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CHAPTER I
INTRQDUCTION
The goal that dictates the power system de-

sign is continulty of service and safety of oper-
ation. The major task of a system engineer 1is
thereforéﬁ adequate protection of the system against
abnormal conditions. There are two system distur-
bances of common occurfence, namely, overcurrent
and overvoltage. The overcurrent condition on a
system is caused bj faults of various nature,
which, if allowed to persist, may induce equipment
damage and impailr service continuity. Fortunately;
by proper application of protective reléys and
fast switching, it 1s possible to avold equlpment
failure and localize the fault area to a minimum.

The overvoltage dilsturbance on a system is produced

by one of the followingsz

1., TUnbalanced faults in the system.,
2. Swltching surges.
3. Lightning surges.
The over%oltage caused by unbalanced faults
is of.power frequendy; in a properly designed sys-

tem, overvoltage of this sort.is usually within

-1-



the tolerance of the low frequency test value., The
overvoltage due to switching or lightning is of surge
natures: the voltage wave has a steep front and a long
tail. The crest magnitude of the switching surge is
limited, and it is only in systems with more than one
step reduction in insulation level that it causes con-
cern. The crest magnitude of the lightning surge may,
however, reach thousands of kilovolts and the source of
the surge is beyond human control. For this reason, the
art of system overvoltage preotection has been centersd
against the lightning surges.

The philosophy that governs the overvoltage protec~
tion of the power system;is to coordinate apparastus in-
sulation with the levels afforded by the protective de-
vices, The lightning arrester, which is the most effec=
tive deviece known to date, limits the surge to its dis-
charge voltage., By assigning to the electrical appara-
tus a basic insulation level higher than its arrester
discharge wvoltage, the equipment will be protected in
service, The procsss is called insulation coordination
and has been adopted succegsfully throughout the industry
in the past two decades., The standard of the basic in-
suletion levels is shown in Table 1 and is definsd by
the Joint AIEE-EEI-NEMA Committee as ",.. reference lev=
els expressed in impulse crest voltage with a standard
wave not longer than 1.5 by 40 microseconds wave. Ap-

paratus insulaticn as d@monsbrated by sultable tests



TABLE I

BASIC IMPULSE INSULATION LEVELS

Reference Standard Baslc Reduced
‘ Class Impulse Level Insulation Levels
_KV. . KV | ‘ .in use - KV
l.2 30% 4 5%% coo
2.5 C 4b% 60%% ‘oo
5.0 : 60% 7o 0 oo
B.7 75 C Q5 coa
15 Q5% 1105w as e
25 150 } .
34 .5 '200 0 .s o
46 250 P
69 350 aeo
92 450 voo
115 550 450
138 ' 650 550
161 - 750 _ 650
196 900 ' 0o a
230 1050 200
287 1300 oo o

345 1550 vee

% For distribution class equipment.
“#it For power class equipment.

"lectrical Transmissibniand diStfibution Reference Book.
-‘Westinghouse Elsctric Corporation, East Pittsburghi;Paa



shall be equal to or greater than the:basic insulation
levels.essd"
While the standard basic insulation levels have

been applied successfully to the insulators and the
static oil-immersed apparatus, the windings of the
rotating machines are exceptions. The insulation for

the rotating machines such as generétors, motors, etc..,
is held to a minimum due to space limitation. Also,
since the impulse strength of the dry insulation is not
much higher than the peak of‘the 60 cycle voltage break-
down, 1t becomes impossible for the rotating machines

to meet the standard basic insulation levels. These vul-
nerabilities make the protection of the rotating machine
against surge overvoltage a speclal problem.

| In a rotating machine, two phases of the insulation
stress are of concern: namely, the winding-to-ground
stress and the turn-to-turn stress. The impulse stress
on the insulation between the winding‘and machine frame
is determined by the magnitude of the incoming surge
voltage to ground. The stress on the turn insulation,

on the other hand, dépends more on steepness of the surge
voltage thét penetrates the winding; The protection

of the rotating machine winding consists thus of limit-
ing the surge voltage magnitude to a safe value and
sloping or flattening the wave front of the penetrating
surge. A speclal station type lightning arrester, de-

signed to have a Iow protective ratio, donnectgg between
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the machine terminal to ground is requiredvto limit the
surge voltage crest value; whereas, flattening of the
wave front is usually accomplished by connecting a shunt
capacitor 1n parallel with the arrester.

In metropolitan systems where the electric power
is distributed at the generator voltage, the lightning
surge has generally direct access to the generator ter-
minals. For such systems, it is recommended practice
to install the capacltor-arrester comblnation to reduce
the hazard of the lightning surges. (1) With the dev-
elopment of the high-voltage long di;t;nce transmission, the
unit-connected scheme became prevalent. Along with the
trend, the problem of the surge protection of the unlt-
connected generator arose,

Qwing to the uncertainty of available data and lack
of a straightforward method of surge transfer analysis,
the power engineer was cdnservativé in the selection of
the surge protectlve equipment for the unit-connected
generator. Those in favor of the protective equlipment
held the opihion that the cost of the added insurance
of the protective equipment 1s small when compared with
the investment of the generator. In other words, insur-
ance pollcy rather than the strict englneering require-
ment governed the selection. However, the necessity of
the protective equipment has aiways been questioned, and
there is a growing trend 1n disfavor of such equipment

on the ground that due to the high reliability necessary



in the operation of 1arge»unit connected turbine gen-
erétor, addition of any equipment not absolutely es-
sential can not be justified from the standpoint of con-
tinuity of service and safety.

The problem of the surge transfer study in a trans-
former is not new. As early as 1932, Palueff (2) had
investigated the problem with'transformer desigﬁ ;s a
main objective. Later, Bellaschi (3) conducted exten-
sive oscillograph“tests of the suréewtransfer on actual
transformers with various terminal conditions. Recently,
Howard, Armstrong and Johnson (4) made field tests on
unit-connected generatérs and ;e;ified the results with
their transient analyser. Hayward, Dillard and Hilman(7)
have also tested three genérators and compared the re: "
sults with their Anacom study. In England, similar
tests were made by Dr. Robinson(6]).’ Unfortunately none
of the authors atteﬁpted to maké ; generalized study
to embrace the ma jority of cases that are likely to be
encountered 1n practice.

The purpose of this paper is to make a study of the
perfofmance of the unit-connected turbine-generators upon
impact of the lightning surges by mathematical analysis,
with an application study to cases usually encountered
in present-day power systems. The problem has been
treated in three steps:

1. Analysis of the lightning-surge transfer

through power transformers.



Performance study of the turbine-gener-
ator under the lmpact of the transferred
surge .

Comparlson of surge-voltage along the gen-
erator winding with the dielectric strength

of the winding insulation.



CHAPTER II
ANALYSIS OF SURGE TRANSFER THROUGH POWER TRANSFORMER

Part 1

Statement of ProBlem Conditions

In the past decade, the average size of the power
systeﬁ has been greatly increased as a result of inte-
gration and expansion. This rapid growth of the system
’created a need for large'size turblne-generator units;
today, turblne-generators of 500,000 KVA unit capacity
are common and the manufacturers are éncouraged to pro-
duce units of even greater size, The buik power sup-
plied by these large generators isAseldom distributed at
generator voltage; instead, it is stepped up to higher
voltage for transmission. In earlier installations,
generators of a station were bussed together before con-
necting to the step-up transformer banks. The 1dea was
based on flexibility of operation and contiﬁuity of ser-
vice. With the present size of the generators, the cost
of the generator-bus becomes prohlbltive. Also, since
modern turbine-generators are designed to an availability
factor comparable to that of a statlc transformer, the
édvantages of the generator-bus are somewhat lost. These
factors make the generator-bus undesirable for high re-

liability. The present trend of station connection is

-8-



the unit scheme with each generator feeding its own
step~up transformer. The generator and the transfor-
mer are permanently cohnected together without a cir-
cuit breaker and form an integral unit independent of
the other units 6f the station. Figure 1 shows a typi-
cal unit-connected generator scheme . ’It preéents the
advantages of ec¢nomy, simplicity and feliability and
is gaining increasing favour among the station designers.
This paper uses a unit-connected generator scheme
as the basis of study. The transformer is a wye-delta
bank, with the deita side connected to the generator.
The wye side is connected to a transmlssion line with
its neutral solidly grounded. Station-type iightning
arresters are mounted oh the casing of the transformer
ad jacent to the high voltage bushings. The transforﬁer
and the tfansmission line are adequately'shielded with
ground‘wires in such & manner that the probability of a
direct lightning stroke is remote. The voltage rating
of the generator and the délta side of the transformer
is assumed to be 13.8 Kv., the wye side voltage rating
varies from 69 Kv. to 230 Kv.. Generators studied range
in size from 100,000 KVA to 200,000 KVA. Single-turn
winding is assumed‘siﬁce this tyﬁe of construction is
now ‘used excluslvely throughout the industry for mach-

- . - L 1
ines of the size considered.

Part II

Characteristics of the Protective Devices
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Before the surge transfer study can be made, it 1s
necsssary to determine the wave shape and the crest mag-
nitude of the surge that can appear at the high voltage
terminals of the transformer. Surge overvoltages in a
power system are caused by two sources: namely, switch-
ing and lightning. The discharge voltage across the
present station-type'valve arresters 1s so low at switch-
ing surge currents that it is considered of second im-
portance when comparsd‘with that of the lightning surges.
Surge overvoltages caused by switching are therefore not
considered in this study.

The wave shape of an actual lightning surge varies
widelj. Fi%ure € shows typical lightning surges record-
ed with csthode—ray oscilllographs. They were obtained
on steel tower lines, most of which had ground wires and
the surge originated at appresiable distances from the
recording point. These curves, though different in form
and magnitude, had the general shape of a steep front and
a flattened tail; the fronts varied from 2 to 7 micro-—
seconds and the time to half of the crest voltage varied
from 4 to 33 microseconds. The EEI-NEMA Joing Committee
4fead adopted as standard a 1.5 by 40 miqroseqonds wave
for test of electrical equipment, one such wave (h) 1is
also plotted in Figure 2 Tor comparison.  I£ can be
seen that the standard wave closély simulates the act-
ual lightning surges and it would be logical to use this

standard 1.5 by 40 microseconds wave as basis of comput-



12

1400 4
1200 A
J 000
‘_.E 2001
|.02 g\ G oo
6’ z 400
>
0 200
J o V-\’\_lo 20 30 40 50 G0 \70
. Y e W MICROSECONDS
‘T d :
5 a0ol
& ool
Time
Rate of To %
Rise, Maximum | Where
Surge Kv. Crest KV. | To Crest| Voltage | Taken
No. per e
miero=- miero- {micro~-
geconds seconds.| seconds
a 143 Unknown} 7 sec. coeos N.d.
1000 [PA 1101000
recorded 1000 Kv.
b 183 750 5 33 Tenn.
e 270 550 6 26 N.J.
d 137 - 325 3 4 Nodo
e 30 180 5 15 WeVa,
£ P . 45 ces 30 N.d.
g 187 160 2.5 8 W.Va,
h 500 1000 2 43 *
% Westinghouse Trafford Laboratory Test.

Figure 2

Cathode-ray oscillographs

of

Typical Lightning Surges.
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ation. This paper adopted, howeVer, a 0 by 40 micro-
seconds wave for sake of gimplicity. The infinite
front of the wave represents a more severe surge than
any of the above recorded shapes; therefore calcula-
tions based on this wave yield more conservative
results.

