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Due to the short com ings of com mer cial fil ters and non-lin ear com po nents for overvoltage
pro tec tion in the con di tions of syn ergy of neu tron and gamma ra di a tion and func tional ag ing, 
the be hav ior of the hy brid pro tec tion cir cuit un der the same con di tions was ex am ined. In or -
der for the ex per i men tal pro ce dure to cor re spond as closely as pos si ble to the real sit u a tion,
the load of the hy brid cir cuit was not ad justed by im ped ance. The stan dard model of the hy -
brid pro tec tion cir cuit rec om mended in ac cor dance with IEC 1.3 is sim u lated us ing the soft -
ware pack age PSPICE. To that end, it is nec es sary to cre ate a varistor with ap pro pri ate el e -
ments. The equiv a lent in duc tance pa ram e ters were found to be sta ble in re la tion to the
ex per i men tal con di tions. It was also es tab lished that due to the syn ergy of neu tron and
gamma ra di a tion and func tional ag ing, there is a change in the steep ness of the varistor char -
ac ter is tic and the tan gent of the loss an gle in the ca pac i tors. The over all ef fect of neu tron and
gamma ra di a tion and func tional ag ing was tested on the hy brid cir cuit and on in di vid ual com -
po nents. The ex per i ments were per formed un der well-con trolled lab o ra tory con di tions, and
the com bined mea sure ment un cer tainty of the ex per i men tal pro ce dure did not exceed 5 %.

Key words: neu tron and gamma ra di a tion, fil ter overvoltage pro tec tion,
hy brid cir cuit for overvoltage pro tec tion

IN TRO DUC TION

Overvoltage pro tec tion el e ments can be di vided
into non-lin ear and lin ear. Non-lin ear overvoltage pro -
tec tion el e ments in clude var i ous types of pro tec tive
surge ar rest ers such as gas surge ar rest ers, varistors
and overvoltage di odes. Lin ear el e ments of
overvoltage pro tec tion in clude dif fer ent types of fil -
ters. In prac tice, a com bi na tion of these el e ments is of -
ten used. This is be cause most com mer cial fil ters are
not in tended for use as pro tec tion against in ter fer ence
that reaches sev eral thou sand volts. In ad di tion, it is
very dif fi cult to pro vide the re quired level of pro tec -
tion us ing the fil ter it self. Pro tec tive ar rest ers by them -
selves have some dis ad van tages in the case when it is
nec es sary to guar an tee the pro tec tion of par tic u larly
sen si tive semi con duc tor elec tronic com po nents. This
is the rea son for the ap pli ca tion of com bined (hy brid)

pro tec tion to com pen sate for the short com ings of lin -
ear and non lin ear pro tec tion el e ments [1-10].

The ba sic prop er ties of real el e ments of
overvoltage pro tec tion are as:
– The re sponse thresh old of a real non-lin ear

overvoltage pro tec tion el e ment is grad ual. This
means that the non lin ear el e ments of surge pro tec -
tion have a fi nite value of the nonlinearity co ef fi -
cient a. This co ef fi cient is gen er ally de fined as a =
=.log(I2/I1)/log(U2/U1), where U1, I1 and U2, I2 co -
or di nates of points from the volt-am pere curve, re -
spec tively. Real non-lin ear overvoltage pro tec tion 
el e ments are char ac ter ized by in er tia, i.e. the time
re quired for the el e ment to re act (when the volt age 
of the tran sient wave reaches the el e ment's re -
sponse value). The fact that the band width of real
elec tri cal fil ters can not be made in fi nitely small
means that part of the fre quency spec trum of the
tran sient passes through the fil ter [11-14].

– The volt age value at the pro tected point of the de -
vice de pends to a greater or lesser ex tent on the
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cur rent pass ing through the non-lin ear pro tec tive
el e ment [15, 16].

