a
matter of convenience, since a single factor could be used.
It would seem quite probable that the effective capacitance
between windings would differ for the radically different
voltage distributions which would exist for voltages at
line terminal and center point.

If the secondary were connected to ground through term-

inal impedances, the effect of this connection on the elec-
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trostatic component would have to be accounted for by
introduction of an expdnential term, the value of which
would have to be found from oscillograph tests,
Experimental data required for determination of
this component can be obtained from an oscillogram of
secondary terminal voltage when a steep front, long tail
wave is applied to the primary. One oscillogram would be
sufficient.

c. Primary Frequency Component. This component is

produced by capacity coupling between the windings as just
mentioned in connection with the electrostatic component.
The absence of such voltage arising from electromagnetic
mean has already been pointed out in the discussion of
Palueff's work. The coupling factor may be determined
from the same oscillograms required for the electrostatic
component,

It might be well to inquire into the possibility of
the appearance of primary hérmonic oscillation frequencies
in the secondary. In general, the magnitudes of these har-
monics decrease about as the square of their order so that
the amplitudes of higher harmonics would be small. These
values would be further reduced by the transfer to the
secondary winding. In addition, voltages would be induced
from both positive and negative half cycles of the primary
standing waves, thus canceling all effect from even har-

monics and most of that from the odd harmonics.
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The effect of secondary terminal impedance could be
accounted for as in the case of the electrostatic com-
ponent,

Oscillograms required are of primary impressed wave
and center tap voltage, and of secondary terminal voltages.
These four records can be placed on one film, if desired.
It may be pointed out that several records with the same\
wéve and transformer connection can be taken as easily as
one, |

d. Secondary QOscillation. The secondary oscillation

can be calculated in a manner similar to that of the pri-
mary oscillation, Magnitude would depend on the electro-
magnetic component, but this can be calculated also., It
has been pointed out that the initial electrostatic dis-
tribution produces essentially equal voltages throughout
the secondary winding and, hence, causes no oscillation,
If the oscillograms did show such difference in initial
distribution, the oscillation from this cause could also
be calculated, .

Frequency and damping must be obtained by experiment.
Damping is greater with the higher frequencies. All in-
formation can be obtained from the same oscillogfams re-
gquired for thé other components. Since the secondary fre-
quencies are usually high, it is necessary to use the steep-
est wave possible to excite such oscillation. Chopped waves

will often cause such oscillation.
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It is interesting to see why the secondary frequency
does not appear in the primary. In the first place, the
maximum voltage of secondary oscillation is small com-
rared to the voltage of the high voltage winding. In the
second place, this oscillatory voltage would be reduced
still further by capacity transfer to primary, since the
capacity coupling factor is the same whichever direction
the voltage is transferred.

e. Effect of Grounded and Isolated Tank. The effect

of isolating the transformer tank is to change radically
the capacity relations existing with the tank grounded.
The effects of this change may be found from an additional
oscillograph record, if desired.

The chief effect on secondary voltage is in the case
where the secondary winding is isolated and open. The
secondary winding takes essentially the same potential as
that of the tank. The tank potential is an average of the
voltage bver the primary winding. In general, therefore,
under these conditions, the tank and secondary winding
will assume a potential about half that of the impressed
primary surge. The capacity relations are shown in Fig.
43. Aétual capacitance is not lumped as shown, but an
equivalent lumped capacitance might be used. Capacity
bridge measurements cannot be assumed to give proper values
for use., Table VI gives tabuleted data on the effect of

grounded or.isolated tank.,
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2. Calculation for Isolated Secondary - Full Wave

An example of the application of the foregoing an-
alysis tothe calculation of a specific case will now be
given. Since the primary voltage has already been cal-
culated in the preceding section, the secondary terminal
voltages to ground will be calculated for the same case,
This is for transformer No. 1825 with test wave G, a 15/47
full wave impressed. Transformer ratio is 2200/220 or
10 to 1, which makes 10% of primary voltage between term-
inals or 5% from terminal to ground.

a. FElectromagnetic Component. This can be considered

a replica of the impressed wave reduced to 5% of its pri-
mary terminal value. Sloping of wave front is negligible
when transformer leakage is low and terminal impedance in-
finite. The equation of the primary impressed wave was

found to be

e, = 205 é—o-oat-— é-o-/xu'a (3)

