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1. 0. KOCTIOKOB

BILIUB MMAPA3UTHOI IHAYKTUBHOCTI HAKOINMUYYBAJIbHOI'O KOHAEHCATOPA
TA EMHOCTI HABAHTAKEHHS HA ITEPEXITHI ITPOINECH Y BUCOKOBOJIBTHUX
YCTAHOBKAX I3 IMITYJIBCHUMHU TPAHC®OPMATOPAMHU

VY cTaTTi pO3MIANAETECS BIUIMB NMAPA3UTHHUX IHAYKTHBHOCTEH HAKONMMYYBAILHOTO KOHAEHCATOPA 1 EMHOCTI 00'€KTa KOHTPOIIO Ha CTPYMH B IICPBHHHIH
Ta BTOPHHHIH 00MOTKax iMITyJIbCHOTO TpaHC(opMaTopa. KpiM TOro posmisiacTses BINIUB MApa3UTHUX IHAYKTHBHOCTEH Ha HANpPYry HA HABaHTAXY-
BaJIbHIN €MHOCTI 00'€KTa KOHTPOIIIO, @ TAKOX HA €MHOCTI HAKOIIMYyBaJbHOTO KOHAEHCATOpA. 3TifHO 3 pe3ysbTaTaMM IPOBEACHOTO MOJCITIOBAHHS
IIapa3uTHA IHAYKTUBHICTH 00'€KTa KOHTPOIIO Mae OLNbII 3HAYHUH BIUTUB Ha (pOpMy HaIpyrd Ha €MHOCTI HABAaHTa)XKCHHS HIX Mapa3HTHA 1HITYKTHB-
HICTh HAKOIMYIYBAJILHOTO KOH/ICHCATOPA.

Ku11040Bi ci10Ba: XxapakTepHCTUYHHMIT IIOJIIHOM, B3a€MHA IHAYKTHBHICTb, nepeTBopeHHs Jlarmaca.

H. A. KOCTIOKOB

BJUSIHUE MAPA3ZUTHOM HHAYKTUBHOCTH HAKOIMUTEJABHOI'O KOHJIEHCATOPA
U HAT'PY30UYHOM EMKOCTH HA MIEPEXO/IHBIE ITPOIIECCHI B BBICOKOBOJIbTHBIX
YCTAHOBKAX C UMITIYJIbCHBIMU TPAHC®OPMATOPAMMU

B cTaThe paccMaTpUBaeTCs BIUSHHE ITapa3HTHBIX HHAYKTHBHOCTEH HAKOIUTEIHHOIO KOHIEHCATOPA U eMKOCTH TECTHPYEMOTo 00beKTa KOHTPOJIS Ha
TOKH B IIEPBUYHON M BTOPUYHOIH 0OMOTKE MMITYJILCHOTO TpaHcopmaropa. Kpome Toro paccMmaTpuBaeTcst BIMSHUE Napa3UTHBIX HHIYKTUBHOCTEH Ha
HaIpsDKeHHe Ha Harpy304HON €MKOCTH 00BEKTa KOHTPOJI, a TaAKXKe Ha eMKOCTH HaKOIUTEIHLHOr0 KoHAeHcaTopa. CoryacHo pe3ynbTaTaM IpOBeIeH-
HOTO MOJENUPOBAHUS ITapa3sHTHasE HHIYKTHBHOCTh OOBEKTa KOHTPOJIST OKa3bIBaeT Oojee 3HAYMTENBHOE BIMSAHHME Ha (JOpPMy HalpsDKEHHS Ha Harpy-
304HOM EMKOCTH, YeM Mapa3suTHask NHAYKTUBHOCTh HAKOMMTEIBHOIO KOHECHCATOPa.