When a surge voltage of sufficient magnitude is
applied across the terminals of an arrester, it 1s
discharged through the arrester and the voltage at
the terminals of the arrester is iimited to the IR
drop or discharge voltage of the arrester. Since the
arresters are mounted adjacent to the high voltage
bushings of the transformer, the surge voltage that
appears at the transformer terminals is also limited
to the discharge voltage of the arresters. The dis-
charge voltage is a functlon of the arrester'rating
which in turn 1ls determined by the system voltage and
the effectivenéésﬁbf the system grounding.

Lightning éfr@sters'are designed to discharge
surgemcurrents.uQT@éy have no aﬁélity to discharge
power current of ﬁorﬁal@frequeﬁcy for even a few
cycles, During an arrester operation, after the
surge current is discharged, there is usually a foilow—
current of power frequency. This follow-current must
be interrupted by the arre&tef serles-gap to prevenf
destruction of the arrester eleﬁénts. The sgfies-gap

can interrupt the follow current if the'system voltage
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applied across the arrester during the time of operation
does not exceed its rating. FProper choice of an arrest-
er conslsts, therefore, of selecting a rating higher
than the maxlimum overvoltage that can occur in the sys-
tem; yet it should be loWest possible to 1limit the surge
voltage to the greatest degree.

On an ungrounded system, full neutral shift during
a single-phase short circuiﬁ 1s expected, the voltage
at the arrester terminalc may therefore attain the line-
to-line value; moreover, a five percent allowance 1s
customarily made for operation at a system voltage 1in
excess of normal. An arrester installed in an unground-
ed system should therefore be rated at 105 percent of
the rated line-to-line voltage for satisfactcry opera-
tion. The system considered in this paper 1s solidly
grounded, thus the maximum line-to-ground voltage dur-
ing fault condition is expected not to exceed eighty
percent of the line voltage. ZFor such s system it is
general practice to use an arrester rated at about
eighty~-four percent of normal line-to-line voltage.

Table 2 gives the recommended arrester rating
for vérious”éystem voltages. The one hundred percent
ratings apply to the ungrounded or non-effectively
grounded systems; the elghty percent ratings apply
to effectively grounded systems.

A standard of discharge-voltage characteristics

has been published by the National Electrical Manu-
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TABLE 2
RECOMMENDED STANDARD ARRESTER RATING
~ BASED ON ‘ '
SYSTEM VOLTAGE AND NEUTRAL GROUNDING CLASS

System Voltage, Kv. ’ 80% 100%
Nominal Max . Arrester Arrester
Kv. KV,
12 13 12 15
14 .4 15 12 15
23 25 20 25
27 .6 30 25 30
34.5 37 30 37
46 50 40 50
69 4 73 60 73
92 97 80 Q%
115 121 o7 121
138 - 145 121 145
161 169 145 - 169
230 242 195 242
330 347 276

" Report on Lightning Arrester Applications for Stations
and Substations", AIEE Committee Report, Transaction Am-
erican Institute of Electrical Engineers August 1957,

p. 614, es"; I i




facturers Association under the date of September 1955,
Since then, arrester characteristics have been improved.
Table 3 shows the maximum discharge characteristics
for‘station-type valve arresters published by one of the
largest manufacturers. The values given in Table S

are somewhat lower than the NEMA Standard, since théj
are characteristics of currently available arresters.
These maximum discharge voltages have been used in

this paper as basls of calculation.

The discharge voltages in Table 3 are given in
three arrester discharge currenfs, i.é;ﬁ5000 amperes,
10,000 amperes and 20,000 amperes. The magnitude of
discharge current to be used in detérmining the dis-
charge voltage depends on the severity of the light-
ning surges that the arresters are required to dis-
chargenkhﬁxtensive survey and analysis of data con-
ducted by the AIEE Committee in a recent report (8)
on lightning arrester applications fevealed thatmréa—
sonably severe upper limits for current crest and
rates of rise of currents at statlons would be 5000
amperes crest and 3000 amper.‘e‘.s" per microsecond. These
two limits, if they should occur simultaneously'would
be more severe than over niﬁty-nine percent of the
currents recorded to date at stations or substations.
The 5000 ampe£;§per microsecond wave has a fasfer
fate of rise than the standard 10 by 20 microsecond

wave. After comparison 1t is considered that a 10,000
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TABLE &
MAXIMUOM PERFORMANCE CHARACTERISTICS

OF STATTION TYPE LIGHTNING ARRESTERS

[ -

Arrester Impulse sparkover Maximum Discharge Vol-
rating in front of wave tage, Kv crest, for
discharge current 10
%20 microsec. wave shape,
‘ampere crest.

Kv. Kv. crest 5000 A. 10,000 A. 20,000 A.
3 12 8.5 9 10
6 24 17 19 20
9 35 24 26 28
12 45 32 35 38
15 o9 40 44 47
20 72 55 60 65
25 90 65 71 76
30 105 80 87 94
37 125 96 105 113
40 130 104 114 123
50 155 130 142 153
60 190 160 174 189
73 230 195 212 230
90 -+ 285 240 262 283
97 310 258 280 304
109 560 282 306 333
121 390 320 350 378
133 430 350 380 410
145 460 375 408 440
169 540 450 490 530
182 e OB e A0 DM0 - BB2.
;195 610 500 545 588
242 770 640 695 765
258 830 685 745 805
264 860 700 765 825
276 900 730 795 860

A.M..Qpsahl, "Insulation Coordination and New Arrester
Characteristics," Transaction AIEE, August 1957, p. 48l.
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amperes, 10 by 20 microseconds current wave would give a
discharge voltage in close approximation to that given by
the 5000 amperes crest 5000 amperes per microsecond wave.
Accordingly, 10,000 amperes, 10 by 20 microseconds current
wave has been used in this paper to establish the arrester
discharge voltages.'

“Figure‘3 shows a plot of the maximum surge voltages
that can appear across the high voltage terminalg of the
transformer and ground versus rated system voltages.
Curve A applies to ungrounded or non-effédtively grounded

gystems, and Curve B is for effectively grounded systems.,

part TIT

Surge Transfer'Throﬁéh Power Transformers, v

The winding énd insuléﬁion structure of transformers
and génerators presenﬁ. very ooﬁplex‘systems of inauc—
tances, capacitances and resistances. A surge which en-
ters the winding along the copper conductor will find in-
numerable other paths along which i1t billows. The problem
is somewhat similar to a cioud vapor entering ailabyrinth
and 1s not solvable by our present tools of mathematics.

The domplex field problem has been simplified and is
treatéd as a circult problem based on transmission line
theory. A transformer is then considered as a distributive
network of capacitances, self-and mutual-inductances, re-
sistances, and leakage conductances. Figure 4 shows a
typical network representation for a single phase trans-

former. The voltage e at the secondary of the transfor-
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mer can be expressed as a function of the primary surge

voltage e1. Bewley (x3 in early thirties had attempted

the solution and found an Bth order partial differential
equation of the formg

Dae ) ez Dse GCZ

551
'AA, Y Azb 6at2 A3Dx4bt4-r A4 Dx4at2+ ASB z.bt("‘ Aé

This differential equation together with the bound~-
ary conditions imposed by the tefminal apparatus ylelds
an explicit solutlion of the transformer secondary vol-
tage. In the unit-connected scheme, the transformer
secondafy is connected to the generator which itself is
a.compleﬁ distributive network, This imposes‘as one
boundary condition an impedance function G(L,M,C,r,g,)
and makes fhe solution of the esquation so éomplicatedm
that no attempt to solve 1t has been noted 1n published
literature. -

The constants which make the impedance function
can thy be calculated to a limited accuracy and the in-
put lightning wave which would appreciabiy affect the
soiution is uncontrollable and varied in natufe. Since. the
accuracy of the solutlon cannot be better than any of its
input data, effort spent in the solution of such a com-
plex equation is judged worthless; instead, further sim-
plifications which do not greatly sacrifice the accuracy
of the solution have been sought. Various steps toward

simplification are summarﬁ%ed as follows:
bEl
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2.

3.

2l

Separate the surge transfer analysis into
subtransient and transient perilods.

Replace the distributive network of trans-
former by a lumped-constant equivalent
circuit.

Replace the generator impedance function by
a surge lmpedance of constant resistance

value.,

Experimental measurements of the surge voltage pro-

duced at the

low voltage terminals by a lightning wave on

the primary winding of a transformer indicate that it 1s

possible to consider it the result of superposition of

four components :

1.

At the instant of the impact of the lightning
wave, an electrostatic voltage 1is produced in
the secondary winding. This voltage is in
direct proportion to the)electrostatic coup-
ling between the two windings and 1s indepen-
dent of the turn-ratio.

A free oscillatory component in the primary
which induces a corresponding oscillation in
the secondary winding.

A free oscillation in the secondary winding

proper.

4, A purely electromagnetic component which 1s

the result of induction between the two wind-

ings. This voltage depends solely on the
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turn-ratio.

Since in a unit-connected scheme the transformer sec-
ondary 1s permanently connected to a generator of low im-
pedance, the magnitudes of the second and third oscilla-
tory components afe, according to Palueff (2), low and
can be neglected 1n moét cases. The electrostatic compon=-
ent appears as a splke at the firét Instant of surge ap-
plicatidén. Its magnitude may reach high value depending
on the capacitive coupling, but 1t usually subsides with-
in oné¢ or two microseconds. The electromagnetic compon-
ent has a larger time Qonstant and generally appears after
thé glectrostatic compbnent has vanlshed.

In view of these facts, great simplification in ana-
1ysis'can be realized by treating the sﬁbtransient and
tranﬁient periods separately. In the subtransient per-
lod, which can usually be set to explre at the end of one
or two microseconds, the effect of the transformer capaci-
tances predominates. In the transient period the effect
of the inductances 1s more prominent.

This division of the transition periods permits seg-
regation of the transformer network into two distinct cir-
cuits, In the subtransient period, the induc£ances act as
an open cilrcuit due to their inertia effect. The whole
transformer can be'regarded as a pure capacitiﬁe networka.
(Figure 5). At the end of the subtransient period, the
’éapacitanées become charged and behave like an open cir-

cuit; the effect of the 1nductances takes over and the
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transformer can then be considered asva pure inductive
network, (Figure 6). This segregation of network permits
separate analysis of electrostatic and electromagnetic
components, |

Since the terminal voltages only are of interest, it
would be desirable to replace the complex impedance func-
tion of the generator by a single circuit element that
behaves similarly to the generator under a surge impaét.
Experiments show that the surge response of a generator
is practically similar to that of a transmission line and
therefore has a definite value of surge impedance to
traveling waves.

Various investigators have attempted to detérmine
the value of the surge impedance of generators. The meth-
od of Abetti, Johnson and Schultz (8) is to connect a var-
iable resistance across the open neutral end of one phase
winding and to adjust this resistance so thét there is no
reflection of the traveling wave at that point. The value
of the resistance represents then the surge impedance of
the generator. Figure 7 shows the empirical curve derived
from the results of their measuréments; the surge imped-
ance decreases with the KVA rating and increases with the
KV. rating of the generator.

Another method used to measure the surge impedance
consists of finding the ratio of the surge voltage and
the corresponding surge current at the same instant.

Tests reveal that the initial response of a generator to
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a surge voltage does not behave like a surge lmpedance of
constant value; instead, it has the characteristics shown
in Pigure 8. At the first instant of application of a
surge wave, the surge impedance 1s low; 1t then oscillates
around an exponential axls to a final value which corres-
ponds to that measured by reslstance method. Investiga-
tors attribute this phenomenon to the effect of mutual in-
duction between phase windiégs.

