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Due to the shortcomings of commercial filters and non-linear components for overvoltage
protection in the conditions of synergy of neutron and gamma radiation and functional aging,
the behavior of the hybrid protection circuit under the same conditions was examined. In or-
der for the experimental procedure to correspond as closely as possible to the real situation,
the load of the hybrid circuit was not adjusted by impedance. The standard model of the hy-
brid protection circuit recommended in accordance with IEC 1.3 is simulated using the soft-
ware package PSPICE. To that end, it is necessary to create a varistor with appropriate ele-
ments. The equivalent inductance parameters were found to be stable in relation to the
experimental conditions. It was also established that due to the synergy of neutron and
gamma radiation and functional aging, there is a change in the steepness of the varistor char-
acteristic and the tangent of the loss angle in the capacitors. The overall effect of neutron and
gamma radiation and functional aging was tested on the hybrid circuit and on individual com-
ponents. The experiments were performed under well-controlled laboratory conditions, and
the combined measurement uncertainty of the experimental procedure did not exceed 5 %.
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INTRODUCTION

Overvoltage protection elements can be divided
into non-linear and linear. Non-linear overvoltage pro-
tection elements include various types of protective
surge arresters such as gas surge arresters, varistors
and overvoltage diodes. Linear elements of
overvoltage protection include different types of fil-
ters. In practice, a combination of these elements is of-
ten used. This is because most commercial filters are
not intended for use as protection against interference
that reaches several thousand volts. In addition, it is
very difficult to provide the required level of protec-
tion using the filter itself. Protective arresters by them-
selves have some disadvantages in the case when it is
necessary to guarantee the protection of particularly
sensitive semiconductor electronic components. This
is the reason for the application of combined (hybrid)
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protection to compensate for the shortcomings of lin-

ear and nonlinear protection elements [1-10].

The basic properties of real elements of
overvoltage protection are as:

— The response threshold of a real non-linear
overvoltage protection element is gradual. This
means that the nonlinear elements of surge protec-
tion have a finite value of the nonlinearity coeffi-
cient a. This coefficient is generally defined as a =
= log(ly/I))/1og(U,/U,), where Uy, I, and U,, I co-
ordinates of points from the volt-ampere curve, re-
spectively. Real non-linear overvoltage protection
elements are characterized by inertia, i.e. the time
required for the element to react (when the voltage
of the transient wave reaches the element's re-
sponse value). The fact that the bandwidth of real
electrical filters cannot be made infinitely small
means that part of the frequency spectrum of the
transient passes through the filter [11-14].

— The voltage value at the protected point of the de-
vice depends to a greater or lesser extent on the
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current passing through the non-linear protective
element [15, 16].

— The possibility of absorbing the energy of real

non-linear elements for protection against
overvoltage is limited. In the case of electric fil-
ters, part of the energy is reflected back into the
circuit, while the possibility of absorbing part of
the energy in the active resistances of the filter is
also limited [17-19].
Non-linear elements of overvoltage protection as
well as electrical filters show aging properties, i. e.
a change in characteristics as a function of the
number of activations, the peak values of the cur-
rent they conduct, as well as the duration of the
transient. The change in the characteristics of
these elements is also observed in conditions of
change in ambient temperature and radiation
[20-24].

— The influence of some elements of overvoltage
protection on the normal operation of the device,
in the absence of an overvoltage phenomenon,
cannot be ignored, which can lead to the deteriora-
tion of the device's characteristics [25].

The purpose of the study is to investigate the in-
fluence of the number of activations (previous opera-
tions) and neutron and gamma radiation on the stabil-
ity of the relevant characteristics of the hybrid
protective circuit made according to the proposal of
the standard IEC 77.C.1.3 by means of a real experi-
ment and a numerical procedure [26]. In order to ob-
tain results of maximum reliability, high-quality
power sources and measuring instruments were used.
The entire procedure was performed under well-con-
trolled laboratory conditions and was fully automated.
The combined measurement uncertainty of the mea-
surement procedure was less than 7 % [27-30].