The secondary electromagnetic component is 5% of this

on each terminal, or

~0-03¢ ~0.225 ¢
Co=mis (€ = ¢ ./) o)
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This appears on both terminals with the same value,
but with opposite polarity. For a subtractive polarity
transformer, it is added to eg and subtracted from ej,
Designations e] and ey are those in the diagram and oscil-
lograms of Test 1.

b. Electrostatic Component. This has the same shape

as the primary wave, but reduced in magnitude by the elec-
trostatic coupling factor. This component can be arbi-
trarily di#ided into two parts as previously explained.
Oscillograms of Fig. 86 show that 27% of the primary
center tap voltage appears by capacity coupling on both
secondary terminals., They also show that 14% of the im-
pressed wave appears as initial secondary voltage. This
initial 14% may be considered as made up of one part aris-
ing from 37% reduction of primary mid-tap initial voltage
and another part from the impressed wave itself. That part
of the 14% coming from initial primary mid-tap voltage
would be about 6%; this leaves nearly 8% to be accounted for
as coupling direct with primary line terwinal,
The paft coming from normal center point wave would be
37% of half the impressed wave or 18.5%. To this the above
direct coupling factor of 7.7% should be added, making a
7

0 e

total coupling factor with primary impressed wave of 25.2

From equation (3), this gives the total electrostatic com-

ponent as

—0.09¢ ~0I1R25 €
e, = 3.7 (e""%¢ ) 3)



c. Primary Fregquency Component, Oscillograms of

Fig. 86 show a coupling factor of 37% for primary oscil-
lation., The components of primary oscillation were found

in Equation (8) to be
-0-02]

—No € sin (0 /64 € +3-19)

2 g0.5 € R ESin (/8% ¢ +3 €2)

This component should also include the exponential

terms representing shift of axis of oscillation due to

damping. These are from Equation (7).

~0.03 ¢

Jo €& S/ (62:6°) — F0.5 e

.
S/ (310-7°)

After reduction by capacity coupling, these appear
on both secondary terminals with equal value and some

polarity, becoming

— ~0-0%/ ¢ .
e = —406F & S/h (a/;;t 7&3./,9

o2) ¥

- .
F/50 € S (0. /64¢ +362)

#)

~0.03 ¢ —0.- 1205
— 028 € *+ 2/ E #75 T

148



d. gSecondary QOscillation. Since the wave front and

tail are slow compared to the natural period of secondary
oscillation, there will be no secondary freguency com-
poﬁent in this case. This could be shown by going through
the calculation, but the general experimental conclusions
show this to be unnecessary.

e. Complete Solution. The calculation then reduces

to transferring the whole primary mid-point voltage to the
secondary Side by capacity coupling and adding another
electrostatic component and an electromagnetic component.
Summing up the various component voltages, we obtain
the resulting terminal voltages. The equations of these

are, from Equations (12), (13), and (14)

~0.03¢ ~0. 475 ¢ ~eo03 ¢
e = €40 (€7 €77%) —oaz e

-0 /305 # ~0.02) ¢ . .
* 7/ € - 4oy € J//?é-//ftv‘- 3-/?) (/‘5)
-0.04/ ¥ .
A € st (os87 ¢ + 3.62)

e = %3.4(6-0"3?:_ éo'/'v“;p ~0.22 (_c:o'”t

+ 7/ 6.,.,,75 & <6027

a2 17 (0.
€ J/n(o/ﬁt,‘_;./p (/6)

~0-021
+s50 € °FFE

-

S (0-/64 & + 3. cy i
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The calculated voltage from Equation (15) and the
re-plotted curve from oscillogram of Fig. 86-b are shown
along with component voltages in Fig. 50.

3. Calculation for Isolated Secondary - Chopped Wave

The calculation for the case of a chopped wave is
made in exactly the same manner., For the specific case
calculated for Wave G, the 15/47 microsecond wave, chopped
at 8 microseconds, the equation for the fall Waﬁe holds up
to the time of chopping. Thus, from O to 8 microseconds,
Equations (15) or (18) should be used.