Synchronograph tests conducted by Dlllard, Hayward
and Hileman (7) nave further shown that the surge imped-
ance varies wi%h the wave shape of the applied surge,
with the method of surge application, and with the re-
sistance value 1n series with the generator winding.
(Figure 9). Fortunately, the curves also reveal that
éharp variations iIn surge impedance are associated with
steeper wave forms. With the flatter wave that can ap-
pear at the secondary terminals of the transformer, more
uniform surge impedance value can be obtained. Besides,
as 1t is seen later, limited varlation of surge imped-
ance has little effect on the magnitude of the transfer-
red secondary voltage. The empirical curve of Figure 7
is thus adequate for the'present purpose and has been

used throughout the study.

A. Electrostatic Surge Transfer

At the instant a surge wave enters the high voltage

terminal of a transformer, the coils which possess induc-
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tance oppose the flow of surge current and act as an open
circuit. The dielectric coupling between the coils of

the primary winding, between colls and ground, and between
colls of the primary and secondary windings react, however,
ag short clrculit and present low resistance paths to the
surge voltage. The initial distribution of voltage and
current along thé winding is, therefore, determinéd largely
by the capacitance coupling between various parts of the
transformer. The distributive network of Filgure 4 can thus
be replaced by.Figure S for electrostatic analysis.

In Figure 5,,01 and C4 represent the capacitance be-
tween'gréund and coil elements of the primary and second-
ary windings respectively, Ki and Ké represent the coil-
to-coil capacitance of the b;imary~énd secondary windings
and Cé is the capacitance coupligg between primary and sec-

ondar& colls.

Capacitance C!, Cé, and Cé can be determined by act-

the secondary winding and the ground>constitute three equl-
potential planes. The capacitances between these planes
can be measured with a capacltance bridge. The delta cap-
acitances Cyg, Cyps, 8nd Cpg are then calculated as shown
in Figure 10. These capaclitances are related to the ele-

mentary capacitances as follows:

Cll = Credx , Czl =Cedx C; = Cyedx .



Capacltances Ki and Ké are not susceptible to mea-
surements and shoui& be céiculated from the transformer
deslgn data.

Appendix IA gives a mathematicalranalysis of the elf :
ectrostatic voitage distributlion along the secondary wind-
ing of a single phase transformer for a rectangular wave
applied at the terminal of the primary winding. One case
of interest is a transformer with both primary and secon-
dary neutrals grounded and its secondary llne terminal
connected to a generator of surge impedance Z. With the
capacltance of the connecting bus or cable between the
generator and the transformer neglected for the moment,

the terminal voltage eo of the secondary winding 1s given

as:
— mn[{ssmhoccoshfa o(smh(scosho(] . -Tt -

€y n(sSmho( cosh@= m“SIthscosho( EE (16)

Y = (n=m)sinhosinhp i)

ZKZ(”P sinhe coshp —m« sinh p cosh )
where the values of «, P’ m and n are given in Appendix IA.

In practice, « and p are generally large so thatg
coshx & sinhx , cosh p & sinhp

The secondary terminal voltage 1ls then simplified to:

_ mn(p-x) vt
ez‘— n@ me fiG
Y = n-—m

ZKa(np-mx)
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Lack of published data on the transformer capaci-
tances prevented a generalized study of the magnitude of
electrostatically transferred voltage for transformers
of various capacity and voltage classes. Results of study
on two transformers are discussed: Both transformers are
three~-phase, grounded wye-delta connected and represent
the type most commonly used in the unit-connected scheme.
The voltage and capaclty ratings are typical of recent in-
stallations. Capacitances Cq, C,, Cgz, Kl’ and K, were
calculated from the data found in the literature (5)’and
supplied by manufacturers.(ls) A rectangular wave 6f in-
finite slope was applied bétw;en the high voltage terminal
and ground of the transformer. The amplitude of the wave
correspondéd to the di scharge voitage of the arrester of
respective classesa as glven in Figure 3.

Consider first the single-phase transformer, that is,
take one phése of the grounded-wye and the corresponding
phase of the delta side dlsconnected from the other two
phases. The electrostatic voltage eo at the secondary
terminal was computed with Formula (L8) and (17) in kil-
ovolts and in per-unit. Data of the transformefs and re-

sults of calculations are"shown in the following tabulation:

Transformer No. 1 (58) o (19
Capacity MVA 145 100
Voltage: Kvo

primary 129 138
secondary 15 13.8



Phase 3 3
Connection.
primary Grounded wye- Grounded wye-
secondary delta delta

Capacitance per phase
micro-microfarads

Cl 2000 4500
C2 : 6000 - 13200
C5 5000 7000
Ky 20 #350
K, 40 | #100
Generator Surgé Impedance
Qhms . 100 100
Applied Surge, E. KV. ASSO 350
Electrostatic_Voltége €5
in Kv. | 57.7¢ 2t 62.36
in per unit. 0.175€ ¢ ov.,17‘:8€'4'65t

#estimated.

Plots of the secondary terminal voltage, in per=-unit,
versus time are shown in Figure 1l and 12. It is noted
that in both cases the crést-magnitude of thé electrostat-
lcally transferred voltage eo reaches instéhtly to approx-
imately eighteen percent of the applied primary surge. It
decays rapidly and drops in 0.2 microsecond to less than
one percent of the applied surge crest value.

The foregoing analysis is valid for a single phase
transformer without shunt capacitance in the secondary

clrcuit. The external capacitanoe at the secondary ter-
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minal, the method of multiphase connection, the value of
generator surge impedance, and the voltage class of the
primary winding all affect the secondary electrostatic
voltage to a greater or lesser extent. These are discuss-

ed in fhe following.

Effect of secondary capacitancey
In modern‘generating stations, thé power transformers

are uéually located outdoors. The distance between the
generator terminals and the transformer secondary termin-
als 1s kept as short as possible, varying between 50 to
250 feet in usual design. The connection can be made of
cables 1in parallel or of isblated~phase-bus. Both methods
of connection introduce appreciable capacitance in the secon-
dary circuit »Whidh cannot be neglected in the analysis.
Average capacitance of the isolated phase bus 1s 25 micro-
microfarads per foot, while the capacitance of cable
varies with 1ts type, voltage class and size. The follow-
ing tabulation indicates the characteristics of some most
used cable type and sizes for generator-transformer connec-
tion. B8everal cables in parallel are generally required
to carry the generator current. |

Characteristics of 15Kv. Single conductor, paper-

insulated cables, '

Cable size Current Carrying Capacity(ig Capacltance C.

MCM Amperes. mmfds
per foot
750 797 200

1000 939 265
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1500 1176 285
2000 1368 320

The capacitance introduced by the generator leads to the
transformer ranges therefore from 1250 to over 200,000
micro-microfarads.

In order %o visualize the effect of external capaci=-
tance, it is convenient to represent the distributive cap-
acitive network of the transformer by an.equivaient lumped =
constants pli section. &4 method of conversion is given in
Appendix IB. A pl section is formed with lumped capaci-
tance Cf , CﬁL and Cﬁ so that it gives the same transient
state and steady state solution as the distributive capa=:
citive network at the secondary terminal. The complicated
distributive network 1s thus simplified to the equivalent
circuit of Figure A~2. The lumped capacltances Cf; and Ct

are calculated from the distributive constants as follows:

C‘ _ Kan[/ssfnhx cosh'la—“SI‘nhbeOf’h"(] (22)
WL (n-m) sinh«coshp ,
c = Kz[ﬂﬁ(\ﬂﬂ)SinhNCOShp —mw (1-n) sinh coshe<] v
L (n-m) sinhdcoshp (28)
For large angle of « and B *
o = Kz mn(p-x) (22a)
Ho n-—m .
C/___Kz[nﬁCPWﬂ)—md(r-”ﬂ +(23a)
L " oon-m

The crest value of the electrostatic component at the

éecondary terminal 1is:
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If an external capacitance CX is introduced at the secon-
dary terminal, the voltage eg is reduced to:

/
CHL

e, =
2 Cu +CL +Cy

Figures!l3 and 14 show the variation of the crest mag-

nitude of the electrostatic voltage e. with terminsl capa-

2
citance Cx. Figure 13 shows also, 1n black dots, results

(5

of actual measurements “on transformer Tl' Assuming
that the generator leads are made of 50 feet of isolated-
phase=bus, which constitutes a combination introducing
least capacitance, the electrostatic cdmponent is reduced
from 17.5 percent to 5.8 percent of the primary surge. If
cables of same length were used for connection and agsum=-
ing a generator of 100,000 KVA capacity with four 1,500
MCM cebles per phase, the electrostatic component at the

secondary terminal would be confined to 0,17 percént only

of the primary surge value.

Effect of three-phase connection.

- When a three-phase transformer with delta secondary
is used as in most unit=-connected schemes, additional
capacitance is introduced by the delta side of the trans-
former. Appendix IC gives a method of computing the
equivalent capaciﬁive circuit of three-phase grounded
wye-delta transformer. If each phase of the transformer
has symmetrical arrangement, the crest magnitude. of the

electrostatically transferred surge is given as:
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If there was no external capacltance C, connected to the
éecondary terminal, the maghitude of transferred surge

€o in a three-phase gfounded wye-delta transformer would
be half of that in a éingle phase transformer. Curve B
of Figuresld and 14 iﬁdicate:the variation of the crest
magﬁitude of the transferred surge with external capaci-
tance Cg. The difference in magnitude between single-
phase and three-phaseitransformers becomes less promlinent
for extefﬁal capacitance C; larger than 2000 micro-micro-
farads. |

Effect of generator surge ilmpedance Zg_

In Equations (18) and (I%7) the constants m, n,«,
and (3 are functions of transformer capacitances only;
therefore the crest magnitude of the electrostatic com-

ponent e, 1s not affected by the value of the generator

2
surge 1lmpedance. The time’constantx’of the exponential
function is,however,directly proportional to the secon-
dary surge lmpedance Zg ; ldw[surge impedance produces
faster transient. “b |
The range of surge lmpedance contemplated in this

‘study varies from 50 to 200 ohms° Qwing to the variaaxbleih2
characteristics of the surge impedance during the first

few microseconds of the surge application, initial surge

impedance of the average generator at 0.1 to 0.2 micro-
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second seldom exceeds 100 ohms. The 100-ohm impedance
‘assumed in the previous calculatibn is therefore conser-
vativey an average generator coupled to the transformer
in question would give faster decrements. H

Effect of primary voltage class

For the two transformers studied, the maxiﬁum electro-
statidally transferred surge voltage at the secondary ter-
minal is 8.8 and 8.9 percent. With the maximum primary
surge limited to 330 and 350 KV., thls corresponds to 29
and 31 KV respectively. ‘ ’ ’

Whét would be the magnitude of the transferred surge
eg 1f a different turn-ratio transformer, say 230 to 15 Kv.,
were used in place of transformer 1? From Equation 16, the
transferred surge €, is proportionai té the incoming surge
E whose value increases wlth the primary voltage in accor=
dance with Figure 3. On the other hand, transformers of
different turn-ratio have different physical proportions.
This physical difference results in different capacitances
Cl: Cg, and Cz... which in turn affect the constants m, n,
x, and  of Equation 16,

The overall effect of a change of turn-ratio on the
magnitude of the transferred surge eg cannot be determined
without a prior knowledge of a definlte relationship be~-
tween the capacitance of a transformer and its turn-ratio.
Owing to the variety of coll grouping design in transform-
er construction, such definite relationship cannot be es~

tablished. Each transformer has therefore to be studied



individually.