– The pos si bil ity of ab sorb ing the en ergy of real
non-lin ear el e ments for pro tec tion against
overvoltage is lim ited. In the case of elec tric fil -
ters, part of the en ergy is re flected back into the
cir cuit, while the pos si bil ity of ab sorb ing part of
the en ergy in the ac tive resistances of the fil ter is
also lim ited [17-19].
Non-lin ear el e ments of overvoltage pro tec tion as
well as elec tri cal fil ters show ag ing prop er ties, i. e. 
a change in char ac ter is tics as a func tion of the
num ber of ac ti va tions, the peak val ues of the cur -
rent they con duct, as well as the du ra tion of the
tran sient. The change in the char ac ter is tics of
these el e ments is also ob served in con di tions of
change in am bi ent tem per a ture and ra di a tion
[20-24].

– The in flu ence of some el e ments of overvoltage
pro tec tion on the nor mal op er a tion of the de vice,
in the ab sence of an overvoltage phe nom e non,
can not be ig nored, which can lead to the de te ri o ra -
tion of the de vice's char ac ter is tics [25].

The pur pose of the study is to in ves ti gate the in -
flu ence of the num ber of ac ti va tions (pre vi ous op er a -
tions) and neu tron and gamma ra di a tion on the sta bil -
ity of the rel e vant char ac ter is tics of the hy brid
pro tec tive cir cuit made ac cord ing to the pro posal of
the stan dard IEC 77.C.1.3 by means of a real ex per i -
ment and a nu mer i cal pro ce dure [26]. In or der to ob -
tain re sults of max i mum re li abil ity, high-qual ity
power sources and mea sur ing in stru ments were used.
The en tire pro ce dure was per formed un der well-con -
trolled lab o ra tory con di tions and was fully au to mated.
The com bined mea sure ment un cer tainty of the mea -
sure ment pro ce dure was less than 7 % [27-30].

EX PER I MENT

As al ready men tioned, non-lin ear pro tec tion el e -
ments are of ten used to gether with fil ters. Most com -
mer cial fil ters can not han dle a large num ber of
overvoltages with out ma jor changes in char ac ter is tics. 
This mainly re fers to ca pac i tors as fil ter el e ments.
Also, the di elec tric of the ca pac i tor is sen si tive to the
ef fects of neu tron and gamma ra di a tion. On the other
hand, it is dif fi cult to pro vide ef fec tive pro tec tion in
the case of ap ply ing only a non-lin ear pro tec tive el e -
ment, since the peaks that pass through such pro tec tion 
may have enough en ergy to di rectly de stroy the elec -
tronic com po nent or a suf fi cient volt age level to in di -
rectly de stroy it. This can lead to dis rup tions in the op -
er a tion of the pro tected de vice. For these rea sons,
hy brid pro tec tion cir cuits are of ten used. This is why it
is nec es sary to ex am ine the con tri bu tion of in di vid ual
overvoltage pro tec tion com po nents to the over all pro -
tec tion char ac ter is tic of the hy brid pro tec tion cir cuit.

Al though there are a large num ber of very dif fer ent
con cepts of hy brid pro tec tive cir cuits, the prin ci ples of 
their op er a tion are very sim i lar. This means that the
sim u la tion of the in flu ence of the sta bil ity char ac ter is -
tics of the overvoltage pro tec tion el e ments on one spe -
cific model of the hy brid cir cuit pro vides use ful data
for all other types of hy brid cir cuits. In this study, a hy -
brid cir cuit made ac cord ing to the IEC 77.C.1.3 stan -
dard was used. The sim u la tion was per formed with the 
PSPICE soft ware package.

