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Abstract

:

The need for renewable energy resources is ever-increasing due to the concern for environmental issues associated with fossil fuels. Low-cost high-power-density manufacturing techniques for the thermoelectric generators (TEG) have added to the technoeconomic feasibility of the TEG systems as an effective power generation system in heat recovery, cooling, electricity, and engine-efficiency applications. The environment-dependent factors such as the nonuniform distribution of heat, damage to the heat-transfer coating between sinks and sources, and mechanical faults create nonuniform current generation and impedance mismatch causing power loss. As a solution to this nonlinear multisolution problem, an improved MPPT control is presented, which utilizes the improvised barnacle mating optimization (BMO). The case studies are formulated to gauge the performance of the proposed BMP MPPT control under nonuniform temperature distribution. The results are compared to the grey wolf optimization (GWO), particle swarm optimization (PSO), and cuckoo search (CS) algorithm. Faster global maximum power point tracking (GMPP) within 381 ms, higher power tracking efficiency of up to 99.93%, and least oscillation ≈0.8 W are achieved by the proposed BMO with the highest energy harvest on average. The statistical analysis further solidifies the better performance of the proposed controller with the least root mean square error (RMSE), RE, and highest SR.
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1. Introduction


All the energy resources on earth originate from solar heat and radiation. The usage of fossil fuels has ignited global warming. To actively combat the increasingly adverse effects of global warming issues, favorable governmental policies and resources are being employed to develop alternative sources of clean energy. Renewables, specifically solar and wind, have achieved cost/watt parity with conventional coal, gas, and carbon fuel-based power generation. Among these resources, solar provides by far the most studied devices for direct conversion of solar energy in the form of photovoltaics, thermoelectric, and concentrated solar-based electrical power generation. Until now, the thermoelectric devices have been neglected due to lower density and the high cost of manufacturing. Advancement in solid-state device manufacturing and the availability of alternative cheaper durable materials have been achieved. These breakthroughs enabled TEG electrical systems to emerge as dependable renewable energy systems [1,2,3,4].



Being solid-state devices, TEG modules withstand very high temperatures and have long operational lives. The TEG system finds its applications in medical [5], concentrated solar, self-powered sensor [6], heat recovery, and thermal engine heat removal applications [7,8]. The photovoltaic modules reduce/lose efficiency at higher temperatures above room ambient conditions. The second advantage is the modularity of each module that allows scale-up configurations in total crosstied, parallel, or series combination of TEG modules for high-power-rated applications and employment on different geometries of heat sources such as ducts, pipes spheres, etc. [9]. Modularity in this situation allows three types of control action, among which centralized MPPT controllers have the advantages of being centralized in the use of fewer numbers of sensor modules, a single microcontroller for MPPT, and higher-level voltage regulations. TEG provides DC and allows smooth integration with DC converters. The DC converters provide three additional advantages. The first advantage arises from the ability to transit lower voltages to higher levels, reducing the magnitude of the current. This avoids the power losses associated with heat dissipation in the internal resistance of wiring and components. Second is the interfacing between resistive loads and TEG modules. The third and most significant for MPPT is the controllability for the reference voltage via modulated control signal for reference voltage, hence allowing an active online monitoring of MPPT operations [10,11]. Figure 1 elaborated on the physical layout of a standard TEG power generation system. The MOSFET driver circuit enforces the duty cycle control signal for optimum MPPT operation under conditions provided to the TEG system [12]. Figure 2 shows a detailed structure and layout of the electrical equivalent circuit. Figure 3a power-voltage characteristics curves elaborate on the nonlinear nature of TEG systems [13,14].



In the literature, renewables such as photovoltaics (PV), TEG systems, and wind energy conversion systems (WECS) utilize several optimization controllers [15]. MPPT control is divided into two groups: namely, intelligent and classical. The classical techniques have subclasses of gradient based and analytical based. The physical parameters of the base system such as PV, TEG, or wind turbine are utilized. The operating conditions are mathematically correlated with the best operating point. The system is forcefully operated on a predetermined/estimated set point. The short-circuit current, pilot cell, fractional short circuit current (FSCC), fractional open-circuit voltage (FOCV), and PID control are analytical techniques. The physical modeling of a TEG is conducted using the Seebeck coefficient and temperature difference. These parameters are provided by the TEG manufacturers and are highly dependent upon physical dimensions. Maximum power transfer to the load is delivered by a load-resistance match following the maximum power transfer principle. TEG systems drawback for deterministic operating reference is that parameters such as short-circuit current and open-circuit voltage are sensitive to the operating conditions. The efficiency of operation is highly compromised when the operating conditions change [16,17]. Power loss to the load occurs during periodic adjustment of the best operating point [12]. Hence, this is considered an offline MPPT control and is, therefore, not suited for continued MPPT action under non-uniform temperature distribution (NUTD) conditions [18].



