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Abstract. Modeling and analysis results concerning the influence of the electrical and thermal
conditions on the functioning of series-connected and thermally contacted layers of varistor
ceramics and a posistor composite are presented. Such structures may be useful for the
development of a promising limiter of constant and slowly varying voltages. The main attention
is paid to the behavior of their functional electrical and thermal characteristics with changes in
the internal resistance of the input voltage source and in heat flow intensity to the environment
as well as in its temperature. It is shown that a change in the internal resistance of the input
voltage source can only lead to a shift towards higher input voltage values ensuring the posistor
element actuation. At a low intensity of heat exchange between such a voltage limiter and the
environment, it may operate at voltages lower than the classification voltage of the varistor
layer, and thus the device under consideration is not capable of fixing a constant voltage at the
output and can function as a self-resetting high voltage fuse. In the case of an increase in the
ambient temperature (up to the temperature of the phase transition in the posistor layer
material), the temperature of the structure and the output voltage of the device change
insignificantly around the temperature limitation point, and the current value and dissipation
power of the structure are much reduced. For structures based on varistor ceramics with a strong
temperature dependence of low-voltage resistance (high activation energies of its temperature
sensitivity), the output voltage decrease (to values of one volt order) takes place.

Key words: varistor ceramics; polymeric positive temperature coefficient (PPTC) nanocomposite;
varistor-posistor structure, voltage limiter; voltage source internal resistance, heat transfer
intensity.

1. Problem statement

Inhomogeneous dielectrics, in particular posistor nanocomposite materials and
varistors, have found wide and effective use in modern technology as elements of
protection devices against current and impulse overloads of various electrical sys-
tems [1-6]. A promising application of inhomogeneous dielectrics of this type is the
implementation of protection of solar cells from overvoltage in their series connec-
tions (rows) in photovoltaic modules [7].
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Therefore, it is very important to model and analyze the influence of the elec-
trical and thermal conditions on the operation of voltage limiters — combined struc-
tures based on metal oxide ceramics and a polymer posistor composite used in well-
known self-healing fuses of the PolySwitch technology. Hence, relevant is the study
of behavior patterns of their functional electrical and thermal characteristics with a
change in the internal resistance of the input voltage source, the heat transfer to the
environment and its temperature.

2. Analysis of recent research and publications

The analysis of literature data showed that the use of the construction described in [8,
9] in the form of a combined two-layer structure of varistor and posistor layers in thermal
contact to limit overvoltage is a promising directional protection against current and im-
pulse overloads. The input voltage is applied to the entire structure (sequential connection
of specified layers).

The varistor layer determines the output voltage of such a quadripole and is
connected in parallel to the object of protection. When an input overvoltage occurs,
the heat generated by the varistor layer initializes the heating of the series-
connected posistor layer and causes an increase in its resistance. As a result, there is
a redistribution of the input overvoltage between the layers, which can ensure the
limitation of the output voltage on the varistor layer and, accordingly, on the load
connected in parallel to it.

A number of works are devoted to the study of the electrical characteristics of
the considered two-layer varistor-posistor structures [9, 10, 11]. At the same time,
the main attention was paid to the research on the substantiation of the very princi-
ple of operation of such an overvoltage protection element and the possibility of its
application in solar photovoltaic systems [7].

The tasks of developing the devices under consideration as voltage limiters
(VL) both for general multi-purpose use and for use as self-resetting surge protectors
in solar photovoltaic systems [7, 12] require detailed knowledge of their electrical
and thermal characteristics and their behavior under various conditions.

3. The purpose of study

The purpose of the work is to determine the patterns of behavior of the func-
tional electrical and thermal characteristics for such structures with a change in the
internal resistance of the input voltage source, in the heat transfer intensity to the
environment and its temperature.
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4. Description of the main material of research.

4.1. Model equations

The analyzed two-layer structure, consisting of layers of varistor ceramics and
a nanocomposite with a positive temperature coefficient of resistance connected in

series and in direct thermal contact, can be represented by the scheme in Fig. 1.
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Figure 1 - The structure under study and the circuit for supplying electric voltage to
it: Up and U, are the input and output (to be limited) voltage; R:(Ui, T1), R:(T>) and R
are the electrical resistances of the varistor and posistor layers and the internal
resistance of the input voltage source

When voltage U is applied to the structure under consideration, it is initially
applied to the varistor layer, since the posistor layer at temperatures below the
actuation temperature T, ~ 398 K [13, 14] has a low resistance (close to metal).
Because of this, the varistor layer begins to heat up due to the increase in the flowing
current and its temperature increases. The posistor layer also heats up due to
contact with the varistor layer, as well as due to the current flowing through it (self-
heating). Its resistance increases sharply as it approaches the actuation temperature
T:- (this designation is used because of the traditional term “tripping”). The current
flowing through the structure and, accordingly, through the layer of varistor
ceramics, slightly decreases, and the structure temperature drops. As a result of such
a transient process, the output voltage on the varistor layer and the structure
temperature are stabilized.

