

  energies-17-00318




energies-17-00318







Energies 2024, 17(2), 318; doi:10.3390/en17020318




Article



The Specifics of PTC Thermistor Applications for Limiting Surge Currents



Evgeniy Safonov *, Vladimir Frolov, Ruslan Zhiligotov and Yuri Petrenya





Higher School of Electric Power Systems, Peter the Great St. Petersburg Polytechnic University, 195251 Saint-Petersburg, Russia









*



Correspondence: eugen.safonov.95@yandex.ru; Tel.: +7-911-102-62-60







Citation: Safonov, E.; Frolov, V.; Zhiligotov, R.; Petrenya, Y. The Specifics of PTC Thermistor Applications for Limiting Surge Currents. Energies 2024, 17, 318. https://doi.org/10.3390/en17020318



Academic Editor: Ya Yang



Received: 27 November 2023 / Revised: 22 December 2023 / Accepted: 3 January 2024 / Published: 9 January 2024



Abstract

:

This paper investigates the possibilities of limiting emergency short current pulses by using materials with a positive temperature coefficient. A computational model and method for simulating this process were proposed. Barium titanate was considered a promising material for current-limiting devices due to its low cost, ease of manufacturing and autonomy. The current-limiting properties of a PTC thermistor device were estimated in relation to a significant pulse current overload (10 ms). The value of taking into account the varistor effect when modeling energy dissipation by a PTC thermistor is experimentally demonstrated. The results of the experiment were used in the development of computer models of the current-limiting properties of PTC thermistors. A method for taking into account the varistor effect in the developed models is proposed. It is noted that in order to increase the accuracy of the calculation, it is important to take into account the heat transfer between the PTC thermistor and its contact system. It is also shown that this heat transfer is capable of creating a significant longitudinal temperature gradient inside the PTC thermistor, which creates a high level of thermal stress and leads to mechanical failure. Destruction of this type has been observed during experiments. This research was carried out within the state assignment FSEG-2023-0012.
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1. Introduction


The problem of short-circuit current limitation occurs everywhere and in many electrical complexes, regardless of the type of current and voltage values [1,2,3]. The cause of this problem is the desire to concentrate generating capacities for various reasons: rapid development of the energy complex of large metropolises, construction of mining complexes removed from the unified energy system (including oil extraction platforms), large underwater and surface vessels, etc. Mechanical circuit breakers often face the problem of insufficient switching capacity and long break times during accidents. In the following, various technical solutions used to disconnect or limit fault short-circuit currents will be discussed in summary.



A classic solution to the problem of current limiting is the use of current-limiting reactors. This technology is widely used due to low production costs and ease of application. Passive reactors do not have any controls and are constantly connected to the protected circuit, which causes large power losses. To solve this problem, twin reactors [4], magnetization-controlled reactors [5], and transformer-type reactors [6] are applied. However, none of this solves the problem of large weight–size parameters [7].



Current-limiting fuses are characterized by simple design and, consequently, relatively low cost. However, they have a number of significant drawbacks: no recoverability; unstable current time characteristics; insufficient operational reliability; limited range of use in terms of rated currents and voltages; lack of control from external devices, in particular, from relay protection devices; and difficulty in carrying out the reclosing cycle of the protected circuit [8].



There are a large number of circuit solutions for current limiting based on semiconductor devices [9,10,11,12,13,14,15]. This type of device is favorably distinguished by the flexibility of application and relatively satisfactory weight–size parameters. One of the disadvantages is the high cost of the semiconductor devices used, as well as their restrictions on the maximum current and voltage withstand.