KiroueBble c10Ba: XapaKTepUCTHIECKUH IIOJIMHOM, B3alMHasi HHIYKTHBHOCTB, IpeoOpa3oBanue Jlamaca.
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THE INFLUENCE OF STRAY INDUCTANCE OF STORAGE CAPACITOR AND LOAD
CAPACITANCE ON TRANSIENTS IN HIGH VOLTAGE FACILITIES WITH PULSE TRANSFORMERS

High voltage facilities based on gaining of voltage pulses by means of applying various types of pulse transformers are widely used in various engi-
neering applications. Such high voltage facilities can be used for the elaboration of particle accelerators and in practice of forming pulses of high
voltage for the purposes of electrical equipment testing. Technical characteristics of such high voltage facilities are significantly influenced by the
technical characteristics of applied pulse transformer and, therefore, by the parameters of applied equivalent scheme of pulse transformer. Require-
ments to the obtained time dependencies of formed voltage pulses that arise in practice of testing high voltage insulation by applying pulses of high
voltage demand to take into consideration the influence of parasitic parameters of equivalent scheme. This paper presents the results of consideration
of the influence of parasitic inductances of storage capacitor and capacitance of tested object on currents in primary and secondary windings of pulse
transformer. The influence of stray inductance on time dependence of voltage on load capacitance of tested object of control, as well as on time
dependence of voltage on capacitance of storage capacitor is also considered. According to the results of carried out simulations, the inevitable para-
sitic inductance of tested object has more significant effect on time dependence of voltage on load capacitance than the parasitic inductance of storage

capacitor.

Kumouosi ciioa: characteristic polynomial, mutual inductance, Laplace transform.

Introduction. High voltage pulse transformers are
widely used in practice of forming pulses of high voltage
in various engineering applications. Generators of high
voltage with pulse transformers, for example, can be used
for the elaboration of particle accelerators [1] and in prac-
tice of forming pulses of high voltage for the testing of
electrical equipment [2]. For different purposes such
transformers can be elaborated either with magnetic core,
made of material with low value of power losses, or with-
out any magnetic core. In case of properly chosen pa-
rameters of equivalent schemes, that fit specific ratios
between the values of load capacitance, storage capaci-
tance and values of inductances of primary and secondary
windings, such high voltage facilities correspond to the
scheme of Tesla transformer and can operate in a resonant
mode. In some cases, especially which correspond to the
operation of pulse transformer in a resonant mode, the
analysis of transients in primary and secondary circuits
often is carried out without taking into consideration
energy dissipation in windings of pulse transformer [3-4].

Nevertheless, certain requirements to the obtained time
dependencies of formed pulses on load capacitance, that
arise in practice of testing high voltage insulation by ap-
plying pulses of high voltage, require more specified
model, which allows to take into consideration the influ-
ence of power losses in primary and secondary windings
on the value of voltage formed on load capacitance. An-
other factor that can cause impact on voltage pulses
formed on capacitive load of tested object is determined
by inevitable stray inductance of storage capacitance that
leads to additional voltage drop in primary winding of
pulse transformer. For high voltage capacitors that have
been designed for operating in high voltage facilities for
forming short pulses of voltage, the value of stray induct-
ance usually is considered as a standardized parameter.
For example, for such high voltage pulse capacitors as
NM-40-0.9-¥3 and MM-70-0.9-Y¥3, according to the
listed in [5] parameters, the value of stray inductance is
equal to 300-10° Hn. In general case parasitic inductance
can contain components caused by the inductances of
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capacitor plates, internal connecting busses and outputs of
high voltage capacitor [6]. Stray inductance of load ca-
pacitance, similarly to the stray inductance of storage
capacitor, can cause influence on time dependence of
voltage on load capacitance of tested object. This paper
was motivated by the necessity of taking into considera-
tion and clarifying of mentioned influence.

The objective of this paper is the modeling of the in-
fluence of parasitic inductance of storage capacitor and
load capacitance on time dependencies of voltage drop on
load capacitance.

Lumped equivalent schemes of pulse transformer.
The analysis can be made on the basis of the following
simplified equivalent schemes of pulse transformer:

R
R
Lo M La
W
C'T L L: T Ce
C

Fig. 1. Equivalent schemes for the analysis of transients in pri-
mary and secondary windings, caused by the discharge of stor-
age capacitor: a) with series connection of power loss resistance
[3], b) with parallel connection of power loss resistance [7], c)
with series connection of power loss resistance and stray induct-
ance of storage capacitor and load capacitance.