After the impressed wave is chopped, both the electro-
static component from the applieu wave, and the electro-
magnetic component disappear. This lezves only the voltage
produced by capacity coupling with primary mid-tap and a
possible secondary oscillation. From equation (11) and the
37% coupling factor, we obtain as the secondary terminal

voltage after time of chopping at 8 microseconds the equa-

tions
~o.02! (¢-&) ~0.03 (€ ~&)
€y=€ = JZ € S/ E/f‘f(l“d)f.?-/_iy‘»?ié €
~0.021 (£-5) . -0.1275(£~8)
~F4 € )5/ o./iqléf-;)ﬁ?-‘_?])‘—/ﬂo é
-0. 6-
~/0.¢ € oa1CE~g) co.s[o./€4 -8+ #_7
o001 . ~0-03 ¢
-4,/ € Sin (0164 ¢ +3./9) +3).§ €
~0. /275 T

‘0'92

+/50 € ¢ td[h@-/f4t +3 “7)*24?-7 €
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The calculated voltage and voltage re-plotted from
oscillogram of Fig. 88 are given in Fig. 51. The two
curves are not directly comparable, since the calculated
curve was for chopping at 8 microseconds, whereas, the
measured one was for chopping at 16 microseconds. The

general agreement is evident, however,



152

WINDING CAPACITY RELATIORS
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F. Experimental Results

The major portion of the experimental results from
the cathode ray oscillograph study of the effects of im-
pulse voltages on distribution transformers are included
in this section. Approximately 275 cathode ray oscillo-
grams were obtained with records of between 700 and 800
transient voltages.
1. Test Circuilts

The four transformers listed in Table VII were tested.

Diagrams of transformer test connections are given in
Figs. 52 to 57. Terminal impedances shown were in the form
of lumped resistance. All voltages were those from point
numbered to ground. Arrows indicate point of application
of impulse voltage from the surge generator,
2. Test Waves

The characteristics of the test waves applied are list-
ed in Table IX. The waves are plotted for comparison in
FPigs. 58 and 59,
5. Cathode Ray Oscillograms

Some of the oscillograms taken during the investigation
are shown in the following Figs. 60 to 165, All oscillo-
grams in this group were obtained in the High Voltage Labor-
atory of the California Institute,

Certain features of the oscillograms may require ex-

planation as an aid in interpreting the records.
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a. Timing Wave. A constant amplitude oscillation
along the zero voltage line 1s a known frequency oscil-
lator wave for time sweep calibration,

b. Reversal of Oscillograph Polarity. The impressed

surge voltage was in all cases negative. In order to make
more efficient use of film, the oscillograph deflection
polarity was reversed to obtain records on voth upper and
lower halves of the film. More records could thus be placed
on one film without confusion. This was practical, of
course, only for unidirectional impulses.

Normally, a negative voltage to ground would give a
deflection upwards. The voltage is then marked -Kv. When
deflection downward is marked -Kv, the oscillograph polar-
ity was reversed. When a deflection is marked Kv, the
oscillograph polarity was normal and the voltage to ground
was positive,

c. Voltage Scales. Voltage scales differ on upper

and lower records on a film, if the test voltages differed
greatly in magnitude.

d. Time Scales. In nearly all cases, the time scales

were the same for all records on one film,



TABLE II

SECONDARY T#ERMINAL TRANSIENTS
Test 1

SECONDARY WINDING ISOLATED

TERMINAL IMPEDANCE INFINITE

Transformer Maximum Volts to Ground#
Number Wave Tank* €1 ez es
185 A G 68«2 ST 2 42,2
125 A I 47.0 Bl.5 57.0
473 A G 21,8 21.0 £0.1
473 A I 43,0 42,2 41.5
1129 A G 33.0 30.0 26.0
1129 A I - 50.0 49,0
1419 A G 16,4 17.1 20T
1419 A I 43.0 41.0 41.0
125 B G 26,5 - 3645
135 C G 53,0 - 44,0
1129 C G 41.0 - 55.0
125 D1 G 10.0 14.0 12,0
185 Dy I 44,0 49,0 53,0
125 Dy vG 10.5 16 -
125 E G 33,0 38.0 45.0
128 F G 20.0 26.0 31.0
125 G G 32.0 34,0 36,0
473 G G 24,0 22.2 20.5
473 H G 14.0 18.0 10.0
185 H G 2«0 58,0 B7.0

G - Transformer tank grounded, I - Transformer tank Isolated.
Volteges to ground in per cent of primery impresse@ wave.
crest. e] and eg are secondary terminal vglts to ground;

ez 1is secondary Mid-point voltage to ground.
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TABLE TIII