From the point of view of the current-limiting function, the materials that are able to significantly increase their own electrical resistance under the influence of short-circuit current (magnetic field, electrodynamic action, heating from current, etc.) seem advantageous. The most well-known in this regard are superconducting fault current limiters (SFCLs), which rely on the phenomenon of high-temperature superconductivity. The proliferation of such current-limiting devices is restricted by several factors. Firstly, the first- and second-generation materials used for SFCLs are multi-composite ceramics, which are difficult to produce. In addition, superconducting wires themselves are high-tech products containing a multi-component matrix structure (first generation) or a structure with a large number of thin layers (second generation) [16]. Secondly, the SFCLs used in practice are used in conjunction with a refrigeration system that keeps the conductors in their superconductivity state. For this reason, the entire SFCL complex does not have the most satisfactory weight–size parameters [17]. Thirdly, high-temperature superconducting wires have a significant limitation on current density [17].



PTC thermistors are also capable of significantly increasing their active resistance under the influence of heating from the flowing current. In contrast to SFCLs, the chemical formula of their material is much simpler, and the manufacturing technology is less demanding and cheaper. However, for the development of current-limiting devices based on PTC thermistor elements, there is a lack of experimental data confirming the ability to withstand and limit a significant current impulse. There is also the need to develop an accurate mathematical model of such a device. This will make it possible to design one for higher voltages and currents.



The rest of the article presents an overview of the materials used in electrical engineering with a positive temperature coefficient, the temperature-dependent characteristics of barium titanate, an electrical diagram and description of the bench for generating an industrial frequency current pulse, an algorithm for implementing the thermal model of a PTC thermistor in MATLAB Simulink 2020b, a MATLAB Simulink model of the test bench, the results of simulation and experiments (oscillograms of current, voltage, etc.), the photos of PTC thermistors destroyed under the impact of the current pulse, and the simulation results of an experiment in COMSOL Multiphysics 6.1 (diagrams of temperature fields after exposure to current impulses).




2. PTC Thermistors


PTC thermistors are devices made on the basis of a material that increases its electrical resistance when the temperature of this material increases. In particular, PTC thermistors are often viewed as devices capable of increasing their electrical resistance by several orders of magnitude in a limited temperature range (phase transition of material properties). Due to this property, PTC thermistors are widely used as current-limiting devices in various circuits of electrical appliances and electrical equipment.



The materials used as the basis of the PTC thermistor can be divided into four groups [18]:




	
PTC thermistors based on polymer composites [19,20];



	
PTC thermistors based on ceramic composites [21,22];



	
PTC thermistors based on vanadium (III) oxide [23,24,25];



	
PTC thermistors based on barium titanate [26,27,28,29].








The last member of this list is the easiest and cheapest to produce. Consequently, barium titanate PTC thermistors have become more widely used in practical applications. This also provided the basis for the fact that this group of PTC thermistors is the most studied. In particular, the temperature dependencies of their various mechanical and physical properties are well-known. Based on all the above, this group of PTC thermistors was chosen for theoretical, numerical and experimental study of current-limiting properties relative to the impact of current pulses.



Other materials under review have a number of unique properties. The presence of these properties is of interest for similar future studies.



2.1. Barium Titanate


The resistive layer of a PTC thermistor consists of a large number of contacting grains of semiconductor barium titanate, as shown in Figure 1.



At room temperature (below Curie temperature (TC)), the crystal structure of barium titanate consists of tetragonal cells. Such a cell is shown in Figure 2a. Black knots of the lattice represent barium atoms Ba+2, gray nodes represent oxygen atoms O−2, and white nodes represent atoms of titanium Ti+4.



As can be seen from the figure, the crystal structure of the barium titanate is asymmetrical, and the titanium atom is displaced from the center of the tetragonal cell. This determines the presence of a dipole moment and spontaneous polarization in the entire structure. At present, the material has a very high permittivity. The height of the surface potential barriers at the grain boundary is low. PTC thermistors’ resistance is determined by the resistance of depleted surface layers at the grain boundaries [30].