EXPERIMENT

As already mentioned, non-linear protection ele-
ments are often used together with filters. Most com-
mercial filters cannot handle a large number of
overvoltages without major changes in characteristics.
This mainly refers to capacitors as filter elements.
Also, the dielectric of the capacitor is sensitive to the
effects of neutron and gamma radiation. On the other
hand, it is difficult to provide effective protection in
the case of applying only a non-linear protective ele-
ment, since the peaks that pass through such protection
may have enough energy to directly destroy the elec-
tronic component or a sufficient voltage level to indi-
rectly destroy it. This can lead to disruptions in the op-
eration of the protected device. For these reasons,
hybrid protection circuits are often used. This is why it
is necessary to examine the contribution of individual
overvoltage protection components to the overall pro-
tection characteristic of the hybrid protection circuit.

Although there are a large number of very different
concepts of hybrid protective circuits, the principles of
their operation are very similar. This means that the
simulation of the influence of the stability characteris-
tics of the overvoltage protection elements on one spe-
cific model of the hybrid circuit provides useful data
for all other types of hybrid circuits. In this study, a hy-
brid circuit made according to the [IEC 77.C.1.3 stan-
dard wasused. The simulation was performed with the
PSPICE software package.

Figure 1 shows an idealized scheme of the pro-
tective hybrid circuit used in the work. The circuit
shown in fig. 1 is based on a varistor and an L-filter, as
well as a simplified schematic of this circuit. The
overvoltage source V., was simulated by a dou-
ble-exponential unipolar pulse 1.2/50 us whose peak
value was 5 kV. The input impedance of the circuit was
a standard active resistance of 50 Q. In order for the
analyzed circuit to match the real situation as much as
possible, the filter load was not adjusted according to
impedance. Since the used program algorithm does
not have a suitable varistor model, it was created with
elements Rev, Rys Dys Rpyvs Vs Vaws Vevs and Iy so
that the model corresponded to the varistor used in the
experiment (d = 14 mm). The circuit RqyCy, deter-
mines the response time constant of the varistor (Cy,
represents its own varistor), the parameter Ry, repre-
sents the dynamic resistance of the varistor, the volt-
age generator Vpy, determines the breakdown voltage
of the varistor, and the Iy, represents the current con-
trolled current source (zero electromotive force Vyy,
represents the ammeter of the control current iUPV of
the I}y, source). The relationship between the control
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Figure 1. (a) Idealized scheme of the hybrid protection
circuit and (b) a simplified equivalent diagram of a hy-
brid protected circuit
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current iypy and the source current /iy, is given by the
relation

Iyy =kigpy )

where £ is the linear coefficient of current amplifica-
tion whose value is determined by the expression

k:Rcv +Ry

2
Roy 2

The equivalent scheme of the varistor in this par-
ticular case is of the unipolar type, since due to the na-
ture of the test pulse there was no need to introduce a
bipolar model. It should be noted that the linear ap-
proximation (coefficient k) of the volt-ampere charac-
teristic of the varistor gives satisfactory results in the
current range from 1 mA up to about 200 A.

The simplified filter inductance replacement
scheme is of the classic type and is set by the inductance
Ly the capacitance C, representing the inter-turn parasitic
capacitance and the series resistance R, representing the
equivalent of purely ohmic and dissipation losses. The
synthesis of the equivalent inductance scheme was per-
formed on the basis of [31] for a commercial choke of
500 pH. The substitution scheme of the capacitor is rep-
resented by resistance R, self-inductance L, and capac-
ity C; which in this case was 0.2 uF.

The examination of the influence of the stability
of overvoltage protection elements on the ROPT out-
put voltage under the effect of an overvoltage pulse at
the input of the circuit and the effect of neutron and
gamma radiation was performed under the assumption
that the parameters of the equivalent inductance (C,,
Ly, R,) remained stable in relation to the initial condi-
tions. The steepness of the varistor was changed by in-
creasing the dynamic resistance. Also, the appropriate
value of the breakdown voltage, capacitor capacity
and loss resistance are changed. These changes were
determined by measuring the synergistic effect of neu-
tron and gamma radiation and the number of previous
impulse loads [18-21].

