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THE INPFLUENCE OF EXCITATION ON LIGHTNING SURGES IN TRANSFORMER COILS

Froa "Electrical Engineering Review"™ 1171975

1. Introduction

Lightning stroke tests used for testing the insulation of a

transforaer before it is put into operation are carried out on
monexcited objects. The test entails submitting the vinding terminals
to full and cut-off strokes. They pose a threat in a varying manner

to the main and longitudinal windings. The main insulation is wmainly
endangered by the full stroke, wvhile the longitudinal winding,
depending cn the construction of the winding, is endangered by either

the full stroke or the cut-off one., Pigure 1 shows the oscillograms

FTD-ID(RS)I-1528-76
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Pig. 1. Typical oscillograms of lightning surges in channels caused
by full and cut-off strokes for two varying winding comstructions: a)

stranded; b) comtinuous. 1 - full stroke; 2 - cut-off stroke.

FTD-ID(RS)I-1528-76
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of surges in the channels caused by the full and cut-off strokes for
tvo different vinding constructions: a stranded winding and a
continuous vinding. The oscillograss of surges in channels shown in
Pig. 1 were recorded vith the same peak value of the cut-off and full

stroke.

The strokes caused by the cut-off stroke in the longitudinal
insulation of the stranded windings are less damngerous than thcse
arising from a full stroke [1, 2], even vhen the peak value of the
cut-off stroke is 15 greater than the full strck~. However in
ccntinuous windings the situation is different: the cut-off strcke
presents a greater threat to the longitudinal insulation than the

full stroke (Fig. 1b), even vwith the same fpeak values.

Surges caused by a lightning stroke suferimpose themselves on
the alternating working voltage. Their superposition can lead to
greater stresses in the insulation system than those caused by the
lightning stroke itself. The greater peak value of the working
cut-off stroke than the full one anticipated in the norms (in Poland
by 15 [10) wvas justifiable by the possibility of the unfavorable
superposition of stresses from the stroke ard the working voltage.

This viev has been questioned (7, 8].

The present work, based on the publication of Lizunow and

FTD~ID(RS)I-1528-76
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Sapoznikow [9] presents an approximate analysis of the influence cof
excitation in the transformer on damger to the insulation with

lightning strokes.

2. The Influence of Alternating Voltage on Danger Caused by a Full

Stroke

Lightning arresters are the means of protecting the insulation
of the transformer from surges (atsospheric and switching) . They are
connected between the conductors and the ground and hence, parallel
to the protective insulation (Fig. 2). The peak value of the
lightning voltges in the conductor in relation to the ground and
therefore in the line terminal of the protective transformer is
imposed by the characteristics of the lightning arrester: by the
lightaing-stroke characteristic causing the ignition voltage of the
lightning arrester and the voltage-current characteristic determining
its reduced voltage. The instantaneous value of the alternating

voltage does not influence the peak value.

rigure 3 shows a change in the voltage on the lime terminal, The

value of the working voltage at the point of time considered (several

ps) can be considered conmstant.
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Pige 2. Protecting the insulation of the transfcrmer from surges: a)

=
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systes diagras; b) voltage flows. T - protective transformer; 07 -
valve lightning arrester; 1 - incident stroke; 2 - characteristic of

the lightning arrester; 3 - passed-through stroke.
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rig. 3. Change in the potential on the line terminal of the

transforser excited by the application of a full stroke for oppcsite
(a) and coincident (b) polarities of the stroke and the alternating

voltage. v, - peak value of stroke, v, - instantaneous value of

alternating voltage.
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Let us exanmine a unifors winding with a grounded star terminal
after a rectangular voltage has been agplied tc its line terminal.
The initial distribution of the lightning vcltage along the winding
vith excitation of the transformer taken into ccnsideration is

deterasined by the following equation [8]:

sh n‘! o )
) 11

"‘, Uom () = “'" - ('/) [ sh u ] LKy “' ' ::)
vhile for an unexcited transformer (=0 [U4]

sh u(l '
(’b) ; U, (x) = UI' [ xh 4 ]
here U, - peak value of the stroke; !© =~ imstantaneous value of rthe
alternmating voltage; «=1C Kk; K C and K capacitance to ground and

longitudinal capacitance of the winding respectively; x - the length

of the winding point from the line terminal; 1 - length of the

vinding.