The impurity-free semiconductor BaTiO3 is a dielectric. To use it as a current-limiting element, impurity ions are introduced into it. As a result, a large number of donor and acceptor levels are created in the grain boundary zones. Consequently, such crystals (similarly to extrinsic semiconductors) have high conductivity, increasing their conductivity by a factor of 104 to 108 [31]. For barium titanate, La, Sb, Zn, Sn, Ce, Zr and Hf are used as doping agents [32]. The use of other impurities, such as Fe, Mn, V, Cr, Ni and Co, on the contrary, can significantly (up to 104 times) increase the resistance of the PTC thermistor above the Curie point while also increasing the resistance below the Curie point (at room temperature). Also, in particular, with the help of Fe or Mn additives, the phase transition temperature can be controlled [33].



When the temperature of the PTC thermistor reaches the Curie point, the tetragonal shape of the cell changes to a fully symmetrical, perovskite form (as shown in Figure 2b) and loses the dipole moment. At the same time, spontaneous polarization disappears, the permittivity decreases sharply, the height of potential barriers on the grains increases, and the resistance of the PTC thermistor rises. The previously mentioned ceramic composites have similar properties and mechanisms of action since their composition is dominated by barium titanate or other composites based on similar perovskite structures. For example, these include SrTiO3 with the addition of niobium, lanthanum, lead titanate, and a number of others.




2.2. Vanadium (III) Oxide


Prior to the phase transition temperature, the structure of the V2O3 cell is monoclinic, as shown in Figure 3a. At temperatures above the Curie point, the transition from a monoclinic to a rhombohedral lattice occurs, as shown on the right in Figure 3. The dark circles denote vanadium atoms, and the light circles denote oxygen atoms. As the temperature increases, the distance between adjacent vanadium atoms grows, while the average distance between vanadium atoms and oxygen atoms, as a whole, remains unchanged [34]. At the same time, the change in electrical resistance can be explained by the Mott transition model for charge carriers [35]; however, the true microscopic interpretation of the Mott model for the metal–dielectric phase transition is still lacking [36,37].



The application of the properties of vanadium (III) oxide for the purpose of current limitation is a very promising task. Chromium doping can significantly reduce the resistance of the vanadium (III) oxide at room temperature (below the Curie point), making it several orders of magnitude lower than that of barium titanate PTC thermistors [23,38]. This will allow the use of vanadium (III) oxide-based PTC thermistors in high-current circuits. However, there are a few limitations to this. First, during the phase transition, the volume of unit cells of V2O3 changes by 0.8–3.5%, which leads to microcracks in the PTC thermistor and, in turn, to the destruction of materials of arbitrary shape during multiple phase transitions [39]. Secondly, the technology for producing vanadium (III) oxide is more complex than that of barium titanate, which leads to an increase in the cost of production of such a PTC thermistor.



The physical properties of vanadium (III) oxide are well studied. In the future, this aspect will make it possible to reproduce computer models of current-limiting devices based on this material with good accuracy.



Vanadium (III) oxide has unique current-limiting properties. However, the lack of experimental data on the effect of current pulses on PTC thermistors based on V2O3 calls for additional study of this material.




2.3. Polyswitch


The mechanism of the operation of polymer PTC thermistors is as follows. The devices are made of a crystalline polymer that includes conductive particles distributed in the volume of the element. At normal device temperatures, these particles create a conductive grid due to their contact with each other in the polymer. However, if the temperature rises to a point where the polymer crystallites melt and become amorphous, the device switches. The increase in volume during the melting of the crystalline polymer particles causes a break in the conductive chains and, as a result, a sharp nonlinear change in the resistance of the entire device [19]. We should note that such a transition is reversible and can occur repeatedly.





3. Dynamic Characteristics of Barium Titanate


For the experiments, the B59810-C120-A70 PTC thermistor manufactured by EPCOS AG (Munich, Germany) was used (its appearance is shown in Figure 4). The basis of the material of the studied samples is BaTiO3.



Specimen thickness: 3.42 mm. Specimen diameter: 25.2 mm. Average specimen weight: 8.091 g.