The MPPT control using a gradient-based decision process, i.e., incremental conductance (IC), perturb and observation (P&O), gradient descent hill climbing (HC), etc. These algorithms are fast and simple to implement. Disadvantages are caused by a single operating point and oscillations around the GMPP and the inability to detect global maximum power point (GMPP) under NUTD [19].



The MPPT control technique inspired by modern intelligent methods can be further classified into four groups. These are as follows: machine learning (ML) based, fuzzy logic control (FLC) based, swarm intelligence (SI) based, and deep-learning-based employing neural networks (NN). ML and NN techniques require training using actual data of input conditions and achieved output. The FLC requires a comprehensive set of rules and a thorough examination of the base system for minimum shading and mismatch loss through improved fill factor [20]. FLC has a complex implementation in real-world applications due to nonlinearities and is computationally expensive for low-cost microcontrollers [21,22]. The deep learning techniques utilize the NN. The NN and ML techniques are suitable for the nonlinear optimization problem. Their limitations are caused by the availability of data sets, outliers in features of data sets, and the efficiency of the training process [23].



SI-based MPPT techniques exhibit an intrinsic ability to avoid the local maxima power point (LMPP) trap. Working with fitness functions allows for a less accurate mathematical model of the TEG system under consideration. Fitness functions are simple and do not require data for the improvisation of cost functions. These qualities are well suited for MPPT control of TEG systems. The PSO by far is the most studied SI optimization [24].



The TEG modules can be arranged in a series, parallel, or total crosstied (TCT) configurations physically. The DC converters corresponding to functionality can be termed as distributive, modular, or centralized. A centralized DC converter is used in this study. In a series of connected sources, the NUTD condition produces a mismatching current [25]. The performance of each series string is limited by the least performing TEG module. The module with low current generation acts as a resistive load where extra power of the whole string is dumped in the form of heat (  H =  I 2  R T  ) [26]. This may permanently damage the modules. As a safety measure, antiparallel bypass diodes are added. The least productive modules are isolated by the autonomous triggering of positively influenced diodes. The activation of bypass diode at different voltage levels makes the MPPT solution complex. Under NUTD, this may be caused by different temperatures, heat flow rates, or the geometry of the heat source. Complexity can be lowered using distributive low-rating converters. A relatively high generation efficiency can be achieved [27,28]. The cost and complexity of the control action become higher. Centralized MPPT control TEG system minimizes the costs due to fewer hardware components. Therefore, the chances of equipment failure are also lower. Simpler scalability is an additional advantage of this topology [29].



The SI algorithms are motivated by the mathematical modeling of natural processes. Metaheuristic algorithms are a powerful tool for numerical optimization of complex problems using the gradient-free process of GMPP location [30]. MPPT methods of PV systems are similar to TEG systems. The gray wolf optimizer (GWO), genetic algorithm (GA) [31], whales optimization algorithm (WOA), particle swarm optimization (PSO) [32], memetic salp swarm algorithm (MSSA) [33], Ligo-like reconfiguration [34], and dynamic leader collective intelligence (DLCI). In Reference [35], the fast atomic search optimization (FASO) is studied. In this optimization process, multiplier weights are adjusted to fitness similar to the PSO. Recently, the decay factor is utilized to minimize the oscillations for the step size in adoptive compass search (ACS) in Reference [36]. The fitness function is affected and influenced by several parameters. Slow tracking speed causes dynamic power loss. Although GMPP is located in the search space, a still quicker settling time and zero oscillations enhance the energy harvest over a large duration of time [37]. In this study, a stochastic algorithm, namely Barnacle Mating Optimization algorithm (BMO), is suggested as a means to finding the global maximum power point of a thermos electric generator. The control is achieved by varying the duty cycle of the boost converter according to the results of the BMO algorithm [38]. The main features of BMO are listed below:




	
We proposed an MPPT technique that requires less iteration to track the GM with only one tuning parameter. The proposed MPPT technique can effectively track GM under NTD with high efficiency and reduce power loss.