The curve of the maximua to-ground surges along the winding can

be described by using the method of "the viktrating wire" [ 3, 5] using

the folloving equations:
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- for the excited transforwmer [9])

U (@) = @Up 4 17, (1
(2a) / :
sh[u‘l-- l"l
Lecs [Y <} r
(Up--Uy) o
- for the unexcited transformer (/;=n
/ r
(2b) ' (1= "'"[”“ l’”
I s :
\ i

(1] I

In equations (1) and (2) the signs above refer to opposite
polarities and those below to coincident polarities of the stroke and
the alternating voltage. Figure 2 shows the voltage distribution
{alternating, initial lightning voltage, and the curves of the
maximum lightning strokes) along a uniform winding with a grounded
star terminal. Next we will consider a more dangerous case - that of
opposite polarity of the full stroke and alternating voltage,
selecting the most useful moment (vwhen the amplitude of the
alternating voltage is the greatest and equal tc Uma). In this

case, as contrasted with the unexcited transforser, vwe will obtain

the following dependences of relations [9]:

- for curves of saximum to-ground surges
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(3) kg =1 +_U’:'f?_ (] . 7)."”—_"‘._[0(“-_; ::-)]

T A A

- and for maximum gradients of the initial lightning voltage* [ *]

[FOOTNOTE: By gradient g of the initial lightning voltage vys»y 1is

N av i(z)
understood derivative ,”__15.‘ END FOOTNCTE]).
. »] Ujm-x tha
) by =14 5 (1= 29)

Coeff icient k, represents the influence of excitation of the
transformer on the values of the to-ground surges from a full stroke
at various points of the wvinding (main insulation); ku,z is the
influence on the maximum gradients of the initial lightning voltage

(longitudinal insulation). Fros dependence (3) it follows that:

- at the line teraminal, vhere strength is often the smallest,

excitation has no influence on the value of the to-ground surges, and

hence the existence of excitation does not change the danger;
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- the greatest influence of excitatica

kl max = 1 ‘L “l.jm.“ —Jb s
l" 2 a
sha

appears on the end of the winding (with a star terminal) where suraes

are small and do not determine dimensions of the main insulation;

- the influence of excitation as you move away from the line terminal
is greater and greater; this influence becomes greater as coefficient

a becomes greater.

The greatest values of to-ground surges for an excited and

unexcited transformer occur at different, but nearby points of the

winding - that is:

- for the excited transformer:

£
(5a) e, N 08 l—.wh . T
l a 1+ U/...! a
U,

- for the unexcited tramnsformer
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{5b) ! »—l——: uroh(z ,”%‘i)

The greatest dangers of cracking occur deep within the winding,
and hence in a field basically uniform. Ccsparison of dangers of

cracking in this part of the wvinding where a uniform field occurs

with and vwithout excitation makes it possible tc evaluate the
particular influence of excitation on lightning surges in the main

| insulation.

coefficient Kk mex, which represents the influence of excitation
& cf the transformer on the greatest value of the to~ground lightning
\ surges, and hence on dangers of cracking, can be described by the

dependence:

(3a) B 14 (" 31— )oba—m[of1— 2]

For voltages accepted in Poland for test cil-immersed

transformsers [10] one obtains, with nominal voltages of the windings

Us.260 kV the folloving values of ratio i%F!:

14

- for transformers with a non-reduced level of insulation
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Pig. 4. Distribution of voltages along the winding with a grounded
star terminal. 1 - alternating voltage before the application of
stroke Us®i 2 - initial lightning voltages, (a - without excitation
Uox); by € - with excitation (with opposite and coincident polarities
of the stroke and alterpating voltage respectively) - VUo®)i 3 -
final arrangemsent Ux® 4§ - curve of to-grcund surges: (a without

excitation u.®:. b, c - with excitation (wvith opposite and coincident

polarities of the stroke and the alternating voltage, Umw®)
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0e18cee0.19;
- for transformers with a reduced level of insulatjon
in stage I 0.22;

in stage II 0.24.