On the equivalent schemes presented on Fig. 1 R, and
R denote power loss resistances that have been caused by
power losses in primary and secondary windings, L; and
L, denote the values of inductances of primary and sec-
ondary windings, C; and C, respectively denote the val-
ues of storage capacitor and load capacitance of tested
capacitive object, M is the value of mutual induction
between the primary and secondary windings, Lo denotes
the value of stray inductance of storage capacitor, L3 is
the value of stray inductance of load capacitance. Taking
into consideration the presence of skin-effect in wires of

primary and secondary windings such parameters of de-
scribed equivalent schemes as L1, Lz, R1, Rz can exhibit
some dependence on spectral properties of discharge
current. The modeling of the influence of stray capaci-
tance of tested object and storage capacitor was carried
out under the assumption of negligible possible influence
of non-uniform distribution of currents in wires of prima-
ry and secondary windings on the parameters of described
equivalent schemes. The analysis also is to be hold for the
case of air pulse transformer, therefore the value of mutu-
al inductance M can considered to be independent on
magnetic properties of core material.

It should be noted that the equivalent schemes on Fig.
1 have been presented with some simplifications, as they
do not take into consideration the presence of stray capac-
itance between primary and secondary windings and stray
capacitances of primary and secondary windings with
respect to the ground.

As it can be noticed, the main distinction between the
equivalent schemes described on Fig.1 a Fig.1 b is caused
by the fact that power losses in secondary circuit can be
taken into consideration either by series connection or by
parallel connection of power loss resistance R,. Current
analysis will be made for the case of series connection of
Rz and C,. Comprehensive analysis of transients in this
equivalent scheme has also been carried out in [8]. How-
ever, mentioned analysis doesn’t contain the considera-
tion of issues caused by stray inductance of storage capac-
itor.

The influence of stray inductance of storage capac-
itor on currents in primary and secondary winding.
For lumped equivalent scheme on Fig. 1 a in the case of
negligible stray inductance of tested object (Ls = 0) the
system of equations that determine the values of voltage
drop on every element of equivalent scheme can be writ-
ten in the following form:

lei-i-Rlil-FiJ.ildt—M di-i— LOdLZUO;
dt c dt dt @
L2 dl—2+R2i2 +ij‘|2dt—M d£=0
dt c, @

where Uy is the value of voltage on storage capacitance.
Laplace transform of terms in (1) and (2) can be written in
the following form:

. . i . .U
lell + Rlll +pl—é— lez + pLoll = 0 )

1 p (3)
pL2i2 + R2i2 +L— lel =0.
Pez @
Therefore, the expression for Laplace transform for
currents in primary and secondary winding of pulse trans-
former can be written in the following form:
UoCi(LaCap?® +RyCop+1)

a1p4+b1p3+c1p2+dlp+1 ©)

i1(p) =

p%MU (C,C,

a1p4+b1p3+clp2+dlp+1 ©)

ip(p)=

where all constants a; by ¢, di can be calculated by using
the following expressions:
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8y = C1Co((Ly +Lo)Lp ~M?);

()

by =G Co(LoRy +Ra (L +Lo)); (®)
1 Z(R2C2R1+L1+L0)C1+L2C2; (9)
dl = R]_Cl + R2C2. (10)

It can be noticed, that the influence of stray inductance
of storage capacitor leads to increasing of coefficients aj,
b1, ¢1, whereas coefficient d; is not subjected to the influ-
ence of stray inductance of storage capacitor.

Conventional scheme of deriving time dependencies
for currents in primary and secondary windings implies
the necessity of obtaining the roots of the following poly-
nomial:

4 3 2 _
ap” +byp +cip°+dyp+1=0. (11)

In practice of analysis transients in electrical circuits
calculated roots of such algebraic equations usually can
be obtained in a complex form with negative real parts, as
a consequence of currents attenuation. For the case of
highly damped oscillations imaginary part of roots can be
negligible in comparison with real part.

In general form time dependence of voltage on storage
capacitance can be determined by using the following
expression:

N(pp) ep"t
ol(t)——inl(odt—c lel (pn)-(—n——) (12)

where all pn denote the roots of characteristic polynomial
(11), N(pn) denotes the values of nominator in (5) in
points that correspond to the roots of characteristic poly-
nomial (11), M’(pn) denotes the values of derivative from
denominator in (5) in points that correspond to the roots
of characteristic polynomial (11).