	
The implementation complexity of the proposed technique is very low and can be implemented on a low-cost controller. Results of multiple cases demonstrate the superiority of the BMO techniques in terms of fast tracking and quick settling at GM.








The rest of the paper is organized as follows: modelling of TEG is explained in Section 2; proposed MPPT technique is presented in Section 3; Section 4 explains the BMO-based control for MPPT; extensive case study with statistical analysis is presented in Section 5; and the paper is concluded in Section 6.




2. Modeling of TEG System


2.1. TEG Module Modeling


Figure 2 shows an equivalent model and physical layout of a single TEG cell. Table 1 provides the electrical properties of TEG module TE-MOD-22W7V-56. The electrical layout of the TEG cell as given in Figure 2 behaves as a voltage source with a series resistance (   R  T E G    ). The open-circuit voltage    V  O C     can be presented as shown in Equation (1). The    V  O C     and    R  T E G     vary with temperature difference (  Δ T  ) between hot sides (   T h   ) and the cold side (   T c   ) plates [29].


   V  o c   =  α  p n    (   T h  −  T c   )  n =  α  p n   Δ T n  



(1)




where    α  p n     is the Seebeck coefficient and  n  is the TEG modules connected in series [39].



The TEG elements are a combination of the Thompson effect and Peltier junction. When current passes through each element, it generates or absorbs heat due to temperature gradient. For an average temperature ( T ) in Equation (2), the Thompson coefficient  τ  is given as


  τ = T    d  α p n     d T    



(2)







To precisely model the TEG module, Thompson’s effect is nonzero and may vary significantly [17]. Thus, dynamic behavior is incorporated into the Seebeck coefficient using Equation (3).


  α  ( T )  =  α o  +  α 1   l n   (   T   T o     )   



(3)




where    α o    is a basic Seebeck coefficient for the rate of variation represented by  α  and    T o    is the reference temperature. The power generation of TEG is given by Equation (4) as


   P  T E G   =    (   α  p n    )   2     R 2       (   R  L +    R  T E G    )   2     



(4)




where    R L    and    R  T E G     are the load and internal resistance.




2.2. Configuration of TEG System


In practice, several topologies are utilized for higher power rating. Cost-effective centralized TEG configuration has multiple TEG modules in series/parallel combinations. The power losses caused by series-parallel connected power sources are minimized by the centralized MPPT controller in this study [27,33,40,41]. Centralized TEG system is presented in Figure 4.




2.3. Modeling of TEG System under NTD Condition


TEG module is exposed to different temperature magnitudes and heat flow rates due to environmental and operational conditions [42]. For a series-parallel combination of TEG modules, Equation (5) provides the output current as


   I i  =  {       (   V  o c i   −  V  L i    )     I  s c i      V  o c i     =  I  s c i   −    V  L i      R  T E G i         0 <  V  L i   ≤    I  s c i      V  o c i           0         o t h e r w i s e                              



(5)




where for the ith module in a series connection the    V  o c i     is the open-circuit voltage,    V  L i     is the load voltage,    I  s c i     is the maximum short-circuit current, and    R  T E G i     is total internal resistance. The output power    P  T E G i     of each module is given by Equation (6)


   P  T E G i   =  {       V  L i    I i  =  I  s c i    V  L i   −    I  s c i      R  T E G i         i f     0 <  V  L i   ≤    I  s c i      V  o c i           0           o t h e r w i s e                              



(6)







The total power of the TEG module is


   P  T E G E   =   ∑   i = 1  N   P  T E G i    



(7)







Figure 3b shows the P-V characteristics under the nonuniform distribution of heat source where series-connected temperature-dependent sources add different magnitudes of current in a series connection. To maximize the current flow across series-connected TEG, module bypass diodes are utilized. Each bypass diode triggers at a different voltage level [43]. This condition makes this nonlinear problem of power maximization (shown in Figure 3a) into a more complex multisolution nonlinear monotonic relationship between P-V. It is mandatory to generate a reference voltage for a centralized DC boost converter to force the TEG system to operate at a unique GMPP for maximum extracting of power [44]. These multiple maxima are termed local maxima and global maxima [45,46]. Therefore, under NTUD, BMO is required to generate reference voltage for maximizing power/energy output [47,48,49,50].





3. Proposed Technique


In this section, the BMO is modeled for the optimization process with a centralized controller approach.