The experimental procedure was performed by
loading the varistor and the capacitor with 1, 100, 200,
300,400, 500, 600, 700, 800, 900, and 1000 pulses, af-
ter which the change in the volt-ampere and volt-ohm
characteristics of the varistor was recorded, with the
number of loads as a parameter. After that, the
varistors were irradiated and the volt-ampere and
volt-ohm characteristics of the varistors were recorded
again. The observed changes in the equivalent compo-
nents of the varistor scheme were recalculated and in-
serted into the simulation program to evaluate the in-
fluence of the synergy of neutron and gamma radiation
and the number of operations on the protective charac-
teristics of the hybrid circuit.

During the experiment, a varistor with a disk di-
ameter of 14 mm was used, intended for permanent
load with alternating voltage. The capacitor used had a
film dielectric made of polystyrene, insulation resis-

tance 100 TQ2 and a value of tgd of 0.0015. The source
of neutron and gamma radiation was the isotope cali-
fornium 2*2Cf. The source was made in the form of a
Cf,05 capsule, and its mass was 2265 ng. Figure 2
shows the neutron spectrum S, of the applied source.
Figure 3 shows the gamma spectrum S, of the applied
source. Table 1 gives the values of fluence (¥, neutron
and F, gamma radiation) that were deposited during
the experiment (Ny).

RESULTS AND DISCUSSION

Figure 4 shows changes in the volt-ampere char-
acteristic depending on the number of operations
(pulses) and the fluence of neutron and gamma radia-
tion. Figure 5 shows changes in the volt-ohm charac-
teristic depending on the number of operations
(pulses) and the fluence of neutron and gamma radia-
tion.
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Figure 2. Neutron spectrum of the applied source
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Figure 3. Gamma spectrum of the applied source

Table 1. Fluence values (neutron and gamma radiation)
deposited during the experiment (Ny)

Ne F,[em?] F, [em™]
0 0 0

1 3.55 8.66

2 7.10 17.3

3 10.66 26
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Figure 4. Changes in the volt-ampere characteristic
depending on the number of operations (pulses) and the
fluence of neutron and gamma radiation; (a) fluence =0,
(b) fluence =1, and (c) fluence =2

Based on the results obtained by examining the
effects of neutron and gamma radiation and the num-
ber of pulses on varistors and capacitors, the effects of
the worst case on the equivalent components of the hy-
brid protection circuit were calculated. The following
results were obtained: 1 — increasing the dynamic re-
sistance of the varistor from 4.5 Q to 10 2, 2 — reduc-
tion of the varistor breakdown voltage from 388 V to
378V, 3 —reduction of capacitor capacity from 0.2 pF
to 0.14 pF, and 4 — increasing the resistance of the ca-
pacitor from 0.2 Q to 2.5 Q. With these changes, the
influence of the worst case synergy of neutron and
gamma radiation and the number of pulses on the volt-
age on the varistor, fig. 6 and on the normalized fre-
quency spectrum on the load, fig. 7, was determined
by a numerical simulation.

Figures 6 and 7 show the changes in the varistor
voltage and the normalized frequency spectrum before
the effects of the changes and the changes in the worst
case. In fig. 6, Curve 1 gives the shape of the voltage
on the varistor before the changes, Curve 2 gives the
shape of the voltage on the capacitor before the
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Figure 5. Changes in the volt-ohm characteristic
depending on the number of operations (pulses) and the
fluence of neutron and gamma radiation, (a) fluence =0
and (b) fluence =1
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Figure 6. Voltage forms on the varistor (Curves 1 and 3)
and the load before and after the changes (Curves 2 and 4)
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before action and change in the worst case
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changes, Curve 3 gives the shape of the voltage on the
varistor after the changes in the worst case, and Curve
4 gives the shape of the voltage on the capacitor after
the changes in the worst case. Curve 2 shows an in-
crease in the value of the residual voltage on the
varistor due to an increase in its dynamic resistance,
which is particularly visible in the area of higher volt-
ages and currents. At the output of the filter, the volt-
age value also increases, which is a consequence of the
increase in the voltage at the input, but also the content
of higher harmonics (fig. 7 shows the normalized con-
tent of harmonics in relation to 4 kHz), which is caused
by the increase in losses and the decrease in the capac-
ity of the capacitor. Both phenomena (increase in volt-
age and increased presence of higher harmonics at the
output) represent a danger to the protected system in
terms of easier penetration of higher overvoltage har-
monics into its circuits, which increases the possibility
of disruption or failure.

