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Abstract

:

This article presents research about a hybrid power system dedicated to Internet of Things (IoT) nodes. As an introduction, performance tests of the harvesters, that is, a 40 × 40 mm Peltier cell based on Bi2Te3 and three solar cells, monocrystalline, polycrystalline, and amorphous, are presented. The study established the dependence of the effect of generated power on the load resistance. Thus, it states how the internal resistance of the harvesters changes. Following the above tests, a complete power unit with a single harvester and an LTC3108 conversion circuit, as well as an energy buffer in the form of a 1 mF supercapacitor, were built and tested. The unit with a thermoelectric generator generated power from 14 to 409 µW. The unit with a 65 × 65 mm polycrystalline cell generated power from 150 to 409 µW. Next, a hybrid system was built and tested with both of the aforementioned harvesters, which generated power from 205 to 450 µW at 2000 lx illumination and a temperature difference of 20 °C for the thermoelectric generator claddings.
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1. Introduction


Current technological advancement enables an increase in the miniaturization of electronics. A prevailing trend is to make devices wireless and to extend their operational lifetimes as much as possible. The operating time of devices is limited by the energy storage capacity of currently used batteries. One solution to this problem could be energy harvesting (EH).



The mentioned miniaturization of electronics, both in terms of physical dimensions and energy consumption, provides numerous opportunities for communication and interaction between humans and machines, as well as machines-to-machines interaction. This has led to the development of the Internet of Things (IoT). The IoT encompasses various aspects, including device identification [1,2,3], data acquisition [4], communication methods and network topology [5,6], database creation [7,8], data visualization, and user interface development [9]. Wireless sensor networks are a part of the IoT, and the nodes in these networks must have small dimensions, low power consumption (typically, in the range of µW/mW), and long operational lifetimes without requiring human intervention.



Enhancing the operating time of IoT/WSN nodes can be achieved through several methods. One of these is the implementation of energy-efficient routing and communication channels, as communication is where the node typically consumes the most energy [10,11,12]. Another solution is equipping the node with an efficient energy buffer [13,14]. The most effective approach is to combine the above solutions with energy harvesting techniques, enabling the node to be self-sufficient in terms of energy in many cases [15,16,17].



For nodes placed on moving elements such as vehicles, machines, or the human body, mechanical energy is the predominant form of energy that can be harvested. In this case, the most commonly encountered harvesters are piezoelectric harvesters [18,19], triboelectric harvesters [20,21], and electromagnetic harvesters [22,23,24]. If the node lacks the ability to move or vibrate, then, thermal energy can be converted using Peltier cells [25,26]. High-frequency electromagnetic waves can also be converted into electrical energy [27]. It should be noted, however, that in both of the methods mentioned above, the power that can be obtained fluctuates between nW and µW. Undoubtedly, among static harvesters, systems utilizing photovoltaic panels [28,29,30,31] have the most power and, therefore, the widest range of applications.



The application of a specific energy harvesting method is determined by the working conditions and requirements of the IoT node. In variable environmental conditions, using a single energy harvesting method may not be sufficient to achieve satisfactory power generation. Therefore, hybrid systems that allow the conversion of at least two types of ambient energy into electrical energy are increasingly being used. The following configurations can be distinguished:




	
kinetic and thermal energy harvesters;



	
kinetic and solar energy harvesters;



	
kinetic and RF (radio frequency) energy harvesters;



	
optical radiation and RF energy harvesters;



	
thermal and optical radiation energy harvesters.








In this article, we will focus on the research of systems that convert thermal energy and optical radiation into electrical energy. The main goal of the research conducted in the article is to build a power system with compact dimensions, operating in a static environment (without forced vibrations). The power system will consist of a thermoelectric generator TEG and a photovoltaic panel. The research answers the question as to whether or not the hybrid combination of the two harvesters guarantees a relatively stable power output, with a reduction in the influence of light intensity and temperature changes in the operating environment. And whether the use of commercially available energy harvesting circuits achieves efficiency and output power to power, or help to power, IoT nodes.