Fig ure 1 shows an ide al ized scheme of the pro -
tec tive hy brid cir cuit used in the work. The cir cuit
shown in fig. 1 is based on a varistor and an L-fil ter, as
well as a sim pli fied sche matic of this cir cuit. The
overvoltage source Vimp was sim u lated by a dou -
ble-ex po nen tial uni po lar pulse 1.2/50 ms whose peak
value was 5 kV. The in put im ped ance of the cir cuit was 
a stan dard ac tive re sis tance of 50 W. In or der for the
an a lyzed cir cuit to match the real sit u a tion as much as
pos si ble, the fil ter load was not ad justed ac cord ing to
im ped ance. Since the used pro gram al go rithm does
not have a suit able varistor model, it was cre ated with
el e ments RCV, RV, DV, RDV, VMN, VMV, VPV, and IUV so
that the model cor re sponded to the varistor used in the
ex per i ment (d = 14 mm). The cir cuit RCVCV de ter -
mines the re sponse time con stant of the varistor (CV

rep re sents its own varistor), the pa ram e ter RDV rep re -
sents the dy namic re sis tance of the varistor, the volt -
age gen er a tor VPV de ter mines the break down volt age
of the varistor, and the IUV rep re sents the cur rent con -
trolled cur rent source (zero elec tro mo tive force VMV

rep re sents the am me ter of the con trol cur rent iUPV of
the IUV source). The re la tion ship be tween the con trol
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Fig ure 1. (a) Ide al ized scheme of the hy brid pro tec tion
cir cuit and (b) a sim pli fied equiv a lent di a gram of a hy -
brid pro tected cir cuit



cur rent iUPV and the source cur rent IUV is given by the
re la tion

I kiUV UPV= (1)

where k is the lin ear co ef fi cient of cur rent am pli fi ca -
tion whose value is de ter mined by the ex pres sion

k
R R

R
=

+CV V

DV

(2)

The equiv a lent scheme of the varistor in this par -
tic u lar case is of the uni po lar type, since due to the na -
ture of the test pulse there was no need to in tro duce a
bi po lar model. It should be noted that the lin ear ap -
prox i ma tion (co ef fi cient k) of the volt-am pere char ac -
ter is tic of the varistor gives sat is fac tory re sults in the
cur rent range from 1 mA up to about 200 A.

The sim pli fied fil ter in duc tance re place ment
scheme is of the clas sic type and is set by the in duc tance
Lf, the ca pac i tance Cf  rep re sent ing the inter-turn par a sitic 
ca pac i tance and the se ries re sis tance Re rep re sent ing the
equiv a lent of purely ohmic and dis si pa tion losses. The
syn the sis of the equiv a lent in duc tance scheme was per -
formed on the ba sis of [31] for a com mer cial choke of
500 mH. The sub sti tu tion scheme of the ca pac i tor is rep -
re sented by re sis tance Rc, self-in duc tance Lc, and ca pac -
ity Cf, which in this case was 0.2 mF.

The ex am i na tion of the in flu ence of the sta bil ity
of overvoltage pro tec tion el e ments on the ROPT out -
put volt age un der the ef fect of an overvoltage pulse at
the in put of the cir cuit and the ef fect of neu tron and
gamma ra di a tion was per formed un der the as sump tion 
that the pa ram e ters of the equiv a lent in duc tance (Ce,
Lf, Re) re mained sta ble in re la tion to the ini tial con di -
tions. The steep ness of the varistor was changed by in -
creas ing the dy namic re sis tance. Also, the ap pro pri ate
value of the break down volt age, ca pac i tor ca pac ity
and loss re sis tance are changed. These changes were
de ter mined by mea sur ing the syn er gis tic ef fect of neu -
tron and gamma ra di a tion and the num ber of pre vi ous
im pulse loads [18-21].

The ex per i men tal pro ce dure was per formed by
load ing the varistor and the ca pac i tor with 1, 100, 200,
300, 400, 500, 600, 700, 800, 900, and 1000 pulses, af -
ter which the change in the volt-am pere and volt-ohm
char ac ter is tics of the varistor was re corded, with the
num ber of loads as a pa ram e ter. Af ter that, the
varistors were ir ra di ated and the volt-am pere and
volt-ohm char ac ter is tics of the varistors were re corded 
again. The ob served changes in the equiv a lent com po -
nents of the varistor scheme were re cal cu lated and in -
serted into the sim u la tion pro gram to eval u ate the in -
flu ence of the syn ergy of neu tron and gamma ra di a tion 
and the num ber of op er a tions on the pro tec tive char ac -
ter is tics of the hy brid cir cuit.

