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Abstract: Most industrial processes generate raw heat. To enhance the efficiency of industrial
operations, this raw heat is recovered. Thermoelectric generators (TEG), as solid state devices,
provide an excellent application of heat recovery in the form of most manageable electrical power.
This work presents a novel MPPT controller based on the Mud Ring Optimization algorithm for a
centralized Thermoelectric Generator (TEG) under dynamic thermal gradients. The existing stochastic
optimization algorithm for Maximum Power Point Tracking (MPPT) control in renewable energy
systems exhibits several limitations that affect its performance in MPPT control. The convergence
speed, local minima trap, hyper parameters’ sensitivity toward the population size, acceleration
coefficients, and the stopping criterion all impact the convergence stability. In addition to these
limitations, sensor noise sensitivity in measurement fluctuates the control system leading to reduced
performance. Therefore, the careful design and implementation of the MRO algorithm is crucial to
overcome these limitations and achieve a satisfactory performance in MPPT control. The results of
this study contribute to developing more efficient MPPT control of TEG systems and implementing
renewable energy technologies. The algorithm effectively tracks the maximum power point in
dynamic thermal environments and increases the power output compared to conventional MPPT
methods. The findings illustrate the efficacy of the proposed controller providing a higher power
output (Avg. 99.95%) and faster response time (220 ms) under dynamic thermal conditions achieving
38–70% faster tracking of the GM in dynamic operating conditions.

Keywords: mud ring algorithm; power extraction; heat recovery; swarm intelligence; thermoelec-
tric generation

1. Introduction

The Seebeck effect allows solid-state thermoelectric generators (TEG) to convert heat
into electricity. They have several advantages over traditional generators, such as high
efficiency, low maintenance, and the ability to operate in extreme environments. However,
one of the challenges in using TEGs is maximizing the power delivered to the load. In
a TEG system, the power output rests on the temperature gradient across the device
and the thermal resistance. Non-uniform temperature distribution in the system can
significantly affect the power output, leading to a decrease in the productivity of the system.
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Therefore, it is important to accurately track the maximum power point to optimize the
TEG’s performance.

There have been several MPPT control techniques proposed in the literature to address
this issue. One commonly used method is the perturb and observe (P&O) algorithm,
which adjusts the operating point of the TEG in small increments and compares the power
output to determine the maximum power point. However, the P&O algorithm can be
slow and may not always converge to the optimal solution. Other methods, such as fuzzy
logic and artificial-neural-network-based approaches, have been proposed to improve the
convergence speed and accuracy of the MPPT process.

Recently, metaheuristic algorithms have gained popularity for use in the MPPT control
of TEG systems. Metaheuristic algorithms are optimization techniques that mimic the
behavior of natural systems and can find near-optimal solutions to complex problems.
They have the advantage of being able to handle the constraints and uncertainties present
in real-world systems. Examples of metaheuristic algorithms that have been applied to
TEG MPPT include particle swarm optimization (PSO), genetic algorithms (GA), and ant
colony optimization (ACO).

This work deals with complications generated by non-uniform temperature distribu-
tion across TEG module arrays connected in centralized control topology. The performance
of the proposed algorithm is compared to other commonly used MPPT control techniques,
including P&O, fuzzy logic, and artificial neural networks. The results show that the
proposed algorithm can achieve faster convergence and higher efficiency compared to the
other methods.

Overall, the use of metaheuristic algorithms in the MPPT control of TEG systems has
the potential to improve the efficiency and performance of these devices, causing them to
be a viable alternative to traditional generators in a variety of applications.

1.1. Literature

In the literature, several aspects of TEG systems have been studied. Smart Maximum
Power Point Tracking (MPPT) is essential for optimizing the performance of renewable
energy systems thermoelectric (TEG). Using TEG systems as a heat recovery unit with smart
MPPT control is shown in Figure 1. The TEG modules are exposed to the hot surface, and
the temperature differential across the TEG module, using the Peltier’s and Seebeck’s effect,
generates the voltage potential that is modulated using the DC boost converter via the
PWM signal generated by the MPPT controller under conditions provided by the current
and voltage sensors [1]. Figure 2 shows the internal structure and electrical equivalent
model. Figure 3 shows one of the most cost-effective topologies of TEG system to act as
a heat recovery system. The electrical characteristics exhibited in Figure 4 show that the
control problem in hand is not only nonlinear but also mathematically monotonic and
multiple maxima [2]. MPPT is used to track the maximum power point of the TEG and
to ensure that the TEG operates at its maximum power output. This is important in TEG
systems that are used for heat recovery applications, where the TEG converts waste heat
into electrical energy.