The structure of the article is as follows: in Section 2, we will discuss the construction of thermoelectric and solar harvesters, accompanied by brief analysis of their operation and capabilities. We will also present energy conditioning blocks to convert electrical energy into a form that enables energy buffer charging. In Section 3, we will present the results of energy harvesting efficiency studies in single and hybrid modes. In Section 4, we will discuss the obtained results and conclude with a summary of the key findings, and also we present possible directions for further research.




2. Materials and Methods


2.1. Thermal Energy Harvesters


In the Seebeck phenomenon, the thermoelectric force is generated at the interface of two different materials, provided there is a temperature difference at the junction (1). It occurs most strongly at the junction of two semiconductors [32].


  E =   S   A B   (   T   H   −   T   C   )  



(1)




where: E—thermoelectric force, SAB—difference of Seebeck coefficients of AB materials, TH—hot side temperature, and TC—cold side temperature.



The opposite of the Seebeck phenomenon is the Peltier phenomenon. This involves the absorption or emission of heat proportional to the value of the current flowing through the junction. The change in this energy can be expressed with Equation (2).


    d Q   d T   =     α   A   −   α   B     I  



(2)




where: Q—absorbed/emitted heat, αA and αB—Peltier coefficients of AB materials, and I—the current flowing through the junction.



For the construction of thermogenerators, n-type and p-type semiconductors are used. As evident from Equation (1), the magnitude of the generated voltage is directly proportional to the difference in the Seebeck coefficients of the two materials. The n-type semiconductors possess a negative Seebeck coefficient, while the p-type is positive, so combining them results in a higher difference. The structure of such a junction is shown in Figure 1.



The most commonly used semiconductors are: SiGe, PbTe, and Bi2Te3 [33,34]. The generator consists of dozens or hundreds of connectors connected in series to increase the generated voltage. The output power of the thermogenerator can be determined from Equation (3). This indicates that the highest power can be obtained when the internal resistance of the thermogenerator is equal to the resistance of the load.


  P =         ( S   A B   ) d T     R   T   +   R   L         2     R   L    



(3)




where: P—power, dT—temperature difference between TH and TC, RL—load resistance, and RT—internal resistance of thermoelectric generator.



The efficiency of a thermogenerator is defined as the ratio of the energy supplied to the load to the amount of heat absorbed by the heated side. The amount of energy generated is negatively affected by phenomena such as the Joule–Thomson phenomenon and thermal conduction. The Joule effect is the release of heat, caused by a flowing current, and is proportional to the resistivity of the material through which this current flows. If a material has a temperature difference (dT), it will additionally absorb or release heat due to the Thomson phenomenon. The amount of this energy is expressed by Equation (4):


    Q   T   = τ I d T  



(4)




where: QT—energy from the Joule–Thomson phenomenon and τ—Thomson coefficient.



Thermal conductivity leads to temperature equalization in a given material by transporting energy from the higher temperature side to the lower temperature side. The speed of this transmission depends on the thermal conductivity of the material and the temperature gradient. The above phenomena will limit the temperature differences across the generator, and, thus, the amount of energy generated. To compare materials in terms of their usefulness for the construction of thermoelectric generators, a parameter called the thermoelectric goodness coefficient zT figure of merit [35] was introduced. It is defined as:


  z T =       S   A B     2     ρ λ   T  



(5)




where: ρ—resistivity and λ—thermal conductivity.



In summary, thermoelectric generators generate electrical energy with just a small difference in the temperature of the cladding. The amount of energy generated depends on the size of this difference and on the material parameters of the semiconductors utilized. The most important parameters are the Seebeck coefficient, resistivity, and thermal conductivity. The material used should be characterized by a high Seebeck coefficient in terms of modulus and, in order to minimize Joule, Thomson, and thermal conductivity phenomena, low resistivity and thermal conductivity.