Dur ing the ex per i ment, a varistor with a disk di -
am e ter of 14 mm was used, in tended for per ma nent
load with al ter nat ing volt age. The ca pac i tor used had a 
film di elec tric made of poly sty rene, in su la tion re sis -

tance 100 TW and a value of tgd of 0.0015. The source
of neu tron and gamma ra di a tion was the iso tope cal i -
for nium 252Cf. The source was made in the form of a
Cf2O3 cap sule, and its mass was 2265 mg. Fig ure 2
shows the neu tron spec trum Sn of the ap plied source.
Fig ure 3 shows the gamma spec trum Sg of the ap plied
source. Ta ble 1 gives the val ues of fluence (Fn neu tron
and Fg gamma ra di a tion) that were de pos ited dur ing
the ex per i ment (Nf).

RE SULTS AND DIS CUS SION

Fig ure 4 shows changes in the volt-am pere char -
ac ter is tic de pend ing on the num ber of op er a tions
(pulses) and the fluence of neu tron and gamma ra di a -
tion. Fig ure 5 shows changes in the volt-ohm char ac -
ter is tic de pend ing on the num ber of op er a tions
(pulses) and the fluence of neu tron and gamma ra di a -
tion.
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Fig ure 2. Neu tron spec trum of the ap plied source

Fig ure 3. Gamma spec trum of the ap plied source

Ta ble 1. Fluence val ues (neu tron and gamma ra di a tion)
de pos ited dur ing the ex per i ment (Nf)

Nf Fn [cm–2] Fg [cm–2]

0 0 0

1 3.55 8.66

2 7.10 17.3

3 10.66 26



Based on the re sults ob tained by ex am in ing the
ef fects of neu tron and gamma ra di a tion and the num -
ber of pulses on varistors and ca pac i tors, the ef fects of
the worst case on the equiv a lent com po nents of the hy -
brid pro tec tion cir cuit were cal cu lated. The fol low ing
re sults were ob tained: 1 – in creas ing the dy namic re -
sis tance of the varistor from 4.5 W to 10 W, 2 – re duc -
tion of the varistor break down volt age from 388 V to
378 V, 3 – re duc tion of ca pac i tor ca pac ity from 0.2 mF
to 0.14 mF, and 4 – in creas ing the re sis tance of the ca -
pac i tor from 0.2 W to 2.5 W. With these changes, the
in flu ence of the worst case syn ergy of neu tron and
gamma ra di a tion and the num ber of pulses on the volt -
age on the varistor, fig. 6 and on the nor mal ized fre -
quency spec trum on the load, fig. 7, was de ter mined
by a nu mer i cal sim u la tion.

Fig ures 6 and 7 show the changes in the varistor
volt age and the nor mal ized fre quency spec trum be fore 
the ef fects of the changes and the changes in the worst
case. In fig. 6, Curve 1 gives the shape of the volt age
on the varistor be fore the changes, Curve 2 gives the
shape of the volt age on the ca pac i tor be fore the
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Fig ure 4. Changes in the volt-am pere char ac ter is tic
de pend ing on the num ber of op er a tions (pulses) and the
fluence of neu tron and gamma ra di a tion; (a) fluence = 0,
(b) fluence = 1, and (c) fluence = 2

Fig ure 5. Changes in the volt-ohm char ac ter is tic
de pend ing on the num ber of op er a tions (pulses) and the
fluence of neu tron and gamma ra di a tion, (a) fluence = 0
and (b) fluence = 1

Fig ure 7. Change of the nor mal ized fre quency spec trum
be fore ac tion and change in the worst case