The set of equations for determining and analyzing the steady-state stationary
values of the main parameters of the considered electrothermal voltage limiter can
be written in the following form:

T-7T T -T
P T ,T — 1 0 "1 2 ,
1( ! 2) RTdiS RT‘con (1)
T -7 T -T
P (1, T,)= = - )
e RTdis con
2
where PI(TI’Tz):1(T1’T2)'U1(T1’T2) and Pz(T1’Tz):1(T1’T2) 'Rz(Tz) electrical
(converted into thermal) power dissipation of the varistor and posistor layers;
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Ti(t) u Tx(t) — temperatures; T, — ambient temperature (assumed to be 300 K);
RT, - temperature resistances of heat dissipation into the environment, which are

related to the heat transfer coefficient RTus~ 1/ (h.S), h, — coefficient of heat
transfer per unit area of the plate surface with the environment, S — plate area [15]
(taken the same for both layers of the structure); RT., — temperature resistance of
heat transfer of the contact between these layers.

Electrical resistance of the varistor layer, taking into account the temperature
dependence of their conductivity in weak electric fields (in the ohmic part of the [-V
characteristic) G(T), was represented on the basis of the analytical equation given in
[5] as

RUT)= — 3
G(T)+(;-(U] )

where Uc — voltage (sometimes called breakdown voltage) across the varistor layer at
current Ic = 103A [1, 5]; # — non-linearity coefficient;

G(T)=Gy-exp(-AEy/(kTn); k and AEg are the Boltzmann constant and the activa-
tion energy of the considered temperature dependence (which for zinc oxide varistor
materials ranges from 0.4 to 0.8 eV [16]; n is the correction factor for determining
the activation energy of the considered temperature dependence (determined ex-
perimentally).

To approximate the temperature dependence of the posistor electrical
resistance Ry(T), the equation is used [9], which is known for describing phase
transitions and suitable for nanocomposite materials based on PolySwitch
technology

1
R(T)= (Tm,p——TF’Tw, “
A4, T=6
where A; = Ry(To)(Twip—To)™; R2(To), A and m are values determined by the technical
parameters of samples of PPTC composite of PolySwitch technology; T, = 398 K is
the temperature of its operation (phase transition);

Ry(To) = R:(300 K) (equals to Ryin OF Rima[7]) is the resistance of the fuse layer in
the conducting state; R, is the minimum resistance of the posistor nanocomposite
layer at 23 °C; Rimax is the maximum layer resistance after switching off and
restoration within one hour at 23 °C;
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A, - resistance of the fuse in the insulating state (from 10* Q to 10'° Q) [5]; m is
the approximation parameter (from 1 to 4); 0 = Ttp.

Determining the magnitude of the electrical voltage U;(T;, T2) on the varistor
layer in a circuit from a series connection of the varistor and posistor layers, to
which the voltage U, of a power supply with an internal electrical resistance Rs is
applied, is carried out by solving the following non-linear equation, which can be
obtained from the well-known Kirchhoff laws,

v (r.7) U, RU,T.T,)T|

1’72

R L) R R ®

1’72

The solution of a non-linear equation (5) can only be numerical (in the form of
a two-dimensional array). To find it, the standard built-in root function of the
Mathcad package [17] can be used. To represent the function Uy(T;,T:) in the
analytical form required for solving the set (1)-(3), two-dimensional spline
interpolation was used (the interp and cpline functions of the Mathcad package).

The expression for the current passing through the structure under
consideration has the form:
)= et

R T AT A ©

1’72

The temperatures T; and T. were found by solving the set of nonlinear
equations (1)-(2), which was performed using the already mentioned standard built-
in root function of the Mathcad package.