A circuit powered by a TEG must be able to start when there is no stored energy, which is not easy with an input voltage of millivolts. For this reason, the conditioning circuit, typically, is composed of two blocks: a starting block and a main block. The starting block can be composed of an oscillator and a charge pump [36]. The purpose of the oscillator is to drive the transistors. It should have the lowest possible power consumption and low input voltage. The lowest voltage at which the oscillator is able to generate a signal to drive the transistors is also the minimum voltage that the TEG must produce for the circuit to start working. The most commonly used oscillator for this purpose is the ring oscillator. The main charge pump circuits are the Dickson circuit or the exponential charge pump (Figure 2). The voltage gain in the Dickson system is expressed as n + 1 while in the exponential system it is 2n, where n is the number of stages of the system. This means that the exponential pump has a higher voltage gain and, therefore, a shorter rise time. However, the construction of an exponential charge pump requires more transistors and capacitors.



Another starting system is a voltage booster with a transformer (Figure 3). The alternating voltage is produced in a resonant circuit created by positive feedback, and then amplified according to the transformer ratio (usually 1:50 and 1:100). On the secondary side, the signal is post-rectified and delivered to the output.



The task of the main block is to raise and maintain the voltage at a preset level. It can be built from either a na-voltage boost converter or a Dickson voltage multiplier [35].



In summary, the use of two voltage boosters allows a significant reduction in the threshold voltage of the system. Employing the use of a single converter would require a much higher voltage gain, which usually results in a significant degradation of efficiency.




2.2. Optical Radiation Energy Harvesters


Photovoltaic cells are devices that convert the energy of optical waves into electricity. They use the photovoltaic phenomenon for this purpose. It occurs at the junction of two semiconductors, semiconductor to metal or metal to electrolyte. However, it occurs most strongly at the junction of two semiconductors, which is why p-type semiconductor and n-type semiconductor junctions are most often used. A photon of sufficiently high energy hitting the p–n junction causes the formation of an electron-hole pair in the p-type region. Due to the existing electric field directed toward the p-type region, electrons will flow into the n-type semiconductor and holes will remain in the p-type region. The accumulation of negative charges on one side and holes on the other side causes a voltage at the junction. A photovoltaic cell can be modeled electrically as a combination of a diode and a current source (Figure 4) [36]. However, it applies only to first-generation cells; for the others the electrical model is more complex [37,38].



The generated current due to optical radiation can be recorded (6) [35]:


  I =   I   S C   −   I   0     ( e     q V / k T     − 1 )  



(6)




where: ISC—short circuit current, I0—dark current of the junction saturation, k—Boltzmann constants, T—temperature, q—electron charge, and V—junction polarization voltage.



The voltage at the terminals of an unloaded circuit VOC, called the open circuit voltage, is expressed by the formula (7)


    V   O C   =   k T   q   l n       I   S C       I   0     − 1    



(7)







The output power of a photovoltaic cell will always be lower than the product of the short-circuit current and the open-circuit voltage. The quotient of the maximum power that a cell can generate to the product of the short-circuit current and the open-circuit voltage is called the fill factor. A typical value of the FF fill factor is in the range of 0.8–0.85.


  F F =     I   m a x     V   m a x       I   S C     V   O C      



(8)







The maximum values of current and voltage generated by the connector can be calculated from Equations (9) and (10) [36,39]:


    V   m a x   =   V   O C     1 −   l n l n       I   S C       I   0         l n       I   S C       I   0            



(9)






    I   m a x   =   I   S C     1 −   1   l n       I   S C       I   0            



(10)







The efficiency of the cell is the ratio of the maximum power generated by the cell to the power of solar radiation. It is expressed by Equation (11). The maximum efficiency of the cell was determined analytically by Shockley–Queisser [39,40]; it is about 30%, depending on the material used. Their analysis was for a single p–n junction; fourth-generation cells can achieve higher efficiencies:


  η =     I   m a x     V   m a x     J S    



(11)




where: η—cell efficiency, J—radiation intensity, and S—surface area of the cell.



Since the development of the first photovoltaic cell in 1954, solar cell manufacturing technology has advanced greatly. Currently, four generations can be distinguished (Figure 5).



The first generation of solar cells includes the oldest mono-crystalline and polycrystalline silicon cells. They are the most widely used of all cells because of the ratio of efficiency achieved to the price of the cell. Their main disadvantage is the large amount of semiconductor materials utilized in their construction, which significantly influences their price.