In the remainder of this section, the various heat-dependent characteristics of barium titanate that have been taken into account in the computer simulations will be presented.



3.1. Characteristic R(T)


For the computer model of PTC thermistor substitution, its datasheet dependence R(T) was used, as shown in Figure 5.



This characteristic has been used in PTC thermistor models in Matlab Simulink and Comsol Multiphysics.




3.2. Characteristic Cp(T)


The dependence of the heat capacity of the PTC thermistor material (Cp(T)) on temperature also undergoes a phase transition of the first kind and has been used in the computer models Matlab Simulink and Comsol Multiphysics. This dependence is shown in Figure 6 [40].



As can be seen from Figure 6, the heat capacity of the PTC thermistor undergoes a one-time change of ~10%. Taking into account this dependence will increase the accuracy of the models under study.




3.3. Thermal Conductivity


In addition, the thermal conductivity dependencies of barium titanate were imported into the Comsol Multiphysics model to increase the accuracy of the calculation. These data were taken from [41] and are shown in Figure 7.




3.4. Varistor Effect


Similarly to a varistor, depending on the strength of the electric field, the resistance of the PTC thermistor can decrease slightly as the strength of the electric field increases [42]. This varistor effect is observed in the R(T) characteristic over the entire temperature range under study.



To account for the varistor effect, the following dependency will be introduced into the Matlab Simulink model:


R’(V,T) = R(T) · (1 − V/Vvar),



(1)




where R’(V,T) is the electrical resistance of the PTC thermistor sample under study, depending on its temperature and the voltage applied to it; V is the voltage applied to the test specimen; and Vvar is the coefficient that describes the varistor effect in the model.



A similar dependency has been introduced for the Comsol Multiphysics model:


G’(V,T) = G(T) · (1 + E/Evar),



(2)




where G’(V,T) is the specific electrical conductivity of the PTC thermistor sample under study, which depends on its temperature and electric field strength; E is the electric field strength; and Evar is the coefficient that describes the varistor effect in the model.




3.5. Characteristic εp(T)


In order to correctly interpret the expression (2), the thermal dependence of the barium titanate dielectric constant εp(T) must be taken into account in the Comsol Multiphysics model. This relationship was taken from [43] and is shown in Figure 8.





4. Research Methodology


4.1. Test Bench


To test the PTC thermistor for the current-limiting capacity in short current pulses, a test bench was assembled, the electrical circuit of which is shown in Figure 9.



This circuit has the following electrical parameters: capacitance of the battery C = 5.64 mF; reactor inductance L = 3.5 mH; and active resistance of the reactor winding RL = 0.4 Ohm. The initialization of the battery discharge was carried out using a thyristor. Current measurements were made using a Hall sensor. The voltage on the PTC thermistor was also measured during the experiments.



The experiment of overloading the PTC thermistor with a current pulse was carried out as follows: 1. The capacitor battery is charged to a certain voltage value (in the range of 200–400 V). 2. The PTC thermistor is heated by an industrial hot air blower to a temperature slightly above 90 °C. 3. When the PTC thermistor naturally cools down to a temperature of 90 °C, a signal to discharge the capacitor battery is provided. 4. With the help of an infrared pyrometer, the temperature of the PTC thermistor after the current pulse is measured. An oscillogram of current and voltage on the PTC thermistor is recorded.



The preheating temperature (T0 = 90 °C) was chosen as the point close to the least resistance and close to the phase transition temperature (Figure 5), which would allow the largest current pulse to pass through the sample, which in turn would allow the observation of the more pronounced current-limiting properties.



The results of the experiment and their description are provided in Section 5 of this article, together with the results of the computer simulations from Section 4.2 and Section 4.3 of this paper.




4.2. Comsol Multiphysics Computer Model


Electric currents, heat transfer in solids and electrical circuit modules were used to simulate the heating of the PTC thermistor through the transmitted current pulse. Figure 10 shows the geometry of the model.