3.1. Inspiration


The micro-organisms named barnacles have existed since the Jurassic times. Barnacles can swim immediately after their birth, and whilst growing shells, they attach themselves to the objects in the water. Amongst them, most barnacles are hermaphroditic in nature, which means they have both male and female reproduction tendencies. The most common species out of 1400 species are called acorn barnacles.




3.2. Initialization


In BMO, the solution candidates are barnacles. This population can be initialized as


  D =  (       d 1 1     ⋯     d 1 N       ⋮   ⋱   ⋮       d n 1     ⋯     d n N       )   



(8)




where  n  is the population size, and  N  represents the number of control variables. The boundary control needs to be applied to the population using the following


  u b =  [  u b , … , u  b i   ]   



(9)






  l b =  [  l b , … , l  b i   ]   



(10)




where   l b   and   u b   are the lower and upper bound of ith variable.




3.3. Selection Process


The selection process for mating of two barnacles depends upon the length of their penis size,   p l  . The selection process is based upon the following assumptions.



Assumption 1.

The selection process is performed randomly, but the restriction is applied on the length of penis size,   p l  .





Assumption 2.

Each barnacle can contribute its sperm as well as receive it from other barnacles, and each barnacle can be fertilized by one barnacle at one time.





Assumption 3.

If the selection process selects the same barnacle both times, a phenomenon is known as self-mating, the mating process does not occur, and no offspring is generated.





Assumption 4.

If the selection at a certain iteration is greater than pl, the sperm casting process takes place.





Considering the rules undertaken due to assumptions, the exploitation phase (Assumption 1–2) and exploration (Assumption 4) are imposed in the optimization process. The selection of search agents takes place using


  b a r n a c l e _ d = r a n d p e r m  ( n )   



(11)






  b a r n a c l e _ m = r a n d p e r m  ( n )   



(12)








3.4. Re-Production


The reproduction phase of BMO is slightly different as compared to other evolutionary algorithms. To produce the new variables, the following equations are used in the reproduction phase.


   d i  n e w   = P  d  b a r _ d  N  + q  d  b a r _ m  N   



(13)




where   q =  (  1 − P  )    and  P  is selected randomly from [0, 1] [51] and    d  b a r _ d  N    is the dad and    d  b a r _ m  N    is the mum variable chosen from Equation (11) and Equation (12), respectively.  P  and  q  decide the percentage of the dad and mum’s characteristics that are going to be added in the offspring. To determine the exploration and exploitation process,   p l   plays an important task. The exploitation process is governed by Equation (13). In BMO, exploration phase mimics the sperm cast. It is treated by Equation (14) and occurs when the selection of barnacles to be mated becomes greater than the   p l   for rand() between [0, 1]


   d i  n e w   = r a n d ( ) ×  d  b a r n a c l e _ m  n   



(14)









4. BMO-Based Control of TEG System


4.1. Control Variable


To track MPP in a centralized TEG system under NTD, the terminal voltages are varied. To vary the terminal voltages on the other hand and to effectively deliver the power to the load at MPP requires a DC-DC boost converter as an interface. By varying the duty cycle of the boost converter, the terminal voltages can be varied, resulting in the tracking of MPP. This tuning of duty cycle is performed by   B M O  -based MPPT control, and the generated duty cycle lies between 0 and 1, that is, (  0 <  D c  < 1  ). The upper and lower boundary is defined in the MPPT control technique as


   D c  n e w   =  {      0     i f    D c  n e w   < 0                           1     i f    D c  n e w   > 1                              



(15)







The initial population of BMO is located on the whole search space to effectively explore and search for the global maxima.




4.2. Fitness Function


Fitness function is considered depending upon the quality of the solution. As stated in Equation (16), the explorative solution is always feasible. The conversion of the objective function into the fitness function is the best choice. For the effective tracking of the fitness function for the MPPT control, the TEG system is


  F i t n e s s  ( x )  =  V i   (   t k   )  I  (   t k   )   



(16)




where   I  (   t k   )    and    V L   (   t k   )    are the outputs of the current and terminal voltage at the time slot    t k   . These voltage and current measurements are obtained using voltage and current sensors.




4.3. Execution Procedure


The overall execution of the procedure of BMO-based MPPT control for the TEG system is presented in Figure 5 as flow chart, and the step-wise implementation of pseudo-code is given in Figure 6.