Figure 5 shows the graphs of the coefficients .m« and Fkur
calculated by using equations (3a) and (4) for limiting values in the
ratio Uma/U,=018.02¢ as a functiom of coefficient a; they illustrate
the increase in danger to the main and longitudinal insulation with a

full lightning stroke as a result of the existence of excitation.

Coefficient a depends on the pover, the nominal voltage, and the
construction of the transformer windings; ratic Um./U, depends on
the level of the test voltage (line paraseters). Figure 6 shows the
graphs of coefficients .. | kup. and also their ratio ku/kgu: as a
function of coefficient «, and here, depending cn their power and

voltage the following three groups are distinguished:

A - high-pover transformers vwithk upper nominal voltages U,»>220 kV (¢ <7

with a reduced level of insulation in stage II;
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rig. S. The influence of excitation of the transformer on the

increase of saximum lightning surges in the main insulation W4ms and
the longitudinal insulation (*wy for the full stroke as a function of
coefficient e« for varying paraseters. Curve 1 - UsmaxlUp =83 curve 2 -

Upmax/Up = 018

kep
P oatad =
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Pige. 6. The influemce of excitation of the transformer on the

increase of saximum lightning surges in the main and longitudinal
imsulation, and also their relationshifp for a full stroke in

transforsers of groups A, B, and C. Curve 1 = ¥ aa: curve 2 - kup

curve 3 = kylki,,,
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B - high-pover transformers (5 £ a £ 15) with vcltages 110 kv < U, < 220 kV

and with a reduced level of insulation in stage I;

C -~ high and medium-pover cransformers (a ) 10) with voltages

110 xV<U,<220 kv with a non-reduced level of insulation.

The influence of coefficient a on the increase of dangers with 2
full stroke in the main and longitudinal insulation by virtue of the
existence of excitation (Pig, 6) is most apparent in transformers
belonging to group A and least apparent in transformers of group C.
The limiting values of these coefficients are respectively:
kgmax = 100..1,10; kwp=118.120 Por all intents and purgcses.they do not
depend on the transformers belonging to one of the enumerated groups;
it is the result of the favorable set of parameters of the winding
(a) and the netwyork (level of test voltages Umu/Uy). Por all intents
and purposes ratio ku,/fma does not depend on coefficient a and is,
depending on the level of the test voltages, 1.07...1.11; the value
of this ratio increases insignificantly with a decrease in the level

of the test voltages.

3. The Influence of Alternating Voltage on Dangers Caused by a

Cut-0ff Lightning Surge
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Pigure 7 shovs the change in potential on the line terminal of
the vinding of a transformer excited by a cut-off stroke being
epplied to it with opposite and coincident polarities of the stroke
and the vorking voltage. The peak value of the cut-off stroke, like
the full stroke, does not depend on the instantaneous value of the
vorking voltage; rather, it is imposed by the characteristics of the
lightning arrester. The course of the voltage after cutting off the
stroke, in the vicinity of the transformer®s lime terminal, is caused
by a factor independent of it, which determines only parameters EF, L,
C of “the cut-off loop"™. The influence of excitation appears in such
a way that oscillations after the cut-off die out, with the potential
of the tersinal being caused by the instantaneous value of the

alternating voltage.

The influence of excitation of the transformer on dangers to the
longitudinal insulation, caused by a cut-off lightning stroke, will
also be considered in those vindings in wvhich they are larger than
those caused by a full stroke. The anmalysis yill mainly entail
continuous, coil vindings in vhich the ascillation amplitude of the
stroke from the strcke being cut off (Uunax) is in the majority of

channels greater than the front of the surge (Uems); Uumax >l

In an excited transformer lightning strokes on the longitudinal

insulation caused by a cut-off surge cam be considered as the
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Pig. 7. Change in potential on the line terminal of the transformer
of excitation U after the application of a cut-off stroke with
opposite (a) and coincident (b) polarities of the stroke and the