The results of the two transformers stﬁdied show
that the electrostatically transferred component does
not exceed 31 Kv. without external capacitance or 21 Kv.
with 1250 micrb-microfarads of bus capacitance. The'
component decays rapidly and vanishes within 0.4 microsec-
ond. Its effect on the generator winding insulation is,

therefore, negligible.

B, Electromagnetic Burge Transfer

Since transformer is designed to transfer electri-
cal energy from one winding to another by electromagnetic
induction, it is natural that the electromagnetically
transferred surge ls the most important of all components.
The magnltude and wave form of the electromagnetic compon-
ent depend on the transformer ratio, its lmpedance and the
characteristics of the secondary connected apparatus.

This section 1s devoted to make a generalized study
of the magnitude and wave form of the secondarj voltage
due to electromagnetic induction for all cases that are
likely to be encountered in power utility practice. Sev-
ere surges and conservative machine constants are select-
ed to yield relatively pessimistic results and thus provide

adequate safety margin.:

It has been shown previously that after the subtrans-

lent electrostatic component dies out, the transformer may
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be represented by a purely inductance network as shown in
Figure 6, Ths c¢ircult can be modified %o one shown in
Figure 15 for a unit=connected scheme. If its winding
resistance and.éxcibing component are neglected, the trans-
former can be represented by a single leakage inductance
L. The overhead line to which the transformer is connected
can be represented by a surge impedance Zﬁ when the effect
of the wave reflection is not considered. The connection
between the generator and the transformer has negligible
resistance and inductanee, however, its capacibance is
appreciable if cable connection is used; for cable of
moderate length, it can be represented by a fictitious
lumpe d capacitér ccnhe@t@d across the generator windings .
The generator itzelfl is represented by its surge impedance
de The circult of Pigure 15 can thua be simplified to
the schematic diagram of Pigure B-l=4., The diagram applies
to the case when cone phase of the transformer is struck
by a lightning surge. This surge is discharged through
the lightning arrester mounted adjasent to the bushings,.
The maximum surge voltage that appears at the transformer
terminals is limited tc the sparkover voltage at the first
instant and then to the maximum discharge voltage of ths
arresters. Thig¢ discharge volbtage is given in Figure 3
for various voltage ratings of the connecting lines,

There are cases where two lines of a three-phase sys-
tem are simultaneously struck by lightning. This is shown

in the schematic diagram of Figure B-2-A. The surge are
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assuméd simulmﬁmousaand of equal magnitudes.

When the.surges enter by all three phases of a trans-
former at the same instant, a circulating surge current 1s
induced within the delta windlng of the secondary; however,
no gurge voltage will appear across the secondary terminals.

An analysls of the electromagnetic surge transfer
through the transformer winding is included in Appendix II.
It is noted in Figure B-1-A that, by symmetry, the currents

I, and I3 are eQual In magnitude, consequently no current

2
flows in line aj; since line a is connected to the ground
through capacitor C, phase a and the neutral of the gener-
ator are both at ground‘péfenfial whether thé’geherator 7
neutral 1s actually grounded or isolated. This important
characteristic is used ig Part III for studj of the surge
voltage distribution aloﬁg the géﬁerator winding.

With the surge “isfriking one phase only, the schematic
diagram of Figure B~1l-A can be reduced to the équivalent
circuit of Figure B-1-B as a result othhe circult equa-

tions (1) and (2). The secondary terminal voltage Eo is

expreséed in Lépiace.transform form as:

Z
&3 (s +-)E, () £63)

E,(8) = *5—-
2 LCN 3 2¢ 2 | Zy 3 27
$° + sT(= + cZ ) + S(LCZg+'LC)4'l}C

Similar analysis 1s made for the case when the surges pene-
trate two phases. By the same reasoning, the generator

neutral is at ground‘potential irrespective of its method
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of grounding. The eqguivalent circult becomes that of Filg-

ure B-2-B. The'secondary terminal voltage E, 1is:

£ (s)=-I>__ (s + £=)E(s) (6)
277 LCN g3 2 (2L L Z. . 3 Z &
LN S SP (e ) + sy i) v

Expressions (3) and (6) are alike except that the
last term of the denominator for the one-phase surge 1is
double that of two-phase surge. This term is 1lnversely
proportional to the square of the ﬁndamped time constant
of the secondary voltage; On the basls of a same pri-
mary surge, the voltage E, resulted from a tWO-phase sur-
ge. thas a time constant 1.41 times that of a singlefphase
surge, in other words, the voltage Eg from one—phase surge
is steeper. On the other hand, comparison of equivalent
circuits of Figures B-1-B and_B—Z-B shows that the magni-
tude of the secondary voltage for a two-phase surge may
be twice that of a one-phase surge if the line surge impe-
dance ZL 1ls made infinite. The two voltages are equal 1f
Zr, = 0. For other finite value of Z1, the secondary vol-
tage for a two-phase surge lles between one-hundred and
two-hundred percent of that of a one-phase surge. Thus
the two-phase surge ylelds higher secondary voltage'for
all practical cases.

In order that the computed results closely simulate
the performance of the actual unit;connected gystems found

in practice, the following data and assumptions are adopted
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as baslis of computation.
1. Magnitude and wave form of primary surge

The incoming surge magnitude is assumed to be limit-
ed to the maximum discharge vqltage of the lightning ar-
rester corresponding to the respedtive voltage class of
the transmission line. Thls is shown by curve B of Fig-
ure 3 for various system.voltages. The wave form 1s as-
sumed to be O by 40 microseconds; 1t has &h infinife-front
and decays té half of its crest magnitude in 40 mIcrosec-

onds. The surge 1s expressed mathemapically aszs

-.01734t
E(t) =€ " KV.

where t 1s In microseconds and Eq 1s the maximum discharge
voltage of the arrester in Kv.

2+ Two-phase surgemwas agsumed 1n the calculation
for higher sécondary voltage.,

3; Line surge impedance.

The surge impedance of an overhead power transmis-
sion line is around 400 ohms irrespective of its voltage
rating and length; Accordingly, a line surge impedance
Zi = 40Q ohms 1s selected. This impedance, converted to
the secondary slde, is ZL: %g; where N 1s the ratio of
the primary line voltage to the secondary line voltage.

, 4. Generator capability

Three typical generator sizes, namely, 100;000; 150,000;

and BOO;OOO Kva are selected for study. The generator vol-
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tage 1s assumed to be 13.8 KV. for all.
9. Generator surgé impedance.
The generator surge impedance Zg 1s approximated@%
from fhe emplrical curve shown 1in Figure 7. ﬂ
6. Transmission line voltage.
Voltage classes included in the study are 69, 92, 115,
138, 161, 196 and 230 KV. The group represents most com~
monly used voltages for transmission of power. It should
be noted that the economical voltage of transmission in-
creases as the amount of power to be transmitted increases.
7. Capacltance of the generator-transformer con-
nection.
Two cases are considered: C=0 and C=0.3 microfarad.
The zero capacltance case simulates the transformer-gen-
érator connection using isolated-phase-bus which introduces
negligible capacitance. When cable'is used for connection,
appreclable capacitance may result. A capacltance of 0.3
microfarad 1s consldered as a limit for actual application:.
it is equivalent to five 1500 MCM cables in parallel per
phase, each running 200 feet in length with a total cur-
rent carrying capacity of approximately 5000 amperes.
Higher capacity requlires more cables in parallel and be-
comes economicaily less competitive wlth isolated phase-
bus arrangement. It is thus believed justified to adopt
0.3 microfarads as the upper limit of C.
| 8. Transformer impedance.

Table 4 shows the standard range in impedance for
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two-winding transformers published by one leading manu-
facturer(lg)o The customer's specification which requires
deviation from the range usually means extra cost. Since
the voltage regulation of the transmission system is usually
accomplished by reactive power adjustment instead of relying
on the low transformer impedance, there is no justification
of a lower impedance than the above standard. Table 4 is
thus an adequate representation of the range of btransformer
impedance found in practice.

Low transformer impedances contribute %to steeper and
higher transferred surge; therefore minimum impedance value
listed in column 3 of the Table are used in the following
study in order to produce maximum secondary voltage.
| The above assuﬁptions are summarized in Table 5A and
5B with allrvariables of Equation & calculabted. For complste-
ness, each gensrator capacity has to be studied agaihst
all pessible primary voltages, i.8e 21 cases with €20 and
another 21 cases with C20.3 microfarad., Since the scono-
mical transmission voltage increases as the amocunt of
energy to be transmitted increases, 1% is less likelygiﬁ
practice that a low transmission voltage would be seléct@d
to transmit the power generated, say, by one or more units
of 200,000 KVA4 capacity each., With the less probable
cases eliminated, the study is confined to twelve more

practical cases shown within the rectangles in Table 54,

Case of generator=-transformer connection with negligible

capacitancs.
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TABIE 4

STANDARD RANGE IN TRANSFORMER IMPEDANCES FOR TWO-WINDING
' POWER TRANSFORMERS RATED AT 55°C RISE "

High Low~ - Impedance Limit In percent
Voltage Voltage . Class
Winding -Winding QA Class
Insulation Insulation : aw - FQA
Class . Class 0A/FA Fow
KV. KV. OA/FA/FOA
" " MIN. MAX. MIN. MAX.
69 34O 7.0 10.0 10.5 15.0
46 g.0 11.0 12.0 16.5
92 » 3445 7.5 10.5 11.25 15,75
69 8.5 12,5 12.75 18.75
115 34,5 8.0 12.0 12.0 18.0
69 9.0 14.0 - 13.5 21.0
138 34,5 8.5 13.0 12.75 19.5
69 9.5 15.0 14,25 22.5
161 46 9.5 15,0 13.5 21.0
92 10.5 16.0 15.75 24,0
196 46 10.0 15.0 . 15.0 22 .5
92 11.5 17.0 17.25 25.5
230 46 11.0 16.0 16,5 24,0

"Blectrical Transmission and Distribution Reference Book"
.Westinghouse Electric Corporation, East Pittsburgh, Pa.

i 7
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TABLE SA

BASIC DATA USED FCR ELECTROMAGNETIC TRANSFER STUDY

Voltage Trans- Minimum #*Transformer Inductance

Class former Trans- millihenry per phase
Trans- Voltage former on 13.8 KV. basis
mission Ratlo Impe~ for Transf. Capacity

System _dance o

KV. N Percent. 100 150 200
, MVA - MVA MVA
69 5 7. |0.355| 0.237  0.178
92 6.66 7.5 |0.380| 0.254  0.190
115 8.353 8.0 |[0.406 0.271 0.203
138 10 8.5 |0.431| |o.288| |0.215
161 11.66 9.5 0.482 0.321 0.241
196 14.2 10~ 0.507 0.338] |0.253
250 16.6 11 0.558 0.372 0.279

Generator Surge Impedance 80 50 48

3

% The transformer inductance per phase 1s calculated by

thé‘following relationo

L = 5050 & Imﬁgiance Millihenry per phase
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TABLE 5B

BASIC DATA USED FQR ELECTROMAGNETIC TRANSFER STUDY

Voltage Maximum Transformer Line
Class Primary Voltage Surge
Transmission - Surge Ratio Impedance -
. System Voltage on
, © 138KV .
Kv. © Basis.
Crest N - Ohms
69 174 5 48
92 240 6.66 27
115 300 B.3& 17,3
138 3580 10 12
161 408 11.66 8.8

196 490 14.2 6.0
230 545 16.6 240
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From Appendix II, the Laplace tranform 'of the secon-

dary voltage Ez(s) for a twb—phase surge is:

c o= BEOZ (s + 2 4
B A W S +-8(E + 329)+ Zﬁ%% “(8)

Since there 1s no capacitance in the circult, the solution

is aperiodio. With El(s) replaced by 1its appropfiate La-

place transform and the denominator factored, equation”(V)
can be reduced to the form: |
BE z4 S+a,

. . _ _ : B
0= —Iw (s + YIS+ (S + P) ( ’”

with its inverse ILaplace transformg

‘/gE.Zq [ a.-Y ’Vt Ao— X ""t Ado-P ']
O(

E ()= TN Y)P e (X;qxp_u)“ ({[3ﬂu-ﬁ)

3 _ _ (9)

- t ~xt : ~pt o
=AE + BE + C€
The values of A,B,C, e, p, and Y are calculated for each
of the 12 cases. . The secondary voltage E,(t) thus obtained
is plotted in curve form as shown in Figurésml6A, léB, and
16C. It is noted that curve 1 for case 1 has the highest’
magnltude of all 12 cases‘ it rises to a crest of 32 KV. 1in
30 microseconds and decays slowly to zero.