The classical MPPT techniques that have been developed for TEG systems include
perturb and observe (P&O), incremental conductance (IC) in fusion with fuzzy logic control
(FLC), machine learning (ML) models, and deep neural networks (DNN). Unlike PV
and wind energy conversion systems, these techniques are less explored in TEG systems.
The P&O technique is a simple and widely used MPPT technique that adjusts the TEG’s
operating voltage in fixed magnitude in forward or reverse depending upon the change in
output power. Since the decisions are made due to the gradient ascend or descend in the
presence multiple local peak solution (shown in Figure 4), the MPPT control, hence, may
trap in local maxima, thus losing significant available power. The IC technique is similar
to the P&O technique, but it uses a conductance parameter, which is a more sophisticated
control algorithm to adjust the TEG’s operating voltage.
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In recent years, there has been a growing interest in the development of novel MPPT
techniques for TEG systems. These optimization algorithms have been shown to be effective
in improving the performance of TEG systems by providing a more accurate and efficient
method for tracking the maximum power point.

The study found that the PSO algorithm was able to track the maximum power point
more accurately and quickly, leading to a higher power output and better energy harvesting.
MPPT may be thought of as an optimization issue. Swarm-intelligence-based optimization
techniques and other meta-heuristic evolutionary algorithms have a great deal of potential
to overcome the drawbacks of FLC, ML, and traditional MPPT methods [3]. The FLC
technique uses fuzzy logic to determine the TEG’s operating voltage, which is then ad-
justed to track the maximum power point. The nonlinear multiplicity of the base system’s
less precise equivalent modeling can be handled by the SI with ease. For PSO and for
MPPT in TEG systems, [4] found that the PSO algorithm was able to significantly improve
the efficiency of the TEG system, compared to other MPPT techniques, such as P&O. In
this class, particle swarm optimization (PSO) [5,6], grey wolf optimization (GWO) [7],
Harris hawk optimization (HHO) [8], grasshopper optimization (GHO) [9], and ant colony
optimization (ACO) [10,11] are most implemented techniques. The simulated annealing
(SA) performance in [12] is assessed by considering the converge time and the number
of samples to converges to the GMPP. A cuckoo search (CS) algorithm has variants that
generate the searching pattern using the Levy Flight Functions (LFF) as in [13,14]. LFF
generate sharp large fluctuations that equate the voltage surges in the DC Boost converters.
The overall distribution (OD) algorithm in [15] is fused with PSO for rapid convergence
time. The adaptive cuckoo optimization algorithm (ACOA) [16] minimizes the LFF impact
in an iterative manner to avoid the voltage surges and increase the convergence time. The
farmland fertility optimization (FFO) [17], spline-guided Jaya (SGJ) algorithm [18], salp
swarm optimization algorithm (SSA) [19], and Butterfly optimization algorithm (BOA) [20]
work in a similar manner using dynamic variables to control the balance between the
exploitation and exploration phases of the GMPP-searching mechanisms. The artificial bee
colony (ABC) [21] used dynamic association of searching members and scout members
to achieve the GMPP and avoid the LM traps. To minimize the impact of random vectors
in a standard PSO, an improvised one is modeled using the particle swarm optimiza-
tion gravitational search (PSOGS). In these algorithms, the population size, information
exchange mechanisms, number of epochs and iterations, convergence rates, parametric
tuning, and computation burden are just a few examples of the variables that affect the SI
performance [22].

Another recent study that used GAs for MPPT in TEG systems found that the GA
algorithm was able to improve the performance of the TEG system, compared to other
MPPT techniques, such as P&O and IC.
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A random number will produce unexpected oscillation and affect the stability time of
the particle swarm optimization algorithm [18]. PSOGS combines the effective exploration
of PSO with the precise development of GS, which greatly improves the work efficiency
of PSO. Even though the steady-state oscillation has improved, the stabilization time has
not been greatly reduced. The number of parameters that must be adjusted, the level of
technical difficulty, and the computational load all rise as a result of the combination of
GS and PSO. By using the arithmetic optimization method (AOA) [23], the random and
adaptive parameter selection principle greatly boosts the AOA convergence performance.
ACO uses pheromones to