4.2. Modeling the influence of the features of the electrical and thermal
conditions on the operation of a varistor-posistor voltage limiter

4.2.1. Influence of the internal resistance of the input circuit

The influence of the internal resistance of the input voltage source R; on the
steady state values of output voltage U, current I, and power dissipation of the
varistor layer P, after the actuation of the analyzed VL is shown in Fig. 2.
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Figure 2 -Ansient U;(Uy) and input I(Uy) characteristics, as well as dependences of the
power dissipation of the varistor layer P;(Up) of the varistor-posistor structure on the
input voltage when using voltage sources with internal resistances R; (Q2):
1-0.1:2-1;3-10;4-20;5-50;6 - 100

In numerical experiments, the typical values of the quantities R=1 Q;
RT(0n=1.15 K-W-1; h,=0.001 W-K'':cm? (RT4=318 K-W™!) and of the physical parameters
of the component materials of the structure under study, oriented for use in
protection circuits of solar arrays, are accepted. For the varistor layer, the
parameters of its working element - a layer assembled from several dozen parallel-
connected commercial frameless low-voltage varistors V3.5MLAO603NH (Uc = 3.7-7
V, B = 30-50) [18] and for the posistor layer, that of a self-restoring fuse of the
FRX110 60F type (element resistance in conductive state Ry(T,) ~ 0,3Q;
Tuipy=125 °C) [19] were used.

As can be seen, the dependences U:(Uy) and I(Up) presented in Fig. 2 correspond
to the known ones [8, 9]: with an increase in the input voltage above the
classification voltage of the varistor layer Uc, the output voltage is almost constant
and the current and the dissipation power values, respectively, decrease.

These results are in full agreement with the existing ideas about the
mechanism of electrothermal voltage limitation by the structure under
consideration, which can be described as follows. When an input overvoltage is
applied to the structure, the heat generated by the varistor layer heats the series-
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connected PTC layer and leads to an increase in its resistance. As a result, there is a
redistribution of the input overvoltage between the layers, which ultimately can
provide a limitation at a given level of the output voltage on the varistor layer and,
naturally, on the load connected in parallel to it.

A change in the internal resistance of the input voltage source can only lead to
a shift towards higher values of the input voltage that ensures the operation of the
posistor element. This does not contradict the ideas about the allocation of some
part of the electric power by the internal resistance of the source, that is, the
achievement of the actuation temperature T, takes place at a higher input
voltage (Fig. 3).
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Figure 3 -Dependence of the temperature of the varistor layer T and the
temperature difference between the varistor and posistor layers (T; — T;) after the VL
operation on the applied input voltage for voltage sources with different internal
resistances R; (): 1 - 0.1; 2-1;3-10;4 - 20; 5-50; 6 — 100

It should also be noted that at small U, the heating temperature of the varistor
layer is higher than the temperature of the posistor one (T; — T3) > 0, and for large U,
the opposite pattern takes place (T: — T:) < 0, which is the result of self-heating of
the posistor layer by the passing current.

4.2.2 Influence of the intensity of heat exchange with the environment

The intensity of heat exchange with the environment is one of the essential
factors that determine the temporal changes in the temperature of the considered
two-layer varistor-posistor structure and, accordingly, its functional electrical
characteristics. Such process can be regulated within certain limits, for example, by
using special metal radiators; this allows to consider it as a regime process.
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To simulate the effect of this heat transfer, the coefficient of heat exchange per
unit surface of the outer electrode layers of the structure with the environment (h;)
can be used, which determines the thermal resistance of dissipation to the
environment (RTg;s) in a specific mode of its functioning.

Presented in Fig. 4 data indicate a significant effect of this parameter on the
transient response and the dependences of the dissipated electrical power and the
temperature of the varistor layer in the active state (after actuation) for the device
under consideration.
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Figure 4 - Dependence of output voltage U;, power dissipation P; and temperature of
varistor layer T; after VL actuation on input U at values of specific heat transfer
coefficient h, (W-K-*-cm%): I — 0.00001; 2 - 0.0001; 3-0.001;4-0.01; 5-1;6- 10

At low values of the heat transfer coefficient h,, the VL actuation (at T= Ty)
takes place at relatively low (Up<Uc) input voltages U, (curves I and 2 in Fig. 4). In
this case, the output voltage U; and the electrical power dissipated by the varistor
layer are significantly reduced. It follows that the device under consideration in this
mode is not capable of fixing a constant voltage at the output and can only function
as a self-resetting high voltage fuse.

At large values of h, a significant electric power is required for the
corresponding heating of the entire structure (curves 5 and 6 in Fig. 4) and,
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therefore, in the stationary state, large currents must flow through the structure,
which will eventually lead to the degradation of the varistor layer [20] and the
destruction of the voltage limiter. Regarding the accepted physical and technical
parameters of the structure, the optimal value of the parameter h; is within 0.001 -
0.01 W-Kl.cm™.

4.2.3. Influence of ambient temperature

In the technical application of the studied combined electrothermal devices,
detailed information is needed on their behavior under various conditions, in
particular, in various temperature regimes. One of the urgent tasks is to study the
influence of environmental factors on their electrical characteristics, first of all, such
factor as ambient temperature.