The difference in crest magnitude and wave form of the
secéndary voltage 1s chiefly attributed to the relative ef-
fect of the line surge impedance. It is.seen from Table 5

that, at 69Kv., the line surge impedance, referred to the
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secondary, 1s 48 ohms while at 230 KV., it is only 2.3

ohms;”vTherhigher the surge impedance Z_. is, the higher

L
the creét‘magnitude of the secondary surge would be.
Calculations are also made by neglecting the surge

impedance Zgp. Equation (7) 1s then reduced to:

E,(5)= BE6)Zg. | _ BEZq | (10)

LN s+ 329 LN (s+l)(s+529)

The inverse Laplace transform of (10) is:

. | .
NGEen )

E, (t)=

1§%§ix cases are calculated and results plotted in détted
iine in Figure 164, 16B and 16C. It is noted fhat the dif-
ference becomes much.léSS prominent. The crest magnitude
lies withln the narrow range of 16.8 KV. to 18.8 KV. and

the time to crest is around 6 microseCQnds for all cases.

Case of Generator-transformer connection with capaciﬁane&

C=0.3 microfarad.

The Laplace transform of the secondary voltage fpnwa!
two—phase surge 1is:

Zz
_YBE(s) S + T

NLC s3+52[_ZL _'_] s[ZL _§_:'| z, (6)
L Yezlt Slictic) ¥ 2¢

Ez(S)

With the range of the transformer inductances contemplated,

a capacitance of 0.3 microfarad is more than sufficient to
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make the secondary voltage oscillatory. The denominator
of (6) can thus be factored'into one real‘and two complex

con}uéate roots as followss:

£ '(5)=B—E' ) S+ Q¢ ]
ZVTLCN (S + YIS+ 8)[(s+x)2+p7]

(éa)
The inverse Laplace transform of (6a) is:
~Yt -5t -t
E,(t)= AjE +BE€ + CE sin@t+y) (7))

Values of Al’ Bl’ Cl’

IL. Numerical‘values of A

<, pB,¥, % ,Y are given in Appendix
1 By, «s+.¥Y are calculated for
each of the 12 cases consldered. The secondary voltage
thus obtained is plOtted in Figureé 174, 17B, and 17C.
Comparison of Figures 164, 16B, 16C and 174, 17B, 170
shows that the cﬁrvés in group wifh capacitance €=0,3 mfd.
have a less steep weve front’and~a higher crest magnitude.
In both gfoups, curve 1 gives the highest crest voltage
and sharpest rate of rise; thelérest voltage for C=0 is
32 KV. against 40 KV. for ¢=0.3 mfd. @&he maximum rate of
volfage rise for'Cﬁo is approximg?ely ilKV. per microsecond
compared to about 2.5\KV. per microsecond for C=0.3 ﬁfd°
The effect of the-secondary capacitgnce is thus to
flatten the wave front and increase the éfest magnitude
of the secondary surge voltage.

The above results are obtained from analysis where

distributive constants are replaced by their surge imped-
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ances. In other words, the lines and the generator are
considered to have an infinite electrical length so that
no wave 1s reflected. In an actual generator of finite
electrical length, when'a surge voltage tra&els to the gen-
erator neutral, it sees a short_circuit and 1s reflected
with a wave of equal magnitude‘and opposite polarity. This
reflected wave returns to the generator termirials after a
time equal to twice the electrical length of the generator
and 1s superposed on the incldent wave. The result is a
decrease of the terminal voltage e,. Assﬁme for example
in the case 1 with C=0, the generator has an electrical
length of 5 microsgconds” The negative reflected wave would
return to the generator terminals at the end of 10 micro-
seconds and make the total voltage to decrease from the 1llth
microsecond on. The crest voltage would thus be limited to
26 KV. instead of 32 KV. as shown on curve 1. Unfortunatély,
the electrical length"of a generator can be.determihed:sonly
by actual field measurement, It can not be accurately cal-
culated without a knowledge of the total conductor length
of the winding. However, whatever the electrical length
of the machine, the crest Volﬁages shown on curves (1) to
(12) could not be exceeded. These curves thus représént
%heﬂmaximum voltages that can be attained under the fore-
going assumptions.

Another simplification used in the analysls was thé
resistanceless or lossless character of the circuit. Al-

though a lightning surge possesses tregmendous power, it



carries only relatively 1ittle energy due tovits'shortr
duration. This energy is not réplenishable and once 1t
is dissipatéd; the surge becomes attenuated. The resis-
tance and corona ioss of the circuit dissipate‘ an ép-
preciable amouht of the surge energy which 1s manifested
by a decrease of the surge magnitude. This phenomenon
largely accounts for the difference in ﬁégnitude between
the above computed results and the experimental data ob-
tained by the various investigators. Fortunately, all
these factors contribute to the fact that the results gilv-
en by the circuit analyslis are conservative and the con-
clusions derived safer.

In summary, for the twenty-four cases analyzed, the
secondary terminal voltage does not exceed 40 KV. in crest
magnitude and a rdte varise of approximately 10 KV. per
microsecond. A wave of 40 KV. crest with a linear front
of 10 Kv. per microsecond cbuld therefore be’used as en-
velope"of all the surge voltages studied. Such a wave
>Will be used in the analysis of the voltage distribution

along the generator winding.



CHAPTER III
SURGE BEHAVIOR OF LARGE GENERATORS.

Since the winding of generators 1s dry insulated ::..
ahd - the impulse strength of the dry insulation is much
lower than that of the oil immersed insulation; the gen-
erator winding, when compared to the oil immersed trans-
férmers, ihsulators, etc., becomes appapentlj the most wul-
‘nerable’ part of a system to lightning éurge attack.

In a unitﬂconnected system, the trénsformer acts as
é reducer of surge magpitude and a flatpéner of wave front.
Its effect 1s thus similar to that of a capacitor-arrester
combination and compensates’to & more or less degrée the
low impulse® strength of the®“génerator winding. In‘order
to investigate whether this compensating effect is suffic-
ient to make the generator winding to wilthstand the trans-
ferred surge voltage, answers to the following questions
have been sought:

1. How high a'voltage can each point of a genera-
tor winding reach upon impact of the transfer-
red surge at 1ts terminals?

2. How high a voltage i's:;:.::th-;éa,.zwiin@ing able to with-
stand?

The first parﬁ'of this chapter deals with an analysis

of the voltage dlstribution along a generator winding for a

-685=
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given fterminal surge voltage. The impulse characteristics
of modern generator insulation are then discussed and com-

pared to the transferred surge magnitude,

Part I

Transient Voltage Distribution Along a Generatbor Winding.

Although the generator stator winding is physically
different from a transformer winding, they are electric-
ally similér; each phase winding possesses a self- induct-
ance, a mutual-inductance, a burn-to-turn capacitance, a
turn-to=-ground capacitance, a resistance and a leakance,
In a single=turn-coll generator winding, the mutual-=induct-
ance between turns and the turn-to=turn capacitance are
small and negligible., Figure C-=1 of Appendix III shows
the equivalent circuit of one phase of a stator winding,
this is similar to that of Figure 4 for a single-phase
brahsformer except that one winding only is considered.

Appendik IIT gives a mathematical analysis of the
voltage distribution along the generator winding when the
terminal is struck by an impulse volbtage El(t}a The
equation of the voltage at the point x along the winding

at any time t, and for a rectangular surge Eq iss

e}

elx,t) = E;x + E, E A sin (Nx) cos wyT (21)

Nn=1

* With a lossless generator, the step voltage Eq travels

—

Wiﬁﬁdut attenuation along the winding %o the neubral whers
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it sees a short circuit and is reflected with a step
voltage E of opposite polarity. The voltage at point x
1s therefore elther E or O depending on the time t. The
change from E to O or O to E is abrupt. When the gener-
ator possesses resistance, the coefficlent An includes a
decaylng exponential term and the Fourler series term of
Equation (21) would eventually die out so that the final
voltage distribution along the winding i1s linear. The
voltage 1s maximum at the terminal and zero at the neutral.
If, instead of the rectangular wave, another surge of
shape E(t) is applied at the generator terminal, the Duh-
amel's éuberposition theorem should be used to find the
new Qoltage distribution function. Equation (22) of App-
endix III gives one form of the Duhamel Theroem Which is:
t

el(x,t)=E,(t)¢(O)+ El('c);t—cp(t—’c)d’c - (22)

o}

1
is the volfage distribution function if the impinging

where E_(t) 1s the equation of the impingling surge, ¢(t)
surge were a rectangular wave, 1n other words, it is
e(x,t) of Equatlion (21), and el(xt) is the voltage dis-
tribution function for & surge Ei(t) at the generator ter-
minals.

It has been concluded in the preceding chapter that
the study of twenty-four cases resulted in an enveiope

voltage of 40 KV. in crest magnitude and a linear front

of 10 KV. per microsecond: The envelope is thus a 4 by
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infinity wéve. This wave can be expressed mathematically
by superposing two ramp functions of lQ KV. per micro-
second slope and of opposite polarity with a time dlsplace-
ment of 4 microseconds.

The first ramp function 1s expressed as:

E(t) = Ft = I fot KW

where t 1s expressed in microseconds.

The second ramp functlon 1is:

E(t) = E(F-t).U®-F) =10(4-t)Ut-4) Kv.
The generator termlnal voltage 1s thus:

€, =E ) +E(t) = |0t + 10 (4-L)U(t-4).

it increases lineanly'from zero to 40 KV. in the first 4
microseconds and'levels,pff at the end of 4 microseconds
to a constant value of_éO KvV.

By applying the superposition theorem twice,‘the
voltage distribution along the generator winding is ob-

talned as:

(o]
e Cx,t)t<4 = I—lf:i-xt -+ %l E—é& Sinnex.sinwpt  (23)
n=| "

oo .
Z . F
’ i . .
€(xL) L4 = XE +E -An—j@%’—a'sm nrx.sinwyt  (24)
: Nal
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for a lossless generator,

7T 3 n=TCc

Equation (23) and (24) are used to calculate the vol-

An=_2.COSH7t w h

tage distribut{onwalopgﬂoné phase-winding of a 100 MVA gen-
erator. Assuming the effective reactance of the generator
for the time intervai considered to be ten percent and a
surge impedance Sf éO ohms, 1t is found that: -

0.507 millihenry per phase

L

0.079 microfarad per phase

ettt

C
‘lC =v = 0.158 numeric per microsecond
With the above linear-front voltage applied at the‘
generator terminal, the voltagesat pbints distant x= 0.9,
0.8, 0.7,... are calculated to fifth harmonic for differ-
ent time t after the surge application. The result is
plotted in Figure 18.