Fig ure 6. Volt age forms on the varistor (Curves 1 and 3)
and the load be fore and af ter the changes (Curves 2 and 4)



changes, Curve 3 gives the shape of the volt age on the
varistor af ter the changes in the worst case, and Curve
4 gives the shape of the volt age on the ca pac i tor af ter
the changes in the worst case. Curve 2 shows an in -
crease in the value of the re sid ual volt age on the
varistor due to an in crease in its dy namic re sis tance,
which is par tic u larly vis i ble in the area of higher volt -
ages and cur rents. At the out put of the fil ter, the volt -
age value also in creases, which is a con se quence of the 
in crease in the volt age at the in put, but also the con tent
of higher har mon ics (fig. 7 shows the nor mal ized con -
tent of har mon ics in re la tion to 4 kHz), which is caused 
by the in crease in losses and the de crease in the ca pac -
ity of the ca pac i tor. Both phe nom ena (in crease in volt -
age and in creased pres ence of higher har mon ics at the
out put) rep re sent a dan ger to the pro tected sys tem in
terms of eas ier pen e tra tion of higher overvoltage har -
mon ics into its cir cuits, which in creases the pos si bil ity
of dis rup tion or fail ure.

CON CLU SION

The re sults of test ing the syn ergy of neu tron and
gamma ra di a tion and the num ber of pulses on the hy -
brid pro tec tion cir cuit showed that the syn ergy is neg a -
tive. It is shown that changes in the com po nents of the
hy brid pro tec tion cir cuit due to the ef fect of neu tron
and gamma ra di a tion and the num ber of pulses in -
crease the num ber and in ten sity of higher har mon ics at 
the out put. This phe nom e non rep re sents a real dan ger
to the pro tected el e ment or sys tem, which can lead to
its dys func tion or de struc tion. This must be taken into
ac count when ap ply ing hy brid pro tec tive cir cuits in
the fields of neu tron and gamma ra di a tion, since the ef -
fects of this ra di a tion cause dom i nantly ob served phe -
nom ena. For this rea son, it is rec om mended to choose
hy brid pro tec tion cir cuit com po nents that are more re -
sis tant to the ef fects of neu tron and gamma ra di a tion.
These are com po nents made on the ba sis of mol e cules
of greater mass, since in this case the ef fect of dis -
place ment of mol e cules (which is the main ef fect of
the in ter ac tion of neu tron and gamma ra di a tion with
the ma te rial) is less pos si ble.
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UTICAJ  SINERGIJE  NEUTRONSKOG  I  GAMA  ZRA^EWA  I  FUNKCIONALNOG
STAREWA  NA  EFIKASNOST  HIBRIDNOG  ZA[TITNOG  KOLA

Usled nedostataka komercijalnih filtera i nelinearnih komponenata za za{titu od
prenapona u uslovima sinergije neutronskog i gama zra~ewa i funkcionalnog starewa ispitano je
pona{awe hibridnog za{titnog kola pod istim uslovima. Da bi eksperimentalni postupak {to
vi{e odgovarao realnoj situaciji optere}ewe hibridnog kola nije bilo prilago|eno po impedansi.
Standardni model hibridnog za{titnog kola preporu~en u skladu sa IEC 1.3 simulisan je pomo}u
programskog paketa PSPICE. U tom ciqu nu`no je kreirati varistor odgovaraju}im elementima.
Ustanovqeno je da su parametri ekvivalentne induktivnosti stabilni u odnosu na uslove
eksperimenta. Tako|e je ustanovqeno da usled dejstva sinergije neutronskog i gama zra~ewa i
funkcionalnog starewa dolazi do promene strmine karakteristike varistora i tangensa ugla
gubitaka u kondenzatorima. Ukupni efekat dejstva neutronskog i gama zra~ewa i funkcionalnog
starewa je ispitan na hibridnom kolu i na komponentama pojedina~no. Eksperimenti su vr{eni pod
dobro kontrolisanim laboratorijskim uslovima kombinovana merna nesigurnost eksperimentalnog 
postupka nije prelazila 5 %.

Kqu~ne re~i: neutronsko i gama zra~ewe, filterska za{tita od prenapona, hibridna kola za
..........................za{titu od prenapona