5. Case Studies


The performance of the BMO-based MPPT control technique is evaluated against PSO, GWO, and CS. Different case scenarios are employed, that is, start-up test, vast varying temperature, and stochastic temperature variation. These conditions mimic industrial applications. For comparative analysis, the statistical indices and MPPT rating system is introduced. An experimental setup with a low-cost emulator design inn was studied for real-world application validation [51,52].



The maximum iteration number and population sizes are 50 and 4, respectively. The sampling time is 0.02 s, which corresponds to the settling time of the algorithm—updated duty cycle using PWM signal of the DC-DC boost converter. Since P&O and other hill climbing techniques fall in the LM trap and cannot find the GM, the techniques are not used for the comparison.



5.1. Startup Test


In this case, MPPT performance is tested under NTD conditions. The hot and cold side temperatures for the 4 × 1 configuration are 219-47, 159-47, 111-30, and 73-19 °C from top to bottom. Figure 7 and Figure 8 tracked power by MPPT techniques, which is clear evidence of no oscillations produced by BMO at GM.



Large oscillations can be observed in PSO. These oscillations are reduced in GWO using the parameter “a” reduced over the iterations.



Table 2 provides the summary of the power tracked by competing techniques where the highest power achieved by BMO at 579  W , followed by GWO 578  W , CS576.6  W , and PSO i574.2  W . The efficiency with respect to MPP is 99.93% by BMO, 99.75% by GWO, 99.51% by CS, and 99.10% by the PSO. The time taken by BMO takes 381   ms   for GM tracking, 149   ms   faster as compared to the GWO. CS takes 469.1   ms   more to settle at GMPP with negligible fluctuations showing the slowest response to the NUT distribution is given in Figure 9 and Figure 10, respectively. A comparison of voltage and current transients is presented in Figure 11 and Figure 12, respectively.



Extraction of energy is also an important parameter for the comparison and Figure 13 shows that BMO extracts the highest energy due to effective explorative and exploitive behavior.




5.2. Fast-Changing Temperature


This case is presented to check the robustness of the MPPT techniques. The cold-side and hot-side temperatures are set to different variation curves as shown in Figure 14 and Figure 15, respectively. The temperature changes after every 2 s. The performance of MPPT techniques is presented in Table 3.



Re-initialization, explorative, and exploitative behavior of every metaheuristic technique can be observed after every 2 s due to temperature changes as shown in the power comparison figure in Figure 16. The zoomed-in power comparison is shown in Figure 17. The average power is a combination of steady and dynamic states. The average power tracked by BMO, GWO, CS, and PSO is 413.15  W , 412.93  W , 412.42   W ,   and 412  W , respectively. This shows that large oscillations at GM cause power loss in PSO, and BMO tracks the highest power. The tracking efficiency in this case is 99.91%, 99.86%, 99.74%, and 99.63%, respectively.



The robustness of BMO-based MPPT technique can be validated by tracking and settling time at GM after every temperature change. The average time taken by MPPT techniques to track GM is 291.4, 380.5, 720, and 751.1   ms   as presented in duty cycle comparison and zoomed-in duty cycle comparison in Figure 18 and Figure 19, respectively. Voltage and current transients are shown in Figure 20 and Figure 21, respectively. Figure 22 shows energy harvest over time.




5.3. MPPT Rating


Since MPPT control techniques are needed to be evaluated using the rating of techniques. This evaluates which techniques have a better rank and are effective for the usage of the MPPT control of the TEG system. The MPPT rating can be calculated using the Equation (17). The MPPT rating of all techniques is dependent upon the following factor which includes, tuning parameter required, random numbers for updating of position, the requirement of max_iteration for termination criteria, the average value of tracking time, efficiency, response to variation of load, and modification requirement in hardware.


  M P P T _ r a t i n g =   T o t a l   a c h i e v e d   r a t i n g  7   



(17)







Rating defined from 1–4 is depicting the best to worst in Table 4, which is presenting the MPPT rating comparison of all techniques. Against all the factors, the rating is awarded, and the MPPT rating is calculated using Equation (17). If tuning parameters are 1, the rating is 1; 2, the rating is also 2; 3 means the rating is 3; and greater than 4 means rating is 4. If the number of random variables is 0, then the rating is 1; if 1, the rating is 2; if 2, the rating is 3; and greater than 2 means rating is 4. Upon achieving the termination criteria, rating 2 is assigned, and if the termination criteria not achieved, then rating 1 is achieved. If tracking time is 0–500 ms, then rating is 1; if between 500–1000 ms, then the rating is 2; if between 1000–1500 ms, then the rating is 3; and rating is 4 for greater than 1500 ms. Rating is 1 for efficiency between 99.5% and 100%, 2 for 99–99.5%, 3 for 98.5–99%, and 4 for less than 98.5%. If hardware modification is required, then the rating is 2, and if not required, then the rating is 1. The last factor is a variation to the load changes [41,51]. The MPPT rating calculated for the BMO is 1.571.