The second generation includes cells constructed of cadmium telluride (CdTe), amorphous silicon (a-Si), and copper indium gallium selenide (CIGS). The advantages of these solutions are cheap production costs and flexible design. The semiconductor layer in these cells is single micrometers thick, which reduces the cost. Unfortunately, the thinner semiconductor layer resulted in lower efficiency.



The third generation is characterized by the same advantages and disadvantages as the second, however, their design differs from the traditional p–n junction design. This group includes, among others, organic cells and dye-sensitized solar cells (DSSC). The structure of the former consists of two electrodes between which is placed an active layer of organic semiconductor, while the simplest DSSCs are built of two glass plates, between which is a semiconductor layer covered with photosensitive dye, a catalytic layer, and an electrolyte. The dye-sensitized cells are transparent so they could be used to build windows [41]. The limiting factor in their application is their low efficiency, not exceeding 10%. Also included in this generation are cells utilizing perovskites. Perovskites are minerals that, depending on their structure, exhibit interesting properties such as superconductivity, magnetoresistance, or photoelectric properties. The most commonly used material for cell construction is CH3NH3PbI3 [42]. A perovskite cell is composed of a conductor (electrode) layer, an ETM (electron transport material) layer, perovskite, a HTM (hole transport material) layer, and an FTO glass layer acting as a second electrode [43]. The task of the ETM layer is to transport electrons to the electrode and prevent holes from entering the same electrode, thus, increasing the efficiency of the photocell. Similarly, the HTM layer transports holes to the opposite electrode. Advantages of perovskite cells are: relatively high efficiency from 15% [44], through 20% [41], and theoretically up to 31%, flexibility, transparency; disadvantages are the use of lead in production, and gold for electrodes. In addition, perovskites are characterized by a change in stability of operation and performance over time, with evaporation at high temperatures, in the presence of moisture or vibration. Also, prolonged exposure to light can cause a decrease in cell efficiency [45].



The fourth generation includes multilayer cells. Unlike traditional ones, they are composed of multiple p–n junctions [46]. Each junction is made of a different material, so the cell responds to radiation in a wider bandwidth. It can, thus, convert more energy, achieving higher efficiency. Currently, the fourth generation is in the research phase.



In summary, photovoltaic cells use the photovoltaic effect to produce electricity. They are the most efficient sources used for energy harvesting. They can generate 100 mW/cm2. The efficiency of the cells depends on the photon energy, the material used, the design of the cell, or the location relative to the radiation source.



A block diagram of a typical solar energy conversion system is shown in Figure 6. The principles of construction of these systems are very similar to those of systems based on the TEG. The low input voltage requires boosting and, then, stabilization. Both boost converters and charge pumps are used for boosting. Converters are, typically, used in devices operating under variable lighting conditions along with maximum power point tracking (MPPT) systems, while charge pumps can be found, for example, in systems made with CMOS technology designed for artificial lighting [29,47].



Many MPPT methods have been developed, each varying in terms of dynamics, algorithm complexity, required hardware, sensors, or cost. The most common used MPPT methods are perturb and observe (P&O) and incremental conductivity (IC) [48]. P&O involves cycling the operating voltage by a certain preset step. At each iteration, the voltage and current are measured, and, then, the power and the difference in power and voltage of the current and previous iteration are calculated. The product of these differences determines the sign of the next step, i.e., whether the voltage is decreased or increased. If the product is less than zero, the voltage is decreased and vice versa when it is greater. After determining the current maximum point, the algorithm does not stop, it causes an oscillation around it with an amplitude equal to the set step. This is the main drawback of this method. In addition, it is not suitable for operation under rapidly changing conditions. The second method eliminates some of the disadvantages of the first. The principle of IC is based on the derivative of dP/dV, which can also be written as:


    d P   d V   = I + V   d I   d V    



(12)




where: I—the updated value of the current, V—the updated value of the voltage, and dI and dV differences in the values between the updated and the previous iteration.



If the value of the resulting expression is zero, then the work point coincides with the MPP. If it is negative, then the work point is behind the maximum point on the P(V) characteristic (too much voltage) and vice versa for a positive result.