Similarly to the previous expression, the time depend-
ence of voltage on the load capacitance of tested object
can be determined by using the following expression:

B(pn)
ir(t)dt = (—-—) (13

jzo nle(pn)( - ) (13)
where B(pn) denotes the values of nominator in (6) in
points that correspond to the roots of characteristic poly-
nomial (11), Q’(pn) denotes the values of derivative from
denominator in (6) in points that correspond to the roots
of characteristic polynomial (11).

The influence of stray inductance of load capaci-
tance on currents in primary and secondary winding.
The case of substantial stray inductance of load capaci-
tance corresponds to the equivalent scheme presented on
Fig. 1 c. For the case of significant stray inductance of
tested object, coefficients in polynomial (11) should be,
obviously, written in the following form:

ap = Oy ((Ly + L)L +(Lp + Lg)ly —M?)

Ug, (1) =

(14)
by = GG (LoRy + Roly + Ry (L + Lg)) (15)
2 =(RaCaoRy + Ly + Lo)Cy + (L + L3)C (16)

The distinction between (7)-(9) and (14)-(16) will be
determined only by the presence of additional term,
caused by parasitic inductance of tested object. Therefore,
all calculations can easily be carried out by applying ex-
pressions (12) and (13), but by using the roots of charac-

teristic polynomial with coefficients ay, by, ¢, instead of a;
b1 c1. It can be seen that for the case of negligible stray
inductance of load capacitance expressions (14-16) can
easily be reduced to the previously considered case of
constants a; b c1.

Fig. 2 and Fig. 3 present the results of mathematical
modeling of time dependencies of voltage on load capaci-
tance. Fig. 4 and Fig. 5 present the influence of stray
inductance on the roots of algebraic equation (11). All
calculations have been carried out for the value of voltage
on storage capacitance equal to 10 kV. The value of
mutual inductance between the primary and secondary
winding was set equal to 1.133-:10* Hn. The values of
inductance of primary and secondary windings have been
chosen equal to 182-10% Hn and 126-10° Hn. The values
of storage capacitor and load capacitance have been re-
spectively chosen equal to 3 uF and 2 nF.
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Fig. 2. Difference between voltages on load capacitance, calcu-

lated for the case of Lo = 0, L3 = 0 and for the case of
Lo =300-10° Hn and L3 = 0.
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Fig. 3. Difference between voltages on load capacitance calcu-
lated for the case of Lo = 0, L3 = 0 and for the case of Lo =0,
L3 =300 nHn.
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Fig. 4. Real and imaginary components of characteristic poly-
nomial roots for the case of Lo = 0 and Ls considered to be varia-
ble in a range from 0 to 300-10-8 Hn.
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Fig.5. Real and imaginary components of characteristic polyno-
mial roots for the case of Ls = 0 and Lo considered to be variable
in a range from 0 to 300-108 Hn.

As it can be concluded from the results of calculations
on Fig. 2 and Fig. 3, the presence of stray inductance of
tested object causes more significant impact on time de-
pendence of voltage drop on tested capacitive object in
comparison with stray inductance of storage capacitor.
While for the case of Lo = 300 nHn and Lz = 0 the highest
difference in voltages riches 0.3 kV, for the case of Lo =0
and Lz = 300 nHn the highest difference in voltages riches
0.8 kV. As it can also be concluded from the results of
modelling presented on Fig. 4 and Fig. 5, stray inductanc-
es of storage capacitor and load capacitance cause some
distinction in obtained roots of characteristic polynomial.

Conclusions. Carried out analysis illustrates the influ-
ence of stray inductance of load capacitance and storage
capacitor on time dependence of voltage on load capaci-
tance of tested object. Both sources of parasitic induct-

ance can be taken into consideration by increasing the
inductances of primary and secondary windings in corre-
sponding terms of characteristic polynomial. According to
the obtained results, stray inductance of tested object
causes more significant influence on time dependence of
voltage on load capacitance in comparison with stray
inductance of storage capacitor.