5.4. Statistical Analysis


Robustness and sensitivity of all techniques inspected by relative error (RE) by Equation (18) mean absolute error (MAE) by Equation (19) and root means square error (RMSE) by Equation (20).


  E r r o  r  R E   =     ∑   i = 1  n   (   P  p v i   −  P  p v    )     P  p v     ∗ 100 %  



(18)






  E r r o  r  M A E   =     ∑   i = 1  n   (   P  p v i   −  P  p v    )   n   



(19)






  E r r o  r  R M S E   =       ∑   i = 1  n     (   P  p v i   −  P  p v    )   2   n     



(20)




where   n   represents the number of samples, Ppvi is power at STC, and Ppv is the tracked power.



In Figure 23, the results of the statistical analysis are presented. BMO achieves less relative error, which is an indication of high efficiency. In addition, the effective tracking of GM by BMO causes the RMSE and MAE to be least.




5.5. Efficiency and Performance Evaluation


Gradient-based MPPT techniques cannot track GM under NTD. The PSO is the leading swarm-intelligence-based technique that has a simpler position updating mechanism based upon the instantaneous velocity vectors of personal best and global best search results. The random numbers rooted in the position updating mechanism and biasing weights slow the convergence time of the PSO search agents. It successfully detects the GM, but the power tracking in the initial dynamic state is lower. CS employs a more complex chaotic search mechanism using the Levy flights. This ensures the maximization of search space exploration, but the larger number of computations adds to the iterative time. Hence, the settling time is worsen under all case studies [40,41,53]. The GWO takes a middle ground and employs multiple decision-making processes. It achieves an early tracking and efficient tracking time, and yet the power efficiency is lower due to the rapid elimination of oscillation preventive measures by leader searching particle. BMOs successfully overcome these hurdles and achieve up to 99.93% efficiency taking on average 381.1   ms   to track GM showing 53.7% faster response to that of a standard PSO technique. The proposed technique takes 18–19 iterations to settle at GMPP. BMO achieves 5.6% higher energy under similar operating conditions of the TEG system. All these factors add to a higher MPPT rating by BMO [33,45,54].




5.6. Hardware Verification


In this section, the BMO-based MPPT control technique is tested on real-time hardware which used an emulator of TEG whose output power changes with the change in voltages. The change in temperature can be modeled as a change in voltage. The TEG emulator uses a high-wattage resistor as an internal resistor of TEG and a voltage source as a power delivering element. The boost converter is designed to interface the TEG emulator with the load, and the MPPT technique is implemented on low-cost microcontroller, which also validates that the proposed technique can effectively implement on real-time hardware [51]. The hardware setup is presented in Figure 24.



The results comparison is made between PSO and BMO for the hardware verification. Figure 25a shows the power tracked by the BMO with very low oscillations at the GM at higher power. The time taken to track and settle at GM by BMO is less than 300 ms, and the power tracked is 16.9 W. In comparison to BMO, PSO tracks and settles the GM in 450 ms with power 16.6 W, which is far less than the power tracked by BMO as shown in Figure 25b. Thus, the effective performance of BMO MPPT is also validated using low-cost hardware setup.