The calculated dependences of the output voltage, current, and temperature of
the structure under study on the applied input voltage in the open circuit mode are
shown in Fig. 5.

U, v 1,23

o rO b (2]
T T T

_>I

0.06} 1

0.02r

400

360 3

3201

280 1 1 1 1 1 1

Uo. V

Figure 5 - Dependence of the output voltage Ui, current and temperature of the
varistor layer T; after VL actuation on the input U, at the ambient temperature
values Ty (K): 1 - 293; 2 — 325; 3 — 350; 4 — 375

The presented patterns are in satisfactory agreement with the known data of
the experimental studies [11].

The effect of ambient temperature on the absolute value of the limited output
voltage is determined by a negligible thermal resistance factor.
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An increase in the ambient temperature T, leads to a slight increase in the
temperature of the posistor layer of the structure in the output voltage range where
the process of its limitation is implemented.

Input characteristics correspond to typical volt-ampere characteristics of
posistors [21, 22]. It should be noted that the main function of the varistor - the
limitation of the overvoltage pulse - takes only a short period of time at the
beginning of its action when the varistor element heats the structure to the
temperature of the phase transition of the posistor element, and then it performs
only the function of a heater. After switching the posistor element to the low-
conducting state, upon reaching T, the current of the structure decreases to a value
sufficient to keep it in this state [23]. According to the data in Fig. 4, an increase in
the ambient temperature T, causes a significant decrease in the magnitude of the
current I since such increase provides additional heating of the posistor element.

Accordingly, as the voltage U, increases, the current I flow through the
combined structure under study increases and passes through its maximum (when
the temperature of the structure approaches T, corresponding to the previously
indicated phase transition). Further, this current decreases due to an increase in the
resistance of the nanocomposite posistor layer.

Figure 6 shows the corresponding dependences of electrical power dissipation

by layers of varistor ceramics and posistor polymer nanocomposite/

P, W
0.4 1

0.2 3

oF

Ps, W
0.4f

Figure 6 - Dependence of the electrical powers dissipated by the varistor P; and
posistor P; layers of the structure under study after the VL actuation on the input
voltage U, at the ambient temperature values To (K):
1-293;2 -325;3-350;4 - 375
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After the transition of the posistor layer to a high-resistance state at T, there
is a redistribution of the input voltage and dissipated electrical power towards its
posistor component increasing.

An increase in the ambient temperature leads to a decrease in the additional
electric power required for the posistor layer to reach the phase transition
temperature.

In conclusion, it should be noted that the current-voltage characteristics (CVC)
of varistor, in particular, metal oxide ceramic materials, have sections that differ
somewhat in electrical and thermal properties [24]. At low voltage values, there is a
temperature-sensitive linear (ohmic) dependence of the current on voltage in the
form of Ohm's law, and the electrical resistance of the varistor has a temperature
activation dependence typical of a semiconductor. With a further increase in voltage,
the current increases nonlinearly with increasing voltage, and there are sections of
weak and varistor nonlinearity of the [-V characteristic, where there is practically no
dependence on temperature. At very high voltages, the volt-ampere characteristic is
also linear and has a temperature dependence of resistance with low activation
energies (<0.05 eV). As a rule, this section of the CVC of varistors is not technically
used.

Depending on the type of varistor material, as the temperature rises, its ohmic
section and the section of intermediate fields can significantly move to the region of
high currents. The activation energy of electrical conductivity in weak fields for
different types of ceramics is 0.4-1 eV [16]. This feature of the I-V characteristics of
the varistor layer, which is largely dependent on the activation energy of the low-
voltage electrical conductivity of metal oxide ceramics, can lead to the effect of
transformation of the transient characteristics of the considered LV, like those
described in the previous subsection.

The results of the analysis of the effect of the temperature sensitivity of the
varistor layer on the characteristics of the considered voltage limiting device within
the framework of the adopted model of its CVC are presented below (Fig. 7).

As can be seen from this figure, when using a varistor layer with a significant
temperature dependence of ohmic conductivity, a significant decrease in the output
(limited voltage) can take place.
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Figure 7 - Dependences of the output voltage Ul on the input UO after actuation for
VL based on varistor layers with conduction activation energies in the low-voltage
(ohmic) section of their CVC: AE=0¢eV (1, 2, 3,4) and AE=0.4eV (1', 2/, 3, 4').
Other designations correspond to those given in Fig. 6

5. Conclusions

The presented results of modeling and analysis of the influence of the features
of the electrical and thermal conditions on the operation of a voltage limiter based
on a combined structure of layers of metal oxide varistor ceramics and a posistor
polymer nanocomposite made it possible to establish the following regularities.

