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In view of the low efficiency of thermoelectric generation systems in different regions, this paper designs an optimization and reconfiguration of thermoelectric power generation system under heterogeneous temperature difference (HTD) based on particle swarm optimization (PSO) algorithm, so as to make full use of various thermal energy resources and obtain higher electrical output power, which realize multi-directional utilization of energy. In addition, PSO algorithm is a simple optimization strategy with a straightforward operation mechanism and fewer parameters to control during calculation. The research shows that when TEG array is in multiple HTD states, PSO algorithm has a stronger ability to get rid of local optimization, which can reduce power loss and improve energy conversion efficiency. On this basis, PSO algorithm is used to reconfigure the 15 × 15 symmetric TEG array. The experimental simulation analysis based on MATLAB platform is carried out to verify the feasibility of PSO algorithm.
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1 INTRODUCTION
With the growth of the global population and the improvement of human living standards (Shahbaz et al., 2020; Sun et al., 2020), energy consumption is also growing rapidly. For more than 100 years, traditional fossil energy (Liu et al., 2020) has been dominant in energy consumption, even disasters to a certain extent (Yang et al., 2020), but the consumption of traditional fossil energy will generate a large amount of carbon dioxide, which will lead to obvious greenhouse gas effects and bring huge challenges (Zhang et al., 2019) to the living environment of human beings, even to a certain degree of disaster. Thus, based on new materials and new technologies, the development of clean and renewable energy that can replace traditional fossil energy (El-Dein et al., 2013) (i.e., hydropower, nuclear energy, solar energy, wind energy, hydrogen energy, etc.) is imminent, which plays a vital role in the optimization of energy structure as well as the protection of the ecological environment.
It is worth noting that modern human activities generate a large amount of waste heat (Jian et al., 2021), especially industrial production activities are the main reason for creating a large amount of waste heat. Based on this, many scholars currently use semiconductor thermoelectric generation (Ge et al., 2021) technology to convert this waste heat into electricity. Thermoelectric generator (TEG) (Fernández-Yáñez et al., 2021), also known as waste heat power generation, is based on the theory of thermoelectric power generation, that is, using the temperature difference between high and low temperature heat sources, upon which low boiling point working fluid is used as the circulating work fluid. And then, on the basis of Rankine Cycle (RC), the steam generated by the high temperature heat source is heated and evaporated to generate electricity, which can directly convert the heat source into electricity, while the power generation process is vibration-free, pollution-free, highly reliable, long service life, etc. In addition, TEG system (Luo et al., 2021) has numerous application scenarios, such as temperature differences between upper and lower ocean waters, waste heat from automobile engines, and waste heat generated from industrial equipment after the operation.
Although TEG has tremendous potential in the field of waste heat recovery, its inherent deficiencies such as low energy conversion efficiency and low waste heat utilization rate restrict its more extensive application. One of the ideas being researched to enhance energy conversion efficiency is to search for the maximum power point (MPP) based on the maximum power point tracking (MPPT) algorithm. For the TEG array in uniform temperature difference conditions (i.e., similar to photovoltaic (PV) (Li et al., 2018) panels exposed to various solar radiation), scholars have concentrated a large number of their attention. Traditional gradient control techniques (Mamura et al., 2022) such as perturbation observation (PO) method, incremental conductance (INC.) method, open circuit voltage (OCV) method, and other optimization methods are exploited to obtain the optimal energy output of the TEG system. Although the traditional methods mentioned above are straightforward (Matthew and Jae, 2015) in principle and easy to implement, they are less accurate in control, which oscillates significantly around the MPP and even misjudges it, thus causing some power loss. Besides, in practical engineering applications, the external ambient temperature is not constant, rather it changes dynamically, which renders the gradient control techniques unsuitable for MPPT under various heterogeneous temperature difference (HTD) conditions.