The plbt reveals that at any time t, the voltage at
any pbint X does not exceed the terminal voltage of 40 KV.
This voltage oscillates because of wave reflection at both
terminals . Since the generator 1s assumed ideal and resis-
tanceless, the oscillation does not attenuate. In a prac-
tical generator with resistance, the voltages at various
points do finally séttle to definite values Ex and result
in a linear distributlon.

For a lightning wave with exponentlally decaylng taill,
the voltage distribution would be somewhat different in form.

Moses and Alke (11) have conducted extenslive measurements
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on both simulated and actual generator windings. Figures
19 and 20 show oscillographs taken on two generator wind-
ings with two different waves. The results indicate in
common that for a gen@rator Whosé neutral is at ground po-
tential, the voltage at the intermediate polnts along the
winding does not eﬁceed the terminal voltage. The termin-
al voltage thus represents the maximum voltage that any

part of a generator winding has to withstand.

Part II

Voltage Endurance Characteristicéﬂof the Generator Winding

Insulation

Conslderable work has been done 1in the past several
vyears to explore the voltage endurance characteristics of
the high voltage generator winding insulation. Typical
performance of such insulation i1s shown in Figuré 21.(10)
From the data, it can be seen that both the alternating—w
and direct-voltage endurance curves are essentially straight
lines with negative slope when plotted on semilog coordin-
ates: The breakdown voltage of the insulatlion decreases
with indrease in time of voltage application. The slope
of the alternating-voltage endurance line is such that if
the. time of voltage application is decreased to one-tenth,
the dielectric strength of the insulation increases by ten
percent. The direct-voltage endurance curve is much flat-

ter. This indicates that the time of dlrect-voltage appli-

cation is less important than that of the alternating-volt-
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Surge voltage distribution along a 50 Mw. generator
with 10 by 50 microseconds applied wave.
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"Studies of Impulse Strength and Impulse Testing Problems
-.on.High=Voltage Generators". G. L. Moses and R. J. Alke,
Transaction American Institute of Electrical Enginsers.
April 1953, pp. 123-131.




age on the insulation breakdown voltage. For a given

time of voltage application, the direct-voltage break-
down value is higher than the alterﬁating-vgltage value.
The two curves converge as the time of voltage applica-
fion becomes shorter so that fdr the range of impulse ,
voltage created by lightning sufges, the insulation break-
down value 1s practically same for the direct and alter-
nating voltages.

Moses and Alke(ll)gave the insulation characteristics
The average'A—C breakdown level represents the alternating-
vbltage at which half of the tested coils broke down while
the other half survived the test. The lower 3¢~ 1s a
statistical limit and denotes the voltage at which the
tested coil r has a 99.73 pefcent probabllity to pass the
test.

The baslic insulation level of the rotating machines
has been the sub ject of considerable discussion in the
past several years. Though there is no official standard
issued to date, both ﬁsers and manufacturers of rotating
michinery se@ﬁ to agree that a 50 KV. level in the range
from 1 to 100 microseconds for 15 KV. class rotating mach;
ines would be desirable. This is in contrast to thg 110
KV. BIL Standard required of the swltehing equipment and
oll immersed power apparatus. The 50 KV. level was mainly

determined for coordination with the pfesent day available



74

3
s 240 ¢
Kaig:
e I el et RS N
bD .
.60
g,ﬁ & |Ba-range
SRR B
| & T i~ L
O 1 ~-4--2el U
o6 ™S b
o Iy, -
= R
o 5 N N3 fange
— g % <
o ! BES ™~
ar >
6y 40 g
(o] SUNPIUNS i SEUNUUDS SO .
Wy
2 o 2 4 ©
Log,, seconds
f SUPEEDS NP VARNE ENCNURN EP—"
s o 1 2 3
Log HOURS
{[‘]lm 10
Figure 21.

-t

| Alternating and Direct Voltage Endurance
Characteristic of High Voltage Generator
Winding Insulation,

tGo
140
1 ﬁ | \jbe
2 3.
2 R
) (6] IOO\ \CA\
i $-.|_ £ 60\
» (o\ GJ/ A
U)'-‘Si 8 o 6,/ lto
N ° k@ N
[ =io] ‘7\ @
0 P PN
o 6 0 |— . o
. ® <]
':_j”’d 40 N
69} @0
i
i 20
o .
P S R R -

Time in seconds

Wwe Figure 22.

Insulation Withstanding Characteristics of

15 Kv. class Machines.
#% "Alternating and Direct Voltage FEndurance Studiles on mica
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gpecial type station lightning arrester designed for the
surge protection of rotating machines. These arresters
have a breakdown-and a discharge—voltage'of approximately
40 KV. on a 10 by 20 mlcroseconds and 1500 Amp. current
wave. The desired BIL is indicated as line 4 in Figure 22.

The ASA Standard G-50 on Rotating Electrical Machinery
stipuiates that a factory A-C proof test of Z2E + 1000 volts
rms for one minute is required of all rotating machines.
This is indicated as point 1 iﬁ Figure 22. Polnt 2 1s the
6ne minute direct-voltage wiﬁding proof test value which
is 3E + 1500 or 1.5 of the A-C proof test value. Thils
test is not required by the ASA standard, but has been
~applied by manufacturers after the machine is assembled.
| . In view of the negative slope charac£eristic of the
voi%age endurance curve, a generator winding that passed
the féttory A-C or D-C proof test must have a surge with-
standiﬁéWstrehgph of at least equal to the direct-voltage
test value, wﬁigp}for the 15 KV. class machines is 60 KV.
The direct voltgge proof test acts as an impulse test to
pfove that the generator winding does have an 1lmpulse
level of at least the desired 50 KV. crest.

From the foregoing plcture, 1t can be concluded that
i1f the maximum transferred surge of 40 KV. derived pre-
viously 1s applled at the terminals of the generator, there
is ample reason to believe that the insulation will with-
stand alone without any auxiliary protective device. In

other words, the winding insulation 1s well coordinated
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with 1ts connecting transformer and one set of lightning
arresters applied at the terminals of the transformer
wlll protect the ensemble,

The transferred surge of 40 KV. has been maximized:
all the conditions of calculation have been taken on the
pessimistic side and the effect of wave reflectlion and
energy loss in the cilrcult were neglected. Thls magnitude
would be materially reduced in an actual System where there
is loss and wave reflection. As the present day avallable
station~type lightning arresters for rotating machines
have a breakdown and discharge voltage of approximately
40 KV., such arresters, 1f installed, will have no chance
to bperate on a transferred surge. The functlon of the
surge protective equipment at the geherator terminals 1is
thus at most to provide a back up protection for rare
emergency.

Whether the surge protective equipment should be 1n-
stalled becomes therefore a declsion based on insurance
policy and other factors rather than an engineering

requirement.



SUMMARY AND CONCLUSIONS

In a unit-connected generator scheme where the trans-
formef 1ls protected by lightning arresters installed adja-
cent to its high voltage terminals, the maximum surge vol-
tage that can appear at the high voltage terminals are
limited to the discharge voltage of the arresters given in

Figure 3.

The surges can be transferred electrostatically and
electfomagnetically through the transformer winding to the
generator terminals;

The electrostatic transfer is governed by the capaci-
tive network of the transformer windings. Formulas for an
equlvalent circuit ére derived for simple computations of
'the effect of the terminal conditions. This component 1s
of subtransient nature. For the two cases studied, the
crest magnitude of the electrostatic component does not
exceed 21 KV, This voltage decays rapidly and vanilshes
within 0.4 microsecond. Its effect is negligible.

The electromagnetic transfer is analyzed for the
unit-connected scheme and formulas are derived for the
transferred surge voltage at the generator terminals.
Twelve cases most commonly met in practiée were analyzed

with and without terminal. capacitance. The:result is an

i
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envelope voltage of 10 KV. per microsecond linear front and
40 KV. crest magnitude which is not exceeded in any of the

investigated cases.

HH$p§ﬂyplg§ggmd§s§ribu§;on glong‘fhe.generator windipg
is anélyzed by classical transmission line theory. An ac-
tual distribution computed for a 100 MVA. generator with
the above envelope voltage at the terminals showed that no
points within the winding attaln a voltage higher than the
terminal voltage of 40 KV. crest,

The alternating- and direct-voltage endurance charact-
eristics of the generator winding insulation indicate that
1f a generator withstood the ASA standard A-C proof test,
it has a baslc insulation level of at least 50 KV. crest.

Comparison of the winding insulation level with its
maximum attainable surge voltage revealed that in a unit-
connected scheme, the generator insulation is well coordin-
ated with 1ts connecting transformer. The lightning arrest-
ers at the transformer terminals protect the transformer

and the generator as well.,
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APPENDIX 1

ELECTROSTATIC TRANSFER OF SURGE VOLTAGE THROUGH TRANSFORMERS

Part &

Single Phase Transformer

Figure A-1 répresents-the'capacitance network of a
singlé-phase transformer valid at the first instant of
surge application. Consider a section dx anywhere‘inside
the tranéformer, the charge across the elementary capaci-

tances _XK; , Gldx and Czdx are:

ax
. de, . ' dle

T, T /"Kl dt = K, 5% j bk, = Ki 50t (1)
| .2l

Go = [ 3dndt =Creidx;  3=cd2 (@

qc_é:/—g—i—sdxdt =C5dx(e.-€z)"5 %3=C3;?-f(€rez) (3)

At the node e.:

1
dL DLB i - DL =
de + 5% d-)( -+ LK,' DxK{dX = LK'
‘ N o (4)
DLI i.3 - Lk
ox. T Sx T %
Replacing %; 5 3;3 s ga<, of equation (4) by their val-

ues from (1), (2) and (3) gives:

_81_
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Let %%; be replaced by operator p, regrouping and dividing

%hrough by p:

dee, | -
By symmetry, similér relations can be obtained for the sec-

ondary side:

, . e _ .
(Cp +Cile, — K5 = Cse (7)
Equations (6) and (7) give the set of simultaneous differ-
ential equétions fbruel and ez. Eliminating e1 between (6)

and (7), the following results:

Ve, <K.CC2+C3)+K2(C|+C3)\ Ye. . [Ccrccrce)

'ES K, Ka ) T Kk /€2=O§8~)

Thls is the equation of the voltage distributlon along the
SGGOndarj winding at the instant the surge enfers the pri;
mary coll. By mereiy replacing eqg bby el,the equation be-
comes . the primary voltage distribution. The solutions for
.the primary and secondary distributions will, however, be
different due to the different boundary conditions.