Geometric parameters of the model: thickness of the PTC thermistor material is 3 mm; thickness of the metallization layer is 0.1 mm; contact length (with the metallization layer) is 8 mm; contact height is 0.6 mm; and contact width is 1.1 mm.



The heat dissipation from the surface of the sample was not taken into account since, during the transient process (the duration of the current pulse of 10–20 ms), it is considered insignificant. Heat dissipation occurs only due to the thermal conductivity of the contact system. In the electrical circuits module, a circuit similar to the one pictured in Figure 9 was constructed.



The results of the current transmission simulation are demonstrated together with the experimental data in Section 5 of the paper. Section 6 also shows the temperature distribution in the thickness of the considered samples.




4.3. Matlab Simulink Computer Model


In principle, the diagram implemented in MATLAB Simulink does not differ from the one shown in Figure 9. The PTC thermistor is implemented in the circuit as a voltage source controlled by the algorithm shown in Figure 11. Heat dissipation was also not taken into account in this model for the same reasons. The distribution of current density and temperature is considered to be uniform, which is due to the positive temperature coefficient of the material.



Transition in the flowchart in Figure 11, “Temperature dependence of electrical resistance”, was taken from Figure 5. In the block diagram, m is the mass of the PTC thermistor, and c(T) is the heat capacity of the PTC thermistor. As described earlier, many characteristics undergo changes during the phase transition.



Figure 12 shows the MATLAB Simulink model, which was used to simulate the operation of the test bench.



The results of the simulation and their description are provided in Section 5 of the paper, together with the results of the experiment described in Section 4.1.





5. Analysis of Research Results


Figure 13 shows the results listed in Section 4. The current curves from the Comsol Multiphysics and Matlab Simulink models pictured in Figure 13a were obtained without taking into account the varistor effect. Figure 13b contains the results of the models accounting for the varistor effect. The curve denoted Simulink* (with a constant resistance corresponding to the initial heating temperature) was added to demonstrate current-limiting properties. The voltage of the capacitor battery is 374 V. The initial heating temperature of the PTC thermistor is 90 °C. The Vvar and Evar coefficients for expressions (1) and (2) were chosen as 650 and 3 × 105, respectively;



As can be seen from Figure 13, taking into account the varistor effect allows for a fairly accurate simulation of the current-limiting properties of a PTC thermistor. It can also be concluded that the heat dissipation through the contact system has to be taken into account, as the Comsol model clearly demonstrates. Analysis of the heat-dependent parameters of barium titanate showed that changes in thermal conductivity and heat capacitances are negligible in terms of impact on the simulation results.



Additional simulation results and their processing are shown in Figure 14. A curve labeled Dissipated energy* (with constant resistance) has been added to demonstrate the efficiency of energy dissipation via a PTC thermistor.



Figure 15 shows the change in the temperature of the PTC thermistor depending on the maximum current pulse passed through it. During modeling and experiments, the initial temperature of the PTC thermistor was 90 °C.




6. Fracture Mechanism


When the voltage of the capacitor battery was increased above ~380 V, the PTC thermistors with a variable resistance of the specimen (from ~3 ohms to ~30–40 ohms at 25 °C) were damaged. Photos of the damaged PTC thermistor are shown in Figure 16.



Electrical resistance was measured at different points of the sample surface. The measurements showed the following (Figure 16b): when measuring the active resistance between zone “1” and the electrode on the back side of the PTC thermistor, the device showed a resistance of R ≈ 35 ohms. When measuring the resistance between the zone “3” and the electrode on the reverse side, the ohmmeter showed a resistance of R ≈ 3 ohms. From this, we can conclude that the permanent change in the resistance of the PTC thermistor after the accident is related to the damage to the surface layer of metallization in section “2” of the PTC thermistor surface. Figure 17 shows current and voltage waveforms when the test specimen is damaged.