The inevitable actual HTD states can produce multiple local maximum power points (LMPPs) on the power curve, into which the above method can be trapped very easily, so more sophisticated and intelligent techniques are required to search for the global maximum power point (GMPP). The meta-heuristic algorithms are powerful tools for achieving high-quality solutions in a short time, in part by identifying locally optimal solutions in the absence of an exact mathematical model. They offer an insightful and promising direction of work for tackling complicated high-dimensional optimization problems. Reference (Yang et al., 2019) proposed an improved adaptive compass search (ACS) to realize an efficient and stable GMPP search on power-current (P-I) of centralized TEG system under HTD. The proposed arithmetic optimization algorithm (AOA) in literature (Zhang et al., 2022), based on arithmetic operators in mathematics, enabled simple and rapid adaptive local exploration and global exploitation, thereby avoiding low quality LMPP to raise the energy utilization efficiency and generation efficiency of TEG systems. In addition, the musical chairs algorithm (MCA), particle swarm optimization (PSO) (Lamzouri et al., 2020), cuckoo search algorithm (CSA), as well as genetic algorithm (GA) are also applied to the MPPT of TEG systems.
With further research into energy efficiency and generation efficiency improvements in TEG systems, inspired by PV array reconfiguration for maximum power output, reconfiguration of TEG arrays is also a promising approach. In special, the reconfiguration technology can be divided into static reconfiguration and dynamic reconfiguration. The former reduces the power loss by rearranging the physical location of the PV modules. Although this method can disperse the shadows to other rows, the wiring is not flexible and inefficient for large PV arrays. Therefore, in practical engineering applications, dynamic reconfiguration has greater potential, which is to dynamically change the electrical connection mode by changing the switch matrix with strong flexibility and reliability. It is worth affirming that meta-heuristic algorithms have significant advantages and potential in dealing with array reconfiguration. For instance, butterfly optimization algorithm (BOA) (Fathy, 2020), grasshopper optimization algorithm (GOA) (Fathy, 2018), gravitational search algorithm (GSA) (Hasanien et al., 2016) artificial ecosystem-based optimization (AEO) (Yousri et al., 2022), ant colony algorithm (ACO) (Krishnan et al., 2020), and so on.
Inspired by the reconfiguration of PV arrays, this paper proposes a novelist PSO algorithm (Zeddini et al., 2016) for the reconfiguration of TEG arrays to reduce power losses and boost power generation efficiency. The main novelties/contributions of the proposed method are stated as follows:
The concept of reconfiguring TEG array to maximize power output is proposed for the first time;
PSO algorithm is a simple group optimization strategy with a simple operation mechanism and few parameters to be controlled in the calculation process;
The experimental results illustrate that PSO algorithm has a stronger ability to get rid of falling into local optimization, which can reduce power loss and improve energy conversion efficiency when TEG array is in multiple HTD states.
The rest of this paper is presented as follows: the mathematical model of TEG array is provided in Section 2. Besides, Section 3 describes the execution mechanism of PSO algorithm in detail. Section 4 illustrates results and discussion of simulation in comprehensive cases. Lastly, Section 5 summarizes various conclusions and future perspectives.
2 TEG ARRAY MODELLING
2.1 TEG Module Modelling
The TEG module is composed of two different thermoelectric materials, i.e., p-type and n-type. In addition, based on the Seebeck effect principle, the potential difference is caused by the migration of carriers in thermoelectric materials to convert heat energy into electric energy, as presented in Figure 1. A TEG module can be equivalent to a series resistance of the current source, which can be written as follows (Liu et al., 2016):
[image: image]
where [image: image] means the Seebeck coefficient [image: image]; Th and Tc denote the temperature on the hot side and cold side, respectively [image: image]; [image: image] is the temperature difference [image: image].
[image: Figure 1]FIGURE 1 | Equivalent circuit of a TEG module.
The Seebeck coefficient [image: image] is normally a temperature function that depends mainly on the conductor which is positively correlated with temperature. Additionally, the Thompson effect also plays a role in the generation of heat, with the Thomson coefficient τ being written as (Liu et al., 2016; Bijukumar et al., 2018)
[image: image]
where T is the average temperature of the hot side and cold side.
In practice, the Seebeck coefficient varies dynamically, mainly according to the average temperature on the low temperature side as well as on the high temperature side, which can be indicated as (Chakraborty et al., 2006)
[image: image]
where [image: image] denotes the fundamental portion of Seebeck coefficient; [image: image] stands for the variation rate of Seebeck coefficient; [image: image] is regarded as the temperature reference.
Figure 1 represents the equivalent circuit of the TEG module, where the output current ITEG as well as the output power [image: image] of the TEG module can be derived as
[image: image]
[image: image]
where [image: image] is the output power of TEG module; [image: image] is the internal resistance; [image: image] presents load resistance.