Since only x 1s shown as varlable in equation (8), it

can be treated as an ordinary fourth order linear differen-
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tial equation with the following solutions:

' ., —xX ~-pXx
e, = A"+ B e +Ce+ D,e”

Bx

€p = Are™+ B+ C, e+ D,e (10)
where ;
‘ J 2 "
¢ = Ki(CotC3)+Ka(Cit Ca) + ¥ [K(Co+Cs) -Ka(C+Cs) +4 KiK2Cs (11)
. 2K[K2 .
1 : M z 2
@2 — K{CotCz) +Ko(Ci+G5) — [K.(C2+C3)-K2(C,+C3)] +4K,K2Cz - (12)

2K\K2

Al’ Az, Bl’ . oo and D, are constants of integration.
By replacing e] abd é2 from (9) and (10) in (6) we have:
oKX - - ‘ ‘ o ’ - X ) BLX ~AX
(C‘+C3)[A|6 +B|€ *1_ C‘epx_'_D'e PX] —l K|[A|0(2€ x“fBlQ(ze +C,(52€(5 '\'D‘er P]

= Cx(Aze™+ B, € " +Cy 4 D, P

equating like terms:

. - 2 : _ 2

Cs
_ Ct Cs-Kied _ C +Cx -k, @2
BZ_ } CZ : L BI = mB‘ 3 DZ ! 633 K. 3 DI_ ﬂDl

and equations (9) and (10) are reduced to:

e, = Ae +Be T+ cef + pe® (9a)
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Cidx Czdx Codx
—l i —
Y
/ 2]

L x L ke L
T dx T d =
il {l [ 7
=l 1 [ )
| |
! |
! |
; |
:e,+§—f~‘dx %ez-e- %—-f(—zdx
I ! T ‘ [
] i 1 2
(kl_Pgi , - Lz
X > Y 24 T X iy
K Sligx 1T Bl Ix 9%
i € i1 €2 i
] I ]
7 K= BDLXK‘dx l - == J Ly %Lf"dx
/
ﬁ !
i1
Z ﬁ'l ] ! 1 Z
Cldx ; dex : Cydx
| b
b o
: g
b= )
o O
& @
Ay 0
Figure A-1.

Capacltive Ne’bwork of Single~=phase Transformer,
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X ~ - RX v
£, = mAe™ + mBe  +nCe” + ADE " (10a)

Two cases will be considered:

CASE 1: PRIMARY AND SECONDARY NEUTRAL GROUNDED, SECONDARY

LINE TERMINAL CONNECTED TO A GENERATOR OF SURGE

TMPEDANCE Z_..
o

Thr boundary conditions are:

At thé line terminals where x = 1:

' 2% Py
€2 = Zgli,= ZgKa 35t — ZopKe 9k

e, =E

Y] 4

At the Neutral: €1 = &5 = 0

Applying the boundary conditions to equations (9a) and

(10a), there results:

n(sinhp + bcoshp) E ‘
A B = ‘ E (13)
2[ nsinhs (51nh{3+bcosh(3) - msmhp(smho( + acoshx)] )
-C=—D= ‘ —\m(s'mh&x-i-acoshof)E : (14)
2[nsinho<(5|nh[3+bcosh{5)—rnsmh[&(smh«+acosh°<)]
where
a = ZgpKax ; b = ZgpKzp

The secondary voltage ego 1s:

e = mn[(sinh(s+bcos|nﬁ)sinhzxx—(sinho(-kacbshoc)sfnhﬁx:l.E (15)

2 nsinh:x(sinhpw'-bcosh(s)—msinhﬁ(sinhouacbsho()
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At the secondary terminal where x = 1,

mnZs Ky(psinh coshp - xsinhBcosh«) p
a (n-m smhocsmh{:} Zng(npsmho( coshp - mtxsmh(bcoshoop

The coeffilcient of E represents the transfer function

of thé transformer and is of the form:

_ _Ap
the solution of which is
e = mn [ psinh« coshp - « sinhgcoshe] 'Eﬁ‘b’t (16)
2 nP sinh« cosh@ —mdsinh[ﬁcoshx _ j
Y . (n-m)sinhxsinhg

= ZgK; (np sinh« cosh(s—mzxsinh[bcoshx) (17?

CASE 2: PRIMARY AND SECONDARY NEUTRAL GROUNDED, SECONDARY

LINE TERMINAL CONNECTED TQ A CAPACITOR C.

The boundary condltions become

AL the line terminsls where x = 1:

Ko _bzez — Ko JDéz
Cp oaxat T Cc %

S =E 3 €, =Z(Pl, =

at the neutral terminal: e] = eg = O
Applying the boundary conditions to equations (9a)
and (10a) givésvalues of constants A, B, ¢, and D ldenti-

cal to equations (13) and (l4), but in this case:
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The terminal voltage e, is:

mn[(sinh@ +beoshp) sinhax — (sinhe+ acosh=)sinhax]E
nsinh=(sinh +bamhﬁ)—mshMp(ﬂnho«+aaﬁhq)

&,=

at the secondary terminals where x = 1:

e = mn Ky[ Bsinhe cosha —dsihh[:}coshrx:lE
2T C(n-m)sinh sinhg +K2(n(55'mho<cosh(5—mus:’nh/%wshq) (18)

Part B

Equivalent Electrostatic Netwofk of Single Phase Transformer

Sihce‘we'are'mbétly interested in the terminal voltage
of the transformer secondary rather than the internal distri-
bution, the distributive capacitive network of the transfor-
mer may be replaced by & lumped pl section as shown in Fig-
ure A-2. The capacitances Cf, Cfr AND Ci are the equivalent
capacltances of the high vol%age w1nd1ng to ground, between
the high and low voltage winding, and the 1ow voltage wind-
ing to ground respectlvely.

Consider again the case of a transformer with the sec-
ondary terminal gogqécted to a generator of surge impedance
Zgo Bince the wave comes from the high voltage winding, the
capacitance Cé has no effect on the secondary voltage and is
thérefore left for simplicity. The simplifiéd equivalent

circult is as shown in Pligure A-35.

The network equations are:
Cu+C /L dt - L /‘L dt
El CHL ' CL z
1 ; ) I i
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Figure A-2

Equivalent Capacitance Network

: of
Grounded Single-phase Transformer,
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1
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Figure A-3

Equivalent Capacitance Network
of
Grounded Single-phase Transformer
with Secondary connected to a surge impedance Zgo
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Figure A=4 r

Equivalent Capécitance Circuit
of
Ungrounded Single-phase Transformer.
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The Laplace transforms of the above two equations are:

/ '
Cr+CL |

_ 1 (19)

|
o s I
S STl 25Cl

_ ! !
o= ~lge LB g (20)

Eliminating Iy, the secondary voltage Eg(s) is obtained:
o |
2 2 C,+CL S5+ S
AL L zgic;gq)

whose inverse Laplace transform is:

{
- ( 7 /) T,
e CII-IL EI € ZQ CHDLC (21)

2 Cy +Cl

Comparing this equation with Equations (16) and (17), we

obhtain:
C;L _  Komn [BsinO(Co§h/3 - asinh/&coshx] (22)
(h-m)sinhe coshp
C' — Kz [nB(i—m)sinho( cosh/& - mo((\—n\sinhﬁooshq] (23)
L * ¥

(n—m\sinhuwshp

The above equivalent diagram for a single-phase transg-
former is based on the assumption that both neutrals of the
high and low voltage windings are grounded., In case none of
the neutrals are grounded, the equivalent diagram can be
modified as shown in Figure A-4. This latter diagram is
derived on the basis that the ftransformer should show same
capacitance when it 1s looked from either terminals of the

high voltage winding. The same holds true for either btermi-
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nals of the low voltage winding. This representation of the
transformer is not perfect, since the series capacitance of

the high voltage winding, i.e. capacitance between terminals

Hy and Hg, is definitely lower than ig . However, the dia-
gram represents correctly the capacitances between the termi-

nalsHl-Llp Hl_G, Ll-G’H -Lz’ Hg-GandLB"‘G.

2
This symmetrical representation of the transformer is used
in the derivation of the equivalent circult for three-phase
transformer.

Part C
Equivalent Electrostatic Network of Wye-Delta Connected

Three-phase Transformer.

The complete capacitive network of a three-phase
grounded Wye-Delta transformer is shown in Figure A=5,
wherg Zg is the surge impedance of the generator connect=-
ed to the transformer secondary and Cx is the capacitance
introduced by the generator leads. If each phase is re-
presented by 1ts equivalent circuilt derived from the pre-
ceding section, the network is reduced to Figure A-6. A
surge entering phase A sees first the capacitance to ground
of the high voltage winding Cﬁ s and the coupling capacitance

éL s then CL& of phase A, CLB of phase B, the coupling cap-

acitance OﬁLB of phase B and load Zg and Gx. All other cap-
acitances of the transformer have little effect on the surge.
This leads to the equivalent diagram of Figure A-7. The mag-

nitude of the transferred surge 1s expressed as:



CI =+
H HLB
La
+
’ ’H
L LA
Cl
LA
+
C'
LB
C
X
(
CI l
HL
( -+ 2 +CLI
L)
+
C
X

e
2 —
E
(24)



93

“L = = por—g :L

T, T n 1
Q 1L L L1V1 V
¥ Line T 14 B T ] |_F —

J_—lr'_ _L ] L1} 1 1

T T T TT

—l—:
Figure A=5

Capacitive Network of a

Three- phase Grounded Wye-delta Transformer,
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Equivalent:Capacitance Network
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Three-phase Grounded Wye-delta Transformer,
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Figure A-7

Equivealent Capacitance Diagram
of a

Three-phase Grounded Wye-delta Transformer.
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APPENDIX II

ELECTROMAGNETIC~TRANSFER OF SURGE VOLTAGE THROUGH
| ~ TRANSFORMERS ”

‘The following is 2 ﬁathematical analysis of the elect-
romaghetic transfer through transformer windings:

Two cases are considered: The case of the wave reach-
ing ohly one phase of‘the transformer and the case when two
phases of the high Volﬁage winding are ;spruck"’simﬁltane_

ously by lightning surges of equal magnitudes.

Part A

Electromagnetic Transfer of‘Lightning Wave in Case of Qne-

_Phase Surge

Figure B-1l-4 ig a gchemat;c diagram of the unit-connec-
ted generator scheme with all the cqnstanté’and voltages re-
fetred to the secondary basils. The transfofmer i1s of ground-
ed;WYe-delta type, lts impedance'is represeﬁted by the leak-
age inductance L, the genefafor is répresented by 1ts surge
impedance 4g, the bus capacitance Cyx is showh'cohneétedain
parallel with the generator. The intact lines are represent-
ed by a line‘surge impedance Z£ whichvis converted to the
secondary basis as: !

" = 7! Z)
B

The magnitude and wave form of the incoming surge 1s Eq(t)

=D B=
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and 1s numerically equal to the maximum discharge volt-
age of the arresters installed adjecent to the high volt-
age bushings of the transformer. This voltage corres-
ponds to [35%&31 when referred to the secondary basis;
After the surge struck phase A, the voltage and current
distributions in the transformer and ths generator circuits
are as shown in Figure B-~l-A. The surge causes current Il
to flow in the phase A winding of the wye side of the
transformer, To counteract it, a corresponding current I1
flows in phase A of the delba winding. The latter current,
in flowing out of phase A winding, is split into two
paths: a portion flows through the generator-capacitor
eircuit and the remainder flows through the phases B and
C of the delta winding. The current flow 1in phases B
gand C of the delts winding causes corresponding current
to flow in the phases B and C of the wye winding which
returns by the intact lines of surge impedance ZLo

From the foregoing and the Figure B=l=A, the circuit

equations are:

LPI‘ + eA = C3 'E!“!(_t)

€y = LZ(R) + I Z(p) = 2(p) [, +1,]

Z(p) being the combined impedance function of Cx and Zg

in parallel:

‘ Z
7 — ~9
(P) | +pC29
Eliminating ey ¢

' E
LPI('*‘ (IZ+ Is)Z(P) — M

N
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For the high voltage side of the phases B and C;
e. = (I -I;)(z +Lp)
ey = (1,-1)(Z + Lp)
For the low voltage side of the phases B and C:
€. =-Z(p)l,- 1)+ Z(p)lz = Z(p)215-1;)
€= Z(P, + Z(p)(1,- Iy = Z(p)2], - 15)
From the diagram, it 1s seen that the phases B and C of

the delta winding act as a potentiometer for voltage ey,

A\
by symmetry: ep = ens 1o = Is‘and

B« 2 — BB w
Lz +Lp)-Tlzo+Lp+zpl=0 (2)

Inspection of equation (1) and (2) suggests the equiva=
lent circuit of Figure ﬁ-i-B. o
Taking the Laplace'trahsforms of equations (1) and (2)

and solving for Igs

1 (s) = JEE,(S) Z_+ Ls
2() N 28?2 +3LZ(s)s + Zi[Ls +2Z(s)

The voltage at the secondary terminal is:

"
. : 3Ei(s S + T
E,6)=1,(s)Z(s) =‘[,__C,'\1 ) 3 -

2 i Z. Z 3 27
(- ), s 2 _) 22,
SHCNERTL +S(chg+l_c * TzC

(3)

If the wave form of the incoming surge Ej (s) 1s known
and its Laplace transform substituted in (5); thefsecondary

terminaluvoltage in function of time can be determined by
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the lnverse lLaplace transform of equation (3).