SECONDARY TRERMINAL TRANSIENTS
Test 1

SECONDARY WINDING ISOLATED

TERMINAL IMPEDANCE INFINITE

Electro- Electro-

158

Transformer Maximum Voltsx static magnetic
Number Wave Tank* Across Winding Component Component
125 A G 10.0 15.0 10.0
125 A I 10.0 §1.0 10.0
473 A G 7.0 10.6 3.8
473 A I 5.0 40,0 3.3
1128 A G i6.2 26,2 10.0
1129 A o 16:2 48,0 10.0
1419 A G 12.0 5D 6T
1419 A I 12.0 35,0 E47
125 B G 10.0 14.0 10.0
125 C G 10.0 14.0 10.0
1129 C G - - -
125 Dy G 14.0 14.0 Bt
125 Dy 1 49.0 49.0 Swll -
125 Do G 10,0 14.0 11.0
125 B G 12:5 - 18.5
125 F G 10.5 13.5 10.6
125 G G 20 - 8.0
473 G G 3.6 - 3,6
473 H G 4.0 - 4.0
125 - H G 10.0 - 10.0

*

<

b
>

crest.

G - Transformer tank grounded. I - Transformer.tank isolated.
A1l voltages are given in per cent of primary impressed wave
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. TABLE IV

SECONDARY TERMINATL TRANSIENTS
Test 1

SECONDARY WINDING ISOLATED

TERMINAL IMPEDANCE INFINITE

Transformer Primary Frequency
Number Wave Tank* Component . 1
Period**  Amplitude
125 A G 34 a7
1856 | A I 0 0
473 A G 120 37
473 A I 120 small
1129 A G 100 b5
1129 A I 0 0
1419 A G - ~
1419 A I = =
125 B G 34 58
125 C G 34 31
1128 C G 100 50
125 Dy G 34 32
125 Dy I 0 0
125 | Do G 34 30
125 E G 34 38
125 F G 34 &9
125 G G -34 41
473 G G 120 40
473 H G 120 40
125 H G 34 62

% ¢ - Transformer tank grounded. I - Transformer tank isolated.
%% Time of one cycle of oscillation in microseconds. o
1 Amplitude in terms of per cent of amplitude of primary mid-
tap oscillation.
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TABLE V

SECONDARY TERMINAIL TRANSIENTS
Test 1

SECONDARY WINDING ISOLATED

TERMINAL IMPEDANCE INFINITE

Transformer Secondary Oscillation

Number fave Tankl Per%gg? Amplitude3
128 A G 0 0
125 A I 0 0
473 A G 2.5 5.0
473 A I é.S 2.0

1129 A G 4.0 7.0

1129 A I 4.0 7.0

1419 A G 16.5 12.8

1419 A I 16.5 12.8
125 B G 0 0
125 C G 0 0

1188 C G - 6.0
125 Dy G 0 0
125 Dy I 0 0
473 G G 0 O
473 H G 2.5 1.9%
125 H G 0 0

1. G - Transformer tenk grounded. I - Transformer tank isolated.

2. Time of one cycle of secondary frequency oscillation.

3. Maximum voltage across secondary winding due to secondary
oscillation expressed in per cent of primary impressed wave
crest.

% QOscillation caused by chopping; no oscillation on wave front,
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TABLE VI

SEDONDARY TERMINAIL, TRANSIENTS
Test 1

SECONDARY WINDING ISOLATED

TERMINAL IMPEDANCE INFINITE

Tank Potentials™”

Transformer to to to
Number Wave Tank* Ground H. V. L. V.
125 A G 0 100 B R
125 A . 48 ols.o 0
473 A G 0 100 21
473 A I 45 54 1
1129 A G 0 100 30
1129 A i 48 52 0
1419 A G 0 100 171
1419 A I 41 &Y o
125 B G 0 100 31
125 C G 0 100 &8
1128 C G 0 100 &8
125 D1 G 0 100 14
125 Dy I - - =
125 Do G 0 100 16
125 E G 0 100 38
125 F G 0 100 26
125 G G 0 100 &4
473 G G 0 100 Pe
473 H G 0 100 12
125 H G 0 100 32

% G - Transformer tank grounded. I - Transformer tank isolaze%.
%% A1l voltages are in per cent of primary impressed wave crest.
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Table VII

Transformer Data

Ho. fake K¥8ing H.V.  L.V. Polarity

1256 Moloney 10 2200 220 Negative

473 Westinghouse 10 6600 220 Positive

E1129 Gu B 5 2080 208 Positive

EE1419 G.E. 1 6600 440 Positive
Table VIII

Transformer Capacitances

Transformer Capacitances in Microfarads#

Number H.V. to Case H.V. to L.V, L.V. to Case
125 0.00163 0.0035 0.00204
473 - - -

E1129 0.000895 0.00222 0.00110
EE1419 - - ¢.00125

#*Capacitance as measured by bridge with 1,000 cycles.
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1.8
2.0
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