When the external load is equivalent to the internal resistance of the thermoelectric material, the maximum power value can be obtained in the thermoelectric circuit as follows:
[image: image]
2.2 Mathematical Modelling of TEG Array
The low output voltage and low power of a single TEG module make it difficult to satisfy the practical requirements of the application, so several modules are connected in parallel and in series to form a TEG array. Figure 2A shows the [image: image] topology of the TEG array. Figure 2B plots the circuit equivalent of a single TEG module. Figure 2C gives the equivalence circuit diagram for the Nth column TEG array.
[image: Figure 2]FIGURE 2 | The [image: image] topology of the TEG array. (A) shows the H × G topology of the TEG array. (B) plots the circuit equivalent of a single TEG module. (C) gives the equivalence circuit diagram for the Nth column TEG array.
The output voltage and corresponding internal resistance in each column of the TEG array can be written as the sum of the voltages and corresponding internal resistances of the TEG modules in that column, which represents as
[image: image]
[image: image]
where [image: image] is the voltage from the hth row and the gth column; [image: image] presents the overall resistance in the nth column; [image: image] is denoted as the corresponding internal resistance of the hth row and the gth column.
There is no doubt that the output power of a TEG array is highly dependent on the load voltage. Because when the output voltage of the column is less than the load voltage, the column is considered to be resistive. On the contrary, this column can output power. The equivalent internal resistance of each TEG module is calculated as
[image: image]
Furthermore, each column of TEG array can be equated to a current source in parallel with the corresponding internal resistance, whereas the current source can be expressed as
[image: image]
The equivalent circuit of the [image: image] topology TEG array can be simplified to G current sources in parallel. Besides, the current sources in the circuit can be equated to voltage sources according to Thevenin’s theorem. Consequently, the total internal resistance, current sources, and voltage source of the TEG array can be written as follows:
[image: image]
[image: image]
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The TEG array can output the maximum power when the total internal resistance is equal to the load resistance. Hence, the maximum output power of the TEG array can be described as
[image: image]
2.3 Objective Function
The significance of TEG array reconfiguration lies in seeking for GMPP, whose mathematical formula can be constructed as
[image: image]
2.4 Power Enhancement
Furthermore, a key criterion to measure the efficiency and performance of reconfiguration is power enhancement, which can be expressed as
[image: image]
where [image: image] is denoted GMPP found through reconfiguration of TEG array; [image: image] stand for GMPP that can be found without reconfiguration of TEG array.
3 PARTICLE SWARM OPTIMIZATION ALGORITHM
3.1 Optimization Mechanism
PSO algorithm is a well established swarm intelligence optimization algorithm that exploits the information communication capabilities of a population to discover the optimal solution to a problem. PSO algorithm (Gavhane et al., 2017) is constructed from the concept of real-life bird foraging whereby each particle in the swarm is initialized with its corresponding fitness value, which corresponds to the solution to the problem. In addition, each particle memorizes the solution during each iteration (i.e., the individuals in the swarm retain their own best position for searching for food Pbest as well as the best position obtained from the group Gbest), which then begins to iterate. The iterative process is the process of each particle searching for the optimal solution, with the particles regulating their position and speed in accordance with the variation in fitness values to seek the optimal position, when all particles have converged to that position, that is the optimal solution to the problem. In particular, the velocity of the particle is denoted as [image: image] together with the position is expressed as [image: image].
Based on the principle of PSO algorithm, the mathematical model can be developed as follows: in a space of dimension D, a swarm of n particles searches for the optimal target, while the velocity and position of each particle are represented as
[image: image]
[image: image]
where [image: image] is denoted as the velocity of the ith particle in D dimensional space at time t+1; [image: image] stands for the inertia weight of the particle, with a value range of 0–1; [image: image] and [image: image] are the learning factors used to adjust the trajectory and state of the particle; [image: image] and [image: image] represent the random factors, which are defined as random numbers between [0, 1]; Pbest is regarded as the optimal position of the individual in the particle memory; Gbest represents the optimal position obtained in the population; [image: image] is the position of the ith particle at the tth iteration.
In addition, the velocity and position of each particle are limited by boundary conditions in each iteration, as the particle may exceed the allowed search space and produce invalid solutions, while Vmax is called velocity clamp as well as Xmax and Xmin mean position clamp.
3.2 Overall Optimization Procedure
For this reason, the overall implementation process of the reconfiguration design of TEG array based on PSO algorithm is depicted in Table 1.