The probable scenario for the development of the accident is as follows. Joule heating of the PTC thermistor material resulted in a significant temperature gradient between the metallization surface and the rest of the PTC thermistor. This is known from simulations in Comsol Multiphysics (Figure 18). Due to thermal expansion (caused by the current pulse), the specimen cracked, which partially damaged the metallization layer near the contact area. This is evidenced by the following: first of all, in Figure 16b along zone “2”, a crack in the body of the PTC thermistor material is clearly visible; secondly, in Figure 17, at a time of ~5 ms, there is a current surge due to partial destruction of the metallization layer. Further deterioration of the metallization layer led to repeated arc overlapping of the specimen. This is evidenced by the presence of traces of electric arc burning (Figure 16a) and a voltage surge in the time range of ~0.013–0.022 ms and for 0.05 ms (Figure 17).




7. Conclusions


The paper analyzes existing materials with PTC thermistor properties and considers the physics of their phase transition and the physical and electrical properties of materials.



Computer models have been developed that make it possible to simulate significant current overloads of PTC thermistor material with good accuracy. A significant influence of the varistor effect on the process of current limitation has been determined. The presented models were verified via experimental data.



The results of simulations and experiments clearly demonstrate the current-limiting properties of PTC thermistor devices.



The mechanism of destruction of PTC thermistor devices at significant current overloads, which was observed in experiments, is explained.



The research was carried out within the state assignment FSEG-2023-0012.
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Figure 1. Schematic representation of the grain structure of barium titanate (narrow dark bands represent grain boundaries; light areas of the images represent the grains themselves). 
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Figure 2. Crystal structure of BaTiO3. (a)—tetragonal cell shape (the temperature of the structure is less than TC); (b)—perovskite cell shape (the temperature of the structure is greater than TC). 
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Figure 3. Crystal structure of the V2O3. (a) Monoclinic cell shape (red lines; the temperature of the structure is less than TK); (b) rhombohedral cell shape (red lines; the temperature of the structure is greater than TK). 
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Figure 4. Test specimen: PTC thermistor B59810-C120-A70. 
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Figure 5. R(T) characteristic of the PTC thermistor B59810-C120-A70. 
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Figure 6. C p(T) characteristic of barium titanate. 
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Figure 7. Temperature dependence of thermal conductivity of barium titanate. 
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Figure 8. εp(T) characteristic of barium titanate. 
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Figure 9. Electrical circuit of the test bench. 
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Figure 10. PTC thermistor model in Comsol Multiphysics (Figure 4). 
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Figure 11. Flow diagram of the PTC thermistor implementation. 
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Figure 12. MATLAB Simulink test bench model. 
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Figure 13. PTC thermistor current. (a) Modeling without taking into account the varistor effect; (b) modeling with regard to the varistor effect. Solid curves are results of the experiment; dashed curves are Matlab Simulink simulation results; dotted curves are results of Matlab Simulink simulations with a constant resistance corresponding to a temperature of 90 °C; dash-dotted curves are Comsol Multiphysics simulation results. 
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Figure 14. Experimental results and their processing. (a) PTC thermistor current and voltage; (b) oscillograms of resistance and dissipated energy changes (*—curve with a constant resistance corresponding to the initial heating temperature). 
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Figure 15. Dependence of the PTC thermistor temperature on the maximum current pulse passed through it. Experimental and simulation results. 
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Figure 16. Destruction of the PTC thermistor. (a) A photograph of the damaged PTC thermistor (the highlighted red area is shown in more detail in figure (b)); (b) the damaged area enlarged (zone 2—damaged metallization layer on the surface of the PTC thermistor; zones 1 and 3—areas without damage). 
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Figure 17. Oscillogram of current and voltage of a PTC thermistor during its destruction. 
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Figure 18. Temperature field inside the PTC thermistor in contact area. Comsol Multiphysics simulation result. 
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