A change in the internal resistance of the input voltage source may result in a
shift towards higher values of the input voltage ensuring the posistor element
actuation that corresponds to the loss of some part of the electric power spent for
heating the structure on the internal resistance of the source.

Low levels of heat exchange intensity between the considered VL and
environment cause it to actuate at voltages lower than the classification voltage of
the varistor layer, and thus such a device is not capable of fixing a constant voltage
at the output but can only function as a self-resetting high voltage fuse. At high
intensity levels, significant currents are required for the appropriate heating of the
entire structure, which can lead to the destruction of the VL itself.

If the ambient temperature rises, the structure temperature and the output
voltage of the device change insignificantly in the section of the temperature
limitation, and the current magnitude and the dissipation power of the structure are
substantially reduced. For structures based on varistor ceramics with a strong
dependence of low-voltage resistance on temperature (high activation energies of its
temperature sensitivity), the output voltage decreases (to values of the order of one
volt).
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AHani3 ocodaueocmeti hyHKUYiOHYyBaAHHS 0OMexHcysauie Hanpyau

Ha OCHOBi KOMOIHOBAHOT 6APUCMOPHO-NO3UCINOPHOT CIMPYKMypu
Y pobomi HagedeHO pe3ysibmamu Mo0en8aHHs. ma aHanisy enaugy 0coo1usocmeti
e/IeKMPUUHO20 MA Menjio8o20 pexcumie Ha (PyHKYiOHy8aAHHS CMPYKMypu 3 NOCAi008HO
3’€0HaHUX ma mepmiuHO KOHMAaKMoBaHUX WApPI8 8aApUCMOPHOI Kepamiku ma no3ucmo-
PHO20 KOMNO3umy, w0 CMaHos/isimy iHmepec 07 po3poOKu. NepcnekmueHoz20 00Mexcy-
gaua NOCmitiHux i noeinbHo 3MiHHUX Hanpyz. OCHOB8Ha y8aza npudineHa O00CNiIOHCEHHIO
3aKoHOMIipHOcmell N08ediHKU (QYHKYIOHANBbHUX eIeKMPUUHUX I Menio8ux Xapakmepuc-
MUK Maxkux cmpykmyp npu 3MiHi 6HympillHb020 0Nopy Oxcepesa 8xiOHoi Hanpyzu ma
[HMeHcusHOCMi Menso0OMIHY 3 HABKONUWHIM cepedosuulem, a makoxc tiozo memnepa-

mypu.
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IToxa3ano, wo 3miHa 6HyMpilWH020 0NOPY Oxcepesia 8XiOHOT Hanpy2u Moxce npu3-
gecmu Jiuwe 00 3cyg8y 8 OiK suujux 3HaueH» 8KA3AHOI Hanpyau, Wo 3abe3neuye cnpaybo-
8YBAHHS NO3UCMOPHO20 eJleMeHma.

IIpu HU3bKIll iHMeHCUBHOCMI Men000MIHY Mixc maxkum oomexcysaiuem Hanpyzu ma
HABKONIUWHIM cepedoguuieM 8iH Moxce Npayweamu npu Hanpy2ax, HUX4Ux 3a Kaacugi-
KayitiHy Hanpyzy 6apucmopHo20 wapy, i, makum 4YuHoM, po32JssHymuil npucmpiti He
30amHuli ¢ikcygsamu nocmitiHy Hanpy2y Ha 8uxodi i Moxce (QyHKUioHy8amu minvKu sK
camogioHoeIeaHuli 3anobixcHuK 8id nepemanpyzu.. Ilpu nideuuieHHi memnepamypu
HA8KOJUWHB020 cepedosuuja (0o memnepamypu (pa3o8o20 nepexody 8 mamepiani uapy
nosucmopa) memnepamypa cmpykmypu ma euxioHa Hanpyza npunady 3MiHK0I0MbCs He-
CYyMmmeso HABKOJI0 MOUKU 0OMexceHHs memnepamypu, a 3HAYeHHS. CMpymy i nomyx-
HICMb PO3Ci06aAHHS CMPYKMYypU 3HAYHO 3MEHUWLYIOMbCs. [l cmpyKkmyp Ha 0CHO81 8apu-
CMOPHOI Kepamiku 3 CUNbHOIN 3AJIEHCHICMIO HU3bK0B80JIbIMHO20 0NOpy 8i0 memnepamypu
(8UCOKi eHepeil akmusayii 11020 memnepamypHol 3a1eX#HOCMI) MA€ Micye 3HUMIEHHS 8U-
XidHoi Hanpyau (Jo 3HaueHb NOPSAOKY 00HO20 801bMAQ).
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