TABLE 1 | Executive procedure of PSO algorithm based on reconfiguration.
[image: Table 1]4 CASE STUDIES
The array reconfiguration was carried out for six different HTD patterns (i.e., 1) Nonuniform row, 2) Short width, 3) Short narrow, 4) Diagonal, 5) External, 6) Inside) for a TEG array with a [image: image] symmetric topology. Furthermore, the results were derived from the optimization of PSO algorithm, which was compared with the results without reconfiguration. In addition, the maximum number of iterations K, the population size Pop, as well as the number of independent runs Nrun were set at 30, 40, and 50, respectively. All the simulations were executed on MATLAB/Simulink 2019b via a personal computer with an IntelR CoreTM i5 CPU at 2.9 GHz and 16 GB of RAM.
Compared with the output power without reconfiguration, a comprehensive and holistic comparison of the reconfiguration performance of PSO algorithm in six HTD patterns is carried out. Furthermore, the six HTD distributions in the 15 × 15 symmetric TEG array are shown in Figure 3, where different colors indicate different temperatures and the number on each block represents the temperature of that module. Figure 4 shows the output characteristics curves (i.e., V-I and P-I curves) of a 15 × 15 symmetric TEG array after reconfiguration. In particular, the maximum output power gained after PSO algorithm reconfiguration optimization is 4.305% higher than that gained without reconfiguration optimization under external temperature difference conditions, as illustrated in Figure 5. Figure 6 depicts the high and low temperature distribution of the 15 × 15 symmetric TEG array for each UTD state after reconfiguration based on the PSO algorithm.
[image: Figure 3]FIGURE 3 | Six HTD patterns in the 15 × 15 symmetric TEG array.
[image: Figure 4]FIGURE 4 | Output characteristics curves of a 15 × 15 symmetric TEG array. (A) V-I curves from the a to c pattens, (B) V-I curves from the d to f pattens, (C) P-I curves from the a to c pattens, and (D) P-I curves from the d to f pattens.
[image: Figure 5]FIGURE 5 | The V-I and P-I curves with and without the optimization at pattern e (A) V-I curve at pattern e, (B) P-I curve at pattern e.
[image: Figure 6]FIGURE 6 | Six HTD patterns in the 15 × 15 symmetric TEG array after reconfiguration.
In addition, Pmax, Pmin, Pavg, and STD in Table 2 are the maximum, minimum, average, and standard deviation of the output power of the PSO algorithm in 20 independent runs, while Pen1, Pen2, and Pen3 in Table 2 indicate the power enhancement values of the maximum output power, minimum output power, and average output power respectively, which are valuable for assessing the reliability and effectiveness of the TEG array using PSO algorithm. Under six UTD patterns (e.g., 1) Nonuniform row, 2) Short width, (c)Short narrow, 4) Diagonal, 5) External, 6) Inside), the power enhancement values of the maximum power are 1.413, 2.448, 1.070, 2.688, 4.305, 2.528% in turn. To sum up, PSO algorithm can be closer to GMPP through population search, which can remarkably enhance the reconfigured power of TEG array and effectively reduce power loss through a simple optimization mechanism and single search law.
TABLE 2 | Output optimal power obtained by PSO algorithm under HTD conditions.
[image: Table 2]5 CONCLUSION
This paper proposes a meta-heuristic optimization approach called PSO algorithm for TEG system reconfiguration under HTD conditions, which contains the following three contributions/novelties:
(1) This paper proposed a PSO to optimize TEG system reconfigures symmetric arrays, which has not been previously employed to achieve a fast and effective tracking of the MPPT under HTD conditions;
(2) This paper comprehensively considers the impact caused under HTD conditions and simulates the actual temperature distribution including six types of wasted heat. Besides, a design of electrical switching arrangement is performed for 15 × 15 symmetric TEG arrays so that it can easily deal with any HTD conditions;
(3) The switch matrix of electrical connection is controlled in real-time by PSO algorithm to realize the optimal reconfiguration of TEG system affected by HTD conditions, which effectively approximates GMPP;
(4) Compared with the common reconfiguration methods, PSO algorithm has good performance in global exploration and local exploitation, which can apparently reduce the probability of falling into LMPP.
PSO algorithm is also a model-free algorithm, which is highly independent of the specific mathematical model of the optimization problem. Hence, it has high application flexibility and can be employed for other optimization problems of energy conversion, such as MPPT of PV systems.
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