CONCLUSION

The results of testing the synergy of neutron and
gamma radiation and the number of pulses on the hy-
brid protection circuit showed that the synergy is nega-
tive. It is shown that changes in the components of the
hybrid protection circuit due to the effect of neutron
and gamma radiation and the number of pulses in-
crease the number and intensity of higher harmonics at
the output. This phenomenon represents a real danger
to the protected element or system, which can lead to
its dysfunction or destruction. This must be taken into
account when applying hybrid protective circuits in
the fields of neutron and gamma radiation, since the ef-
fects of this radiation cause dominantly observed phe-
nomena. For this reason, it is recommended to choose
hybrid protection circuit components that are more re-
sistant to the effects of neutron and gamma radiation.
These are components made on the basis of molecules
of greater mass, since in this case the effect of dis-
placement of molecules (which is the main effect of
the interaction of neutron and gamma radiation with
the material) is less possible.
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Henag M. KAPTAJTOBUh, Annja P. JYCWh, Anekcangap [. 2KUTWh, Jyman II. HUKE3Wh

YTULIAJ CUHEPTUJE HEYTPOHCKOI' 1 TAMA 3PAYEBA U OYHKIIMOHAJTHOTI
CTAPEIbA HA EOUKACHOCT XUBPUJHOT 3ANITUTHOT KOJA

Ycnen HemocTaTaka KOMepIHjalHUX (PUIITEpa W HEIMHEAPHUX KOMIIOHEHATa 3a 3aIlITUTY Off
IIPEHaIoHa y YCJIOBUMA CHHEPTHje HEYTPOHCKOT U TaMa 3padera 1 (PyHKIHOHAIHOT CTapema NCIUTAHO je
NOHAaMIakhe XUOPUHOT 3aIITUTHOT KOoJIa MOJ MCTHM ycioBuMa. [la O6M eKcleprMEeHTaIHU MOCTYIMaK IITO
BUIIIE OArOBaPa0 PeaiHoj CUTyaluju onTepeheme XUOGpUAHOT Koja HUje OUII0 IPUIaroheHo 1o UMIEIaHCH.
Cranpappau Mofes XuOpuHOr 3allITUTHOT KoJla npenopydeH y ckiany ca IEC 1.3 cumynucan je nomohy
nporpamckor nakera PSPICE. ¥ ToM mmey HY>XXHO je KpempaTH BapHCTOp OAroBapajyhuMm ereMeHTHMa.
YcTaHOBBEHO je fa Cy NapaMeTpd €KBUBAJECHTHE HMHAYKTHBHOCTH CTAOWIIHM Y OJHOCY Ha YCIOBE
ekcrnepuMenTa. Takobe je ycTaHOBIbEHO fa ycieql [iejcTBa CUHEpruje HEYTPOHCKOT M rama 3paucrma H
(pyHKIMOHATHOT cTapema AoNa3d [0 NPOMEHE CTPMHHE KapaKTepHCTHKE BapUCTOpa W TaHTEHca yIia
ryonTaka y KOHAEH3aTOpIMa. Y KylHH eheKaT AejCTBa HEYTPOHCKOT M ramMa 3paderbha M (PyHKIMOHATHOT
cTapema je NCIUTaH Ha XNOPHUIHOM KOJTy ¥ Ha KOMIIOHEHTaMa I10jeiMHaYHo0. EKcliepuMeHTH ¢y BpIIeHN MO
100pO KOHTPOJIUCAHUM JTa00paTOPHjCKUM yCIOBIMa KOMOMHOBaHAa MEPHA HECUTYPHOCT €KCIIEPUMEHTAIHOT
IocTyIka Hyje npesnasuia S %.

Kmwyune peuu: HeylipoHCKO U 2ama 3paderbe, puaitiepcka 3auiiuitia 00 UpeHaiiona, Xubpuona Koaa 3a
3auiituiny 00 upeHaiioHa