—

Part B

Electromagnetie Transfer of Lightnlng Wave in Case of Two=

'Phage_Surge

F;gurevB-2¥A is a schematicodiégram showing current
distributionbat the various points Qf.thefunit-connectéé
generator when both phases A and C are struck simultane-
ously by lightning surges of equal magnitude and wave form.
By symmétry of the circuit, 1t can be assumed that the cur-
rent and the induced voltage in phase A and C are equal:

I =I =1 ' .
A C 1 ’

since the voltages are 1n phasé, we have also:
GB:GA-FGC:?JGA
The circuit equations are:

For phase A and C:

e o Llp+lyz(p =BEM (4)

For phase B:
2Z(p)l, = €4

e o L(zZetlp)-1[z +Lp+2z(p)]=0
Or dividing through by 2:

L(2+2p)-1,[2 +Lpazpl=0 (5)
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Inspection of equation (4) and (5), suggests:the equi-
. valent circuit diagrém of Flgure B—ZéB“

| To find the expression for the secondary terminal vol-
tage_Ez, take the Laplace transform of both equation (4)

and (5), andvelimiﬁating I:

I (s) = J—EI(S Ls + Z|_
N (252 +3Z(s)Ls +Z,_[Z(s)+Ls)

The secondary terninal voltage Ez is

7
E (s 9z _[BE) s + =
2() Z() = NLC < + & ( T%) s

3), 2 (6)
LCZg M

For an incoming surge of infinite front and exponential

tail its Laplace transform is:

£ (s)= —L

S+X

The denominator of equatlon (6) may have three dis-
tinct roots or one real and two cémﬁlex con jugate roots
depending on the relative values of L and C. When the
generator-transformer connection is of cable type, the
capacitance 1s usually sufficient to make the secondary
voltage oscillatory. The secondary voltage can then be
written as:

\/?E| S+ao>

B (s)= NLC (s +¥){(s + SIS +)? +/62:| (6a)

2

where a_ = 471,
T

7%.: ﬁime constant of the ilmplnging surge,

CX’P/ 5 are factors of the denominator.
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The inverse Laplace transform of (6a) is:

Yt -5t —xt
EZCU = Ae¢ + BE + Ce &n(pt+W) (7)
where A _E a.-Y . B = J3E, Ao~ 9

NLC (§-¥)[(-¥)*+p"] NLC (¥-3)[(x-8)%+4p7]

C-BE 1 (oo )"+ 8°

-

o e

, - o s » 13
NLC B[l v ) LP:TGY’IQ—%(_TGY-' £ Tcm

If the capacitance C of the seccndary 1s negligibleg

-

equation (6) is reduced to:

E (3)__ ﬁEI(S)ZQ S + %
2T LN 52+S(-5L'=+3—L29)+-Z-!-L-§-£3

(8)

‘The solution is aperiodic ag there 1s no capacitance 1in
the circuit, ‘and the denominator possesses tﬁo distinct

roots so that equation (8) «am .be expressed as:

£ (5) = EE[Zq S + de
2 LN (s+¥)(S +=)(S5+B)

ay and Y are as previously defined; « and @ are the roots
of the quadratic of the denominator.

The inverse Laplace transform of this i1s:

J3_E|Zg Qo= -1 a,o“\( ¥t ao"g_ =) .
= € + ¢ -+
M= TN [({-d)(z——«) 6 s | 9
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Figure B=1

Current Disbtribution Diagram and Equivalent Circuit of
Unit-connected Transformer-Generator with surge voltage

E(t) impinging one phase.
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Filgure B-2

Current Distribution Diasgram and Equivalent Clrcult of
Unit-connected Transformer-Generator with surge voltage

E(t) impinging two phases.



APFENDIX TIII
SURGE VOLTAGE DISTRIBUTION ALONG THE GENERATOR WINDING

"Bach phase of the generator can be represented by a lad-
der network as shown in Pigure C-1l, the voltage across the

element MN = Ax is

AR
Ae oe _ | [
AX|ax—so 2% K L'dt
The currents il, 12., . «in the various circult elements are:
. 2%e
blzK ot?
(1)
. __ 9 — g€ =q2& C
BT AR T AR AX—» 0 I OX

AL = GAx.e+CAx%§=

Al _ L e .
AX Ax_,;b—x—_=Ge+C'a—1':— (3)
But s . . R N
: L = [/|+L2+L3 H 'D_X-_W(L'+L2+b‘3) (4:)
N . 2L : .
Substituting—<>, 1;, and _’L3 1n. (4)
oL e 0% D%e
—3,—(2 = Ge+ C'ST:' Kaxzat 9 oxz (5)
From Figure'c-lz |
' ' Ae:rAx'LZ-kLAX—-g-Lg-
Or .
AC _ e _ . dl2
AX AX—r0 - X rl/z + L 2t
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The derivative of which with respect to x gives:

e _ r dle2 L i,

A xE X oxot

Combining (5) and (6):

LK e +(Lg +Kr) 2% (t+gr) e -LC e —(L_G+rC)>—e—rGe~o('7)
sxtotz TN s P95 TS ot “ree=otv)

J

The generator 1s a high efficiéncy machine, r, g, and G can

ﬁsually be néglected without great error:

4 e ’ de .
S e T T (8)

In modern turbine~generators, single-turn coll or bar-type
construction is used, the capacltance between turns 1s 1limit-
ed to the coil-end part which is usually small and negligibleo
For such generators, equation (8) can be further simplified
to: |

dZe | d%e
IxE LC 3t (9)

The solution of equation (9) has been attempted with in
the féllowing gince generatorswof bar-type construction have
heen consldered throughout the study. Assume first that the
applied surge was a rectangular wave of amplitude E;.

It has been noted in Chapter II on electromagnetic surge
transfer that the neutral of the generator is always at ground

potential_irrespective of the method of grounding used. The
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LAX  rax N L-al
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ax ‘2
1 =
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e +ne :
CAX = Gax
‘ai,
Figure C-1
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Equivalent Circuit of Generator Phase Winding.

90T
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boundary conditions are therefore:
S(1,1)=E (10)

€(o,t)=0 (11)

The initial distribution of the surge voltage along the
windihg is:

€ (x,0) = O (12)

The final distributlion of the surge voltage along the
windihg for a rectangular wave is:

The solution of the differential equation (9) 1s com-

posed'of two parts:
€ (x,t)= &5 (x) + €.(x,1)

es(x) is the final or steady state distribution of the surge
voitége along the generator winding after the transient phen-
omena dis out. et(x,t) i1s the transient component whose

boundary values are:

At the neutral point:

€t(o,1) = €(o,L)-€5(0) =0-0=0

At the generator terminal

e (Lt)=e(l,1)-6,(1) = E-E =0
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The initial value of ey is:
Due to the inertia effect of the generator winding in;

'ductahce L, the initial rate of voltage variation is zero or:

_EEL%-, =0 (16)
2T lig o

Assume a solution of et(x,t) 1s of the form:

€, (x,1) = Xxy. T (17)

replacing in equation (9) and dividing through by X.T

‘e " s

X o cd o2
= LCT =k

This represents a set of two linear differential equa-

tions whose solutions are:

X(x) = C;sinkx + Cp coskx
and '

T(t) = Cssin/f%t +Cy cos/%t

The transient voltage e, is thus:

St (x,1) = X.T = (C.sinkx4-C2 coskx)(Cs sn'n/1<=c1j +C4cosJLL_Ct)

The constants C15 Cy, C3, and C are determined by applying

4,
the boundary and initial conditions (13) through (16).

The boundary condition (13) gives:
etugt)=czﬁgsmﬁ%t+C@wsﬁ%t)=o L. Cp=0
The boundary condition (14) gives:

e (l,t)==C sink(C3sin—Lt + C4 COS
st ! 4 ¢

£ 1)
c e
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in order that et has a non trivial solution, C,cannot be made

zero, therefore
sink =0 k =nm n=1, 2
and

v ’ Nat ;
€;(x,t) = C sin n7ix (Cs S'HJE“‘Et+C4 COSJ%‘[)

The initial condition (16) gives:

-%%% = C.Shwnﬂx.géﬁzz = 0
t=0 T

since C, % 0; Gz = 0

-

anda

et(x,t)== Cp, SiN NTTX oS 2t (18)

Jic

'The‘solution"of'et(x,t)'is many-valued depending on the
value of n. It has been préved in Pourier analysls that 1if
each value of the equation (18) for n - 1,2,3...13 a solution

of ei, thelr sum 1s also a solution:

oo
Er(x, 1) = EC SinnwaSDn—t (19)
t( ) n 1 I__LC “
Nn=1
The remaining initial condition (15) cannot satisfy
(19) unless it is expressed itself in the Fourier series

form. Expanding equation (15) into a half-range sine series:

(=]

€,(x,0) =-Ex = E b, sin nex (20)

n=1
where ;

|
by =-—2EU/?5Jnnnxdx== 2E S0k

NIt
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Equating (19) and for time t = O:
Ct (x,t) = E ZECOSMt SN NTEX = E Ch SIN NTEX
n n=j
_ 2Ecosnm
Y'I - nTC

The complete solution e(x,t) is:

@ .

€ (x,t) = E;x + E,E Ap sin nmx cos wnt

(21)

Ar1=:£¥%%§2L ’ Wn ==‘j%%%= |

Equation (21) is valid for a rectangular wave applied

at the generatér terminals. For another wave form Ey (),

the Duhamel's superposition theorem gshould be used to find
the new volﬁage function.

Qne form of the Duhamel theorem is:

" t
e'tx, t) = E, (t) ¢ (o) +fE, (’C);—t(p(t—fr)dt (22)

where E (f) is the equation of the applied wave.
¢)(t5 is the voltage function resulted from a
- rectangular wave, 1. e. e(x,t) of equa-
tion (21). |
For the linear front and infinite tail wave contem-
plated in this study, the voltage response can be found by
superposing two ramp“functioﬁs of opposite sign and dis-
placed by t=F.

The equétion for the first ramp function is:

E\ (0= £
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The eguatlion for the second ramp function is:
E,() =- B (t-F)UCt-F) = E(F-U-F).
By applying the Duhamel theorem (22), the following

results are obtained:

a

E An Sin NTx sin wnt K25)

E sinw
Ceop (X, 1) = XE| +E A nz 5”1hﬂ%6050%(t‘%> (24)

€ OLH) = X 2t 4+

" g
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