CIHCOK JIHTepaTyphI

1 XKenrtoB K. A. Iluxocexynonvie cunbnomoumnvle 1eKMpPOHHbIE YCKO-
pumenu. M.: DHeproaromuszat, 1991. 120 c.

2 Oprourens ©. Uunyavcnas mexnuxa. Ienepuposanue u npumenenue
pasps006 konoderwcamopog. M.: Dueprus, 1965. 488 c.

3 Denicolai M. Optimal performance for Tesla transformers. Review of
Scientific instruments. 2002. Vol. 73, No. 9.

4 Cook E.G., Reginato L.L., Off-resonance transformer charging for
250-kV water Blumlein, IEEE Transactions on Electron Devices,
1979. Vol. 26, No. 10, P. 1512-1517

5 Bepsan B. I1., I'enkuman b. O., I'ypaesckuit M. H. u ap. Onexmpu-
yeckue KOHOEHCAMopbl U KOHOEHCAMOPHble yemaHnosku. M.: DHepro-
aromuszar, 1987. 656 c.

6 Kyunnckuii I'. C., Hazapos H. U. Cunogeie anexkmpuueckue konoen-
camoput. M.: DHeproaromusaar, 1992. 320 c.

7 Jain K.K., Chennareddy D., John P.l., Saxena Y.C., Design and
Performance of a Tesla Transformer Type Relativistic Electron Beam
Generator, Sadhana, 9 (1986), No. 1, 19-29

8 Corum J., Daum J. Moore H. L. Tesla coil research. New Jercey, US
army armament research, development and engineering center Publ.,
1992, 38 p.

References (transliterated)

1 Zheltov K. A. Pikosekundnye sil'notochnye jelektronnye uskoriteli
[Picosecond high-current electronic accelerators]. Moscow, Jenergija
Publ., 1991. 120 p.

2 Frjungel' F. Impul'snaja tehnika. Generirovanie i primenenie
razrjadov kondensatorov. [Impulse technique. Capacitor Discharge
Generation and Application]. Moscow, Energoatomizdat Publ., 1965.
488 p.

3 Denicolai M. Optimal performance for Tesla transformers. Review of
Scientific instruments. 2002. Vol. 73, No. 9.

4 Cook E.G., Reginato L.L., Off-resonance transformer charging for
250-kV water Blumlein, IEEE Transactions on Electron Devices,
1979. Vol. 26, No. 10, P. 1512-1517

5 Berzan V. P., Gelknman B. Ju., Guraevskij M. N. Jelektricheskie
kondensatory i kondensatornye ustanovki. [Electric capacitors and
capacitor installations]. Moscow, Energoatomizdat Publ., 1987. 656 p.

6 Kuchinskij G. S., Nazarov N. I. Silovye jelektricheskie kondensatory
[Power Electric Capacitors]. Moscow, Energoatomizdat Publ., 1992.
320 p.

7 Jain K.K., Chennareddy D., John P.l., Saxena Y.C., Design and
Performance of a Tesla Transformer Type Relativistic Electron Beam
Generator, Sadhana, 9 (1986), No. 1, 19-29

8 Corum J., Daum J. Moore H. L. Tesla coil research. New Jercey, US
army armament research, development and engineering center Publ.,
1992, 38 p.

ITocmynuna (received) 25.05.20

Biodomocmi npo asmopis / Ceedenust 06 asmopax / About the authors

Kocmrwxoe Isan Onexcanoposuu (Kocmwxoe Hean Anexcanoposuy, Kostiukov lvan) — kanauaat TeXHiYHAX Ha-
VK, cTapiiuii BUKJIajgay, kadeapa ereKkTpoi3oisuiiiHol ta kabespHOT TexHikn, HalioHanbHNN TEXHIYHUI yHIBEpCHUTET
«XapKiBChKHii TONITEXHIYHMI IHCTUTYT», M. XapkiB, Ykpaina; e-mail iakostiukow@gmail.com.

Bicnux Hayionanvrnoeo mexuiunozco ynigepcumemy «XI1Iy. Cepis: Ilpobnemu
46 YOOCKOHANIOBAHHS eekmpudnux mawun i anapamis. Teopisa i npaxmuxa, Ne 1°2020