al ternating voltage, and the resolution of this potenmtial into two

full strokes - a primary one () and a reverse one Ve
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superposition of surges on this insulation that are caused by two
full strokes - a "primary" one and a "reverse® one - when there is no
excitation (Fig. 7), as was done in works [3, 4], by considering the
effects of applying a cut-off stroke tc an unexcited winding. The
peak value of the "primary" stroke @,*U). depends on the polarity of
the stroke and the instantaneous value of the g};ﬁﬁgatigq voltage;:
however, the peak value of the "reverse” sttoké_;"cél;’ﬁbes not

depend at all om excitation of the transforser.

Since surges on the longitudinal insulation are the
superposition of surges caused by "primary" and "reverse" strokes
they are influenced not only by the parameters cf the winding, the

time of the cut-off, the steepness of the front and the cut-off, but
also by the peak values of both the component strokes; hence, the

potential of the winding terminal in relaticn to the ground is also

caused by the excitation of the transfcramer.

The analysis of surges in the chanmels of continuous coil

vipdings leads to the following statements (4, S5]:

- in the flov of the voltage caused by the front of the stroke it is
possible to distinguish a main surge (oscillaticn vith a

characteristic shape close to being triamgular) that dominates

ircregular oscillations with amplitudes significantly smaller than the
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peak value of the main surge;

- the time that the main surge lasts increases as it moves away fron
the line terminal; usually it is withip the range of 1...5 ps, while
the length of tise of the oscillations caused by the front of the
stroke is of the order of several hundred us. Personal measurements
that were carried out on 2 significant numbter cf coil windings of

trans forasers of varying pover and voltage ccnfirm these observations;

- the time of the increase of the main surge fluctuates within the

tllg. 0edeane2 MSe

The time of the cut-off (with time prior to the cut-off within
the range of 2...3 ps) [ 10] occurs on the descending (before or after
passing through zero) part of the main surge in the chanrnel caused by
the front of the stroke, independent of the place in the winding. The
real value of the main surge vhich is caused by the cutting off of
the stroke at the tersinal of the excited transformer will be the

difference or the sum of the instantaneous values of the surge caused

by the "primary” stroke, and the main surge caused only by the
"reverse”® stroke, according to vhether the moment of the cut-off of
the stroke occurs before or after a change in sign of the main surge
from the "prisary stroke (Pig. 8). The first case is less useful when

the polarity of the stroke and the alternating voltage is coincident
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Fig. 8. sSurge in channel U wvith a cut-off stroke and the resolution
of this surge into components of two strokes: a primary one ., and
@ reverse one (...’ for the soment of the cutting off occurring

before the passage (a) and after the passage through zero (b) ot the

oscillation caused by the front of the stroke.
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(Smaller value of the amplitude of the surge at the moment of cutting
off fros the "primary” stroke as compared with the same amplitude
from the “reverse®™ stroke); the second case is less useful when the
polarity of the stroke and the alternating voltage is opposite
(greater value of the asplitude of the stroke at the moment of

cut-off from the "primary" stroke as compared with the same amplitude

fros the “reverse® stroke).

For both cases and the least useful moment (the greatest
asplitude of the alternating voltage - Uma) dependence (6) is
obtained, vhich designates the ratio of the asplitudes of the surges
in the longituydinal insulation {(in the channel) for an excited and

unexcited transformer; its derivation is given in the supplement:

(‘) Ry = 1 -I’.’.m._‘ (" 4 l .l max
L 17 . ,'; - s .
4 ¢ max wmax

Coeff icieat k.. represeats the influence cf excitation of the

transformer on the values of surges im the longitudinal isolaticn for

a cut-off stroke.

The value of coefficient +.. mainly depends on the ratio of the

iagtantaneous value of the voltage im the channel from the front of
the stroke at the moment of cutting off to the saximum value Ue/Uomas

and on the ratio of the maximum surge value in the channel caused by
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the front and the stroke cut-off Ucmix/Uum.x. The first ratio depends
mainly on the time of cut-off; the second one, howvever, depends on

the amplitude of the stroke oscillation after cut-off and on the

steepness of the front and the stroke cut-off. In certain cases the
value of ratio U« ' cam vary quite significantly, while the value
of ratio Ue: U'wix does not vary a great deal. This makes it possible

to coasider it as a parameter (Fig. 9).