Based on the structure presented in Figure 6, in addition to the harvester and processing circuits, the power system also includes an energy storage unit. To select the appropriate type, it is important to know the parameters of the most commonly used energy storage units in the IoT. A summary of these parameters based on [49,50] is presented in Table 1. Considering that supercapacitors offer a high number of charging cycles, do not require complex charging circuits, provide the ability to achieve high power outputs, and are cost-effective, they were chosen as the energy storage for the designed power system.





3. Results


The choice of harvesters determines the maximum power that can be obtained from the power source under appropriate operating conditions. Knowledge of the energy parameters of harvesters in single systems is needed to properly estimate the levels of voltages and currents present in the circuit and the optimal loads. This will lead to the correct construction of an energy conditioning system for hybrid operation.



Initial findings will delve into the performance tests of a thermoelectric generator alongside three distinct photovoltaic panels (as depicted in Figure 7). Subsequently, we will present test results for the power conditioning system in both a single-harvester setup and a hybrid configuration.



3.1. Thermoelectric Generato (TEG)


Two types of thermogenerator tests were conducted. In the first, the effect of load resistance on the generated output power was checked, and the internal resistance of the TEG was estimated. In the second, on the other hand, the maximum power depending on the generated temperature difference was determined. The thermoelectric generator chosen for testing was a 40 × 40 mm Peltier module based on Bi2Te3 material whose Seebeck coefficient S = 200 µV/K and thermal conductivity λ = 1.5 W/mK. The Peltier cell under test was placed between the heating system, which was an identical Peltier cell supplied with a regulated current, and a 40 × 40mm heat sink. Temperatures of the cold and hot side were measured with a k-type thermocouple (blue cable). Sanwa 5000a laboratory multimeters were used to measure voltages the current was measured indirectly using a 1 Ω shunt. The TEG load was a decade resistor. Power characteristics as a function of load were collected step by step for fixed thermal conditions, over a range of load resistances from 1 to 15 Ω. In addition, to study the changes in internal resistance due to temperature differences, four characteristics were determined for differences: 5, 10, 15, and 20 °C. The module under test is shown in Figure 8.



The load characteristics are shown in Figure 9. It can be seen that the internal resistance of the module is at 2–3 Ω. In addition, it is not significantly changed with an increase in the gradient of temperatures between the facings of the module. Therefore, for the load resistance Rl = 2 Ω, the characteristics of the power generated as a function of the difference in temperatures were determined (Figure 10).



The conclusions of the tests are as follows:




	
The maximum power is generated by the module in the impedance-matching state;



	
The internal resistance of the module is in the range of 2 to 3 Ω and does not change with temperature. The results obtained are consistent in nature with the results obtained by Kramer et al. [51], where the internal resistance of TEG is at the level of 3 Ω;



	
With a hot and cold cladding temperature difference of 10 °C (a gradient realizable in wearable devices—the difference between human skin temperature and room temperature), a single module generates 350 µW of power.









3.2. Photovoltanic Panels


Three photovoltaic panels were subjected to tests: amorphous a-SI, polycrystalline, and monocrystalline constructed from silicon (Figure 7). As before, the parameters of the panels needed for the design of the hybrid system were determined. First, the variation of the output power from the load resistance was studied and, then, the characteristics of the generated power as a function of light intensity were determined. The measurement stand is shown in Figure 11.



The load characteristics are shown in Figure 12a–c.



The above characteristics prove that the internal resistance of a PV panel changes significantly with lighting conditions. Depending on the panel technology, the internal resistance varies. At an illumination of 4000 lx for an amorphous silicon a-Si panel, the internal resistance is 3 kΩ, for a polycrystalline panel it is 400 Ω, while for a monocrystalline panel it is only 40 Ω. It can be observed that as the illumination decreases, the resistance increases significantly. At 500 lx illumination, we have, respectively, 20 kΩ for a-Si, 1600 Ω for poly, and 120 Ω for a monocrystalline panel. Therefore, the characteristics of the generated power as a function of illumination will be determined each time the load is adjusted and is shown in Figure 13a. Due to the different dimensions of the panels, a more meaningful representation of the generating capability will be the surface power density characteristics, as shown in Figure 13b.