6. Conclusions


In this paper, a new MPPT control technique for the centralized TEG system is presented. The BMO is mathematically modeled, and its parameters are studied for MPPT of centralized TEG system. The comparison of BMO is made with highly optimized PSO, GWO, and CS for the nonuniform temperature condition achieving 99.93% efficiency in tracking power. BMO extracts 5.6% more energy comparatively. The least oscillations and negligible fluctuations in the output voltage transients provide excellent grid connectivity. The results show that the change in load is managed robustly while delivering a higher magnitude of power during the transitional time. The tracking of GM and settling is performed well within 18 iterations taking 381.1   ms   achieving 53.7% faster compared to the PSO. BMO ensures negligible fluctuations, high energy yield compared to existing techniques under NUTD. The statistical analysis, quantitative indices, and performance evaluation metrics second the superior performance where BMO outperforms the competing techniques.
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Figure 1. TEG modules interfaced with boost converter through MPPT control. 
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Figure 2. Equivalent model of TEG module. 
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Figure 3. (a) Total power vs. terminal voltage relationship under uniform temperature distribution. (b) Total power vs. terminal voltage relationship under nonuniform temperature distribution. 
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Figure 4. Centralized TEG system configuration. 
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Figure 5. BMO-based MPPT control flow chart. 
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Figure 6. Pseudo code of BMO for TEG MPPT controller design. 
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Figure 7. Competing techniques Power Case-1. 
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Figure 8. Competing techniques zoomed in Power Case-1. 
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Figure 9. Competing techniques duty cycle Case-1. 
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Figure 10. Competing techniques zoomed in duty cycle Case-1. 
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Figure 11. Competing techniques voltage Case-1. 
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Figure 12. Competing techniques current Case-1. 
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Figure 13. Competing techniques energy Case-1. 
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Figure 14. Change in cold-side temperature w.r.t time. 
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Figure 15. Change in hot-side temperature w.r.t time. 
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Figure 16. Competing techniques power Case-2. 
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Figure 17. Competing techniques zoomed-in power Case-2. 
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Figure 18. Competing techniques duty cycle Case-2. 
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Figure 19. Competing techniques zoomed-in duty cycle Case-2. 
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Figure 20. Competing techniques voltage Case-2. 
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Figure 21. Competing techniques current Case-2. 
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Figure 22. Competing techniques energy in Case-2. 
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Figure 23. RMSE, MAE, and RE. 






Figure 23. RMSE, MAE, and RE.



[image: Electronics 10 02839 g023]







[image: Electronics 10 02839 g024 550] 





Figure 24. Hardware setup for MPPT control of TEG system. 
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Figure 25. (a) Power tracked by BMO and (b) power tracked by PSO. 
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Table 1. Electrical characteristics of TEG Module (TE-MOD-22W7V-56).
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	Parameter
	Conditions
	Value





	Power
	Th = 300, Tc = 30 @ Matched Load
	22 W



	Open-circuit voltage
	Th = 300, Tc = 30
	14.4 V



	Matched load voltage
	Th = 300, Tc = 30
	7.2 V



	Internal resistance
	Th = 300, Tc = 30
	1.1 Ω



	Matched load current
	Th = 300, Tc = 30 @ Matched Load
	3.0 A
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Table 2. Case-1 results.
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	Tech.
	Tracking Time (s)
	GM Power (W)
	Tracked Power (W)
	Efficiency

(%)
	Energy

(W·s)





	BMO
	0.3810
	579.4
	579
	99.93
	1137



	GWO
	0.5300
	579.4
	578
	99.75
	1110



	CS
	0.8501
	579.4
	576.6
	99.51
	1085



	PSO
	0.8231
	579.4
	574.2
	99.10
	1073










[image: Table] 





Table 3. Case-2 results.
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	Tech
	Avg. Tracking Time (s)
	Avg. Power

(W)
	Avg. Tracked Power (W)
	Avg. Efficiency

(%)
	Energy

(W.s)





	BMO
	0.2914
	413.5
	413.150
	99.91
	3269



	GWO
	0.3805
	413.5
	412.937
	99.86
	3259



	CS
	0.7200
	413.5
	412.425
	99.74
	3202



	PSO
	0.7511
	413.5
	412
	99.63
	3216










[image: Table] 





Table 4. Comparison of MPPT rating.
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	Tech
	Tuning Para.
	No. of Random Numbers
	Termination Criteria Achieved
	Average Tracking Time (s)
	Average Efficiency (%)
	Modification in Hardware
	Speed
	MPPT Rating





	BMO
	1 (1)
	4 (4)
	No (1)
	0.3362 (1)
	99.92 (1)
	No (1)
	Fast
	1.571



	GWO
	1 (1)
	2 (3)
	Yes (2)
	0.4552 (1)
	99.80 (1)
	No (1)
	Slow
	1.714



	CS
	1 (1)
	2 (3)
	Yes (2)
	0.7850 (2)
	99.62 (1)
	No (1)
	Slow
	1.857



	PSO
	3 (3)
	2 (3)
	No (1)
	0.7871 (2)
	99.36 (2)
	No (1)
	Very slow
	2.285
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