Ratio U./Us.n. changes along the winding. These changes depend on
the speed of the penetration of the gradient wave in the winding. The
oscillogramss in Pig. 10 illustrate the pature cf the changes of this
ratio. They vere recorded when investigating the arrangement of
lightning surges in the continuous rindings of two transformers - 240
MVA, 123 kV and 10 HAVA, 110 kV. In one transformer (240 MVA, 123 kV)
the soment of the stroke cut-off occurs after a change in the sign ot
the curve of the surge caused by the front of the stroke; in the
second (10 MVA, 110 kV), before passage through the 0 axis. In the
first case the value of ratio U /Uc,, changes insignificantly
(decreases), but it increases in the second case. The graphs in Fig.
11, vorked out on the basis of the oscillograns from Pig. 10 and
dependence (6), illustrate changes in coefficiemt kw. along the
windings of the mentioned tramsformers, taking into comsideration the
sost unprofitable cases. Por input channels in both the analyzed

transforsers the value of coefficiemt k.« is about 1.02, while in
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Pig. 9. Influence of excitation of the transformer om the increase in
serges in the lomgitudimal insulation for a cut-off stroke as a

function of ratio U«Vemx for varying parameters of ratio VemaVum and

Umaxs Continuous line UmiUy,=03; brokem line Uimax/U,=o1s
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Pig. 10. Oscillograas of lightning surges in channels in the
transformer windings: a) 120 MVA, 123 kV - time base 10 ps; bh) 10
BV¥A, 110 kV - time base S us. 1 - full stroke;

2 - cut-off stioke.
Key: (1) Channel.




poC = 1528 PAGE P
24
sore removed channels for one of the wipdings it changes little, but
for the other one it increases, obtaining a value of 1.27 for the

ninth channel from the line terminal.

In the first intercoil chamnel lightning surges from the cut-off
stroke without excitation of the transfcrmer reach significant
values: 50 of the peak value of the stroke and sometimes even more.
The values of these surges in more removed channels of the winding
rather quickly decrease; for channels situated in the center part of
the vinding they stay on a level of about half the value of the surge
in the first channel. Surge consideraticns then determine the
dimsensions of the longitudinal coiled insulaticn (of channels) at the
beginning of the winding; but in the depth cf the windipg, as a ryle
other factors are determining (cooling) [6]. Figure 12 shows the
arrangement of lightning surges for a cut-cff stroke in the
continuous winding of the above-mentioned transformers - 240 MVA, 123
k¥ and 10 AVA, 110 kV - with and without excitation, taking the most
unfavorable cases (polarity, moment of the alternating voltage). 1+t
is clear from the graphs that the increase in lightning surges from
the cut-off stroke by virtue of excitation in the input channels ot
the windings of the considered transformers, in which the danger of
breakdown is great, is insignificant (several fpercent); yet, in the
channels situvated deep in the winding where dangers are small it can

be, depending on the parameters of the insulaticn, a dozen percent or
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Pig. 11, Increase in surges for the cut-off strcke in the
longitudinal insulation by virtue of excitation in the transformer

vindings: 1) 240 WmVA, 123 kv; 2) 10 #vAa, 11Q kv.

Key: (1) Number of channels.
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Pig. 12. Surges in chanmels of transformer windings: a) 240 MVA, 123

k¥; b) 10 mva, 110 kVv. 1 ~ wvithout excitation; 2 - with excitation.

Key: (1) Number of channels.
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more to several tens petcentfj

Dangers from the cut-off stroke when there is no excitaticn are,
however, deep in the winding, so small that usually other factors
(cooling) determine the dimensions of the lcngitudinal insulation of
this part of the wvinding. Hence, the mentioned increase in the
influence of excitation on surges in the central part of the winding

has nc practical meaning.