The research findings indicate that the power density of the amorphous silicon (a-SI) panel is, approximately, six times inferior compared to both poly and monocrystalline panels. Similar values for a-SI panel can be found in the work of [52]. On the other hand, in the work of De Rossi et al. [53], we see that polycrystalline panels generate 2 to 4 times more energy depending on the type of light. Mono and polycrystalline panels, on the other hand, generate similar amounts of energy, which is confirmed by the work of [54,55].



It is important to highlight that both polycrystalline and monocrystalline panels can produce 10 mW of energy even under standard office lighting conditions of 500 lx. Given the panel’s robust energy output and its consistent performance under both artificial and natural sunlight, the polycrystalline panel was chosen for subsequent research.




3.3. Power Supply Units—Single and Hybrid


To make a power supply system for an IoT node using energy harvesting, one must choose a harvester for the electrical energy conversion pack and an energy buffer with sufficient capacity to realize a full cycle of the node. Both the thermoelectric generator and the photovoltaic panel generate DC voltage. Thus, DC/DC conversion is required to adjust the voltage values from the harvesters to energize the IoT node’s systems or recharge its energy storage. Each harvester has a dedicated circuit of energy processing presented in Section 2. However, dedicated ICs can be successfully used to process and manage energy for energy harvesting. The advantages of using a dedicated IC also include: smaller size, lower cost, higher reliability, and repeatability of parameters. The choice of one of two chips was considered:




	
BQ25505 from Texas Instruments Dallas, TX, USA is dedicated to work with photovoltaic panels and TEG has implemented MPPT algorithm; the chip converts input voltages from 100 mV;



	
LTC3108 from Analog Devices (Cambridge, MA, USA) is dedicated to work with photovoltaic panels, TEG and piezoelectric; the circuit processes input voltages from 20 mV.








Due to the possibility of starting from 20 mV and greater versatility, the LTC3108 on the CJMC-3108 development board was selected. According to the manufacturer’s note [56], the circuit, using an input transformer with a gear ratio of 1:100, is dedicated to operate thermoelectric generators whose input resistance is between 1 and 5 Ω.



The LTC3108 chip produces a stabilized voltage on the VOUT pin. The voltage value depends on the configuration of pins VS1 and VS2, and is in the range of 2.5 to 4.5 V. A temporary buffer (C5) is attached to the VOUT output to provide the energy needed to power the load for one duty cycle. The capacitance of the capacitor depends on the energy consumed by the load, i.e., the main controller of the IoT node and the modem transmitting data. In tests, the value was 100 µF. When the system starts, the voltage on capacitor C5 increases to the specified value; after reaching it, the main energy buffer of the system connected to pin VSTORE begins to be charged. The main energy buffer during testing was a supercapacitor with a capacity of 1 mF. Such a low capacitance was chosen to speed up the tests. In the target power circuit, the value of the supercapacitor connected to the VSTORE pin should be large enough (e.g., 4.5 F) to provide energy for the IoT node at the time of reduced performance of the sources (TEG and PV).



When using an input transformer with a gear ratio of 1:20, the system works with PV panels. For testing, two CJMC-3108 boards were used, one each for the TEG and the PV panel. The output voltage is set at 3.3 V. The schematic diagram of the power supply circuit intended for use with the TEG is shown in Figure 14. The circuit for the PV panel is analogous.



From the author’s previous research and literature review [18,23,57], it is known that a cost-effective IoT node for one duty cycle involving taking and processing a measurement and sending data, consumes between 1 to several millijoules. Therefore, tests will be conducted to give an answer in what time the built power systems are able to store 4.5 mJ, i.e., charge a 1 mF supercapacitor to 3 V.



The initial test focused on a circuit paired with a thermoelectric generator. The start of the circuit was determined by the condition of the appearance of a voltage of 2.2 V at the stabilized output of the power supply. It was noted that the system produces such a voltage value when the temperature difference of the TEG cladding is 8 °C and the voltage at the harvester output was 60 mV. Gathering 4.5 mJ took as long as 330 s under these conditions. With a temperature gradient of 20 °C, the buffer was charged in just 11 s. The charging characteristics of the energy storage as a function of the temperature gradient on the TEG are shown in Figure 15.



Next, an identical test was performed on a power system using a polycrystal photovoltaic panel and an LTC3108 with a 1 mF buffer. In this configuration, it was found that the system loses when the illumination intensity is 1000 lx and the harvester output voltage is 200 mV. Then, it took 30 s for the system to accumulate 4.5 mJ of energy. When the illuminance increased to 4000 lx, the system charged the buffer in 11 s. This is shown in Figure 16.



The concluding phase involved assessing the performance of the hybrid system where both the TEG and the PV panel charged the energy storage simultaneously. Each harvester would be connected to its own LTC3108 chip. In the experiment, a constant illumination value of 2000 lx was set and the temperature difference between the TEG cladding was changed. It was observed that for the smallest temperature difference at which the system with TEG starts, i.e., 8 °C, the capacitor charging time is the same as for the system with PV panel only and is 22 s. However, when the temperature gradient increases to 20 °C the supercapacitor is charged after only 10 s. If we consider the average power generated by the system, at the lowest temperature gradient it was 204 µW; at a difference of 15 °C, it was already 321 µW, while at the maximum difference of 20 °C, it was 450 µW. The results are presented in Figure 17.





4. Discussion and Conclusions


Three power systems were studied in Section 3: a single system with a thermoelectric harvester (TEG), a single system with a polycrystalline PV panel, and a hybrid system incorporating both simultaneously. The aggregate data are shown in Table 2. Since the systems have different dimensions, surface power density is a suitable parameter for comparing their generating capabilities. To evaluate the conversion efficiency of the management system, power and power density were given for the operation of the harvester in matching and at the output of the power system. Analyzing the data, we can see that the performance of the power-matched harvester (column 3 and 4) is mainly affected by ambient conditions. On the other hand, the operation of the full power system is tremendously influenced by the processing efficiency of the LTC3108 chip (column 5 and 6). For a system with a TEG, we observe relative match and the conversion efficiency ranges from 8 to 34%. For a single circuit with a PV panel, there are significant losses in converting power to the desired voltage level. For this system, the conversion efficiency for all cases is below 1%. This proves that the LTC3108 circuit did achieve adequate impedance matching for the selected panel at the selected light intensity.



In summary, the work focused on the construction and testing of a power system utilizing a 65 × 65 mm polycrystalline photovoltaic panel and a 40 × 40 mm thermoelectric generator. Each of the harvesters was equipped with its own LTC3108 energy management circuit and charged an energy buffer which was a 1 mF super capacitor. This circuit generated a steady power in the range of 205 to 450 µW. Testing revealed that the power system begins to function optimally when the light intensity exceeds 1000 lx and the temperature difference between the thermoelectric generator facings is at least 8 °C. A critical observation was the importance of properly choosing the energy conversion system; if the impedance of the harvester is not matched, there is a risk of losing almost all the power generated by one type of harvester. Remarkably, despite the very low efficiency of the hybrid system, the minimum value of generated power is 205 µW, which is 21.6 J per day. For optimal performance, the capacity of the energy buffer must be increased to 4.5 F. Additionally, the hybrid system ensures minimum power generation largely independent of operating conditions.



The selected harvesters are characterized by the fact that they both generate direct current and have no moving parts, which greatly facilitates their physical installation. The advantages of systems using solar panels include a relatively high surface power density; in addition, increasing the surface area of the panels linearly increases the generated power. The disadvantages of these systems include the need for illumination and change of internal resistance with a change in lighting, which forces the appropriate selection of energy conversion circuits to obtain satisfactory efficiency. Single systems based on the TEG have a much lower surface power density than solar panels, require a continuous temperature difference of the cladding, which forces a cooling system based on radiators and this adversely increases the size and weight of the system. However, they can operate without access to light and their internal resistance does not change with a change of temperature gradient. Considering this factor and the experimental results, the hybrid system utilizing a polycrystalline panel and a thermoelectric generator, offers a complementary operation in two ranges. When the temperature difference of the TEG plates is low, the energy that is transferred to the energy buffer comes from the solar panel, while when dT is high the output energy comes mainly from TEG.