Conclusions

An approximate evaluation of lightning surges in an excited

transformer allov the follovwing statesents to be made:

A more unfavorable influence of the superposition of stresses
arising from a lightning stroke and the working alternating voltage
for a full stroke occurs vwith opposite polarities; while for a
cut-off stroke, depending cn the parameters of the winding and the
stroke, it can occur with both coincident and opposite polarities of

the stroke and the working altermating voltage.

The increase in stresses in the main and lcngitudinal insulation

from the full stroke in am excited transformser (a more dangerqQus case
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and the least profitable moment), in cosparison with an unexcited
transformer, is dependeat on coefficient a. The limiting values of
the coefficients for amn increase in dangers, depending on the fpower

and voltage of the transformser and the level cf test voltages are:

in the main insulation - 1.09...1.10

in the longitudinal iasulation - 1.18...1.20.

Increase in stresses with a full stroke caused by the existence

of excitation is, for the lomgitudinal insulaticn, 7-11% greater than

that for the main insulation.

The increase in stresses caused by excitation of the transformer

in the most threatened inpyt chanmels is insignificant with a cut-off

stroke. Por the most unfavorable case it can ascunt to about 47

Hovever in channels located deep within the winding the increase can
be greater (20-307%) . That is not however a true practical value since

safety marginsof the chanmels in this part of the winding are usually

cessive, a fact arising froa their dimensicns determined by thermal

considerations.

The influence of excitation of the transformer with cut-off

strokes is dependent on sany factors, the parameters of the winding
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~ and the cut-off stroke playing the most ispcrtapt role. In many cases

this influence for all intents and purposes can be neglected.

The influemnce of excitation of the transformer on stresses in
the insulation system must be taken into account when setting the
coordination margin between the level of protection and the test
voltage by the fnll stroke; it however does not justify increasing

the peak value of the cut-off stroke as compared with the full one.

Supplement - Derivation of Dependence (6)

To derive dependence (6) we will use Fig. 8 which shows surges
vith a cut-off stroke as the superposition of surges caused by two
full strokes: a principle one and a reverse one [5]. The value of the
surge caused by cutting off the stroke, depending whether or not tne
soaent of cut-off occurs before or after a change in sign of the
oscillations caused by the front of the strcke, will be the
difference or the sum of the amplitudes of the surges at the moment
of cut-off, which are caused by the primary and reverse strokes. The
first case (a) is less useful when the polarity of the stroke and *he
alternating current is coincident; in the second case (b) it is least

useful vhen the polarity is opposite.

FTD-ID(RS)I-1528-76
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The ratio of the greatest amplitudes of the lightning surges 1in
the channels in the excited transformer is for the most threatening

cases the folloviag:

™3 o
+H

~ o~
a2t

The designations of the amplitudes are in agreement with those
given in Pig. 8, while the values referring to the excited
transformer are designated by an asterisk - *. The signs above refer

to the first case (a), and those below to the second case (b).

Taking into account that Uums ~ UFU.. we obtain:

b o Lsmn t (Ua U
e l'hnl

and after tramsforsation and simplification

U g
Ky =11 - = et

Ciumen
After sultiplying and dividing the seccnd term of the above
expression by Ums. and then after transforsaticn and taking into
account that asplitede U: is proportional to the peak value of the
primacry stroke (U, U, amd amplitude U«.~ to U, we obtain

dependence (6)

b= 14 U['nn _Url“ _(_«'5:--

( r U max max

Coefficieat k.. which accounts for the increase in stresses in

FTD-ID(RS)E-1528~76
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the longitudinal imsulation of coil windings fcr a cut-off strcke by
virtue of the existence of excitation also depends on the

relationship:

- of the instantaneous value of the surge at the moment of cut-off
and the saximum value caused by the front of the stroke (hence it

depends on the time to the cut-off);

- of the largest amplitudes of the surges caused by the front and the

cutting off of the stroke; therefore it alsoc depends on the stecpness
of the front and the cut-off and on the amplitude of the voltage

oscillation after the cut-off.
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