The next phase of research involves creating our duplicator and voltage regulator tailored for the PV system, as depicted in Figure 2 and Figure 3. This should notably enhance the system’s overall efficiency. Currently, the TEG and solar panel are positioned adjacently. A compact design where the solar panel heats the TEG’s warm side during operation is the subsequent step to boost the power output. Post testing, these circuits will integrate into a wearable IoT node that employs a nRF52 family communication chip, aiming to monitor presence and location of persons within a facility. Moreover, this device could prolong the lifespan of the stress-monitoring node in steel infrastructures, as discussed in the author’s prior work [58]. This node currently utilizes a PIC 24FV family controller. Future research will also explore the operation of IoT nodes powered by energy harvesting as network components, using specialized verification and validation methods [59,60].
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Figure 1. Structure of a single p–n junction in a thermoelectric generator. 
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Figure 2. Charge pump: (a) an exponential charge pump and, (b) a Dickson charge pump. 
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Figure 3. Schematic of a voltage booster circuit with a transformer. 
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Figure 4. Electrical model of a solar cell. 
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Figure 5. Solar cell generations. 
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Figure 6. Solar energy conversion system. 
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Figure 7. Tested harvester. 
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Figure 8. Thermoelectric generator under test. 
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Figure 9. Power generated by the TEG as a function of load resistance for 4 temperature gradients. 
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Figure 10. Power generated as a function of temperature gradient. 
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Figure 11. Measurement stand for determining the parameters of a solar cell. 
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Figure 12. Load characteristics for three solar cells at different light intensities. 
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Figure 13. Power generation for three PV panels: (a) generated power in function illumination intensity and (b) power density in function illumination intensity. 
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Figure 14. Implemented LTC3108 controller circuit to work with the thermoelectric generator. 
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Figure 15. Time required to harvest 4.5 mJ for a system with a TEG. 
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Figure 16. Time required to harvest 4.5 mJ for a system with a PV panel. 
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Figure 17. Performance characteristics of the hybrid polymorphous PV panel and TEG unit for different operating conditions: (a) time required to harvest 4.5 mJ and (b) output power of the power system. 
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Table 1. Parameters of energy storage for the IoT.
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	Type of

Energy Storage
	Energy Density

(Wh/kg)
	Energy Density

(Wh/L)
	Self-Discharge Rate per Month
	Cycle

Life





	Lithium-ion (Li-ion) batteries
	150–250
	250–650
	5%
	500–1500



	Lithium polymer (LiPo) batteries
	100–265
	300–500
	5%
	400–1200



	Nickel-metal hydride

(NiMH) batteries
	60–120
	-
	20–30
	500–2000



	Supercapacitors
	5–10
	4–30
	5–20% per day
	>1,000,000



	Thin-film batteries
	~100
	-
	~0.5%
	1000










 





Table 2. Energy parameters of single and hybrid power units.
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	Type

of

EH
	Conditions
	Power

of

Harvester

(mW)
	Power

Density of

Harvester (µW/cm2)
	Power of Power

Unit

(µW)
	Power

Density of Power Unit (µW/cm2)
	Efficiency

(%)





	TEG
	dT = 8 °C
	0.2
	12.5
	14
	1
	8.3



	TEG
	dT = 15 °C
	0.8
	50
	180
	11
	22.0



	TEG
	dT = 20 °C
	1.2
	77
	409
	26
	34.0



	poli
	1000 lx
	18.5
	437
	150
	4
	0.9



	poli
	2000 lx
	32.1
	759
	204
	5
	0.7



	poli
	4000 lx
	55.5
	1313
	409
	10
	0.8



	TEG + poli
	2000 lx dT = 8 °C
	32.4
	-
	205
	-
	0.6



	TEG + poli
	2000 lx dT = 15 °C
	32.9
	-
	321
	-
	1.0



	TEG + poli
	2000 lx dT = 20 °C
	33.3
	-
	450
	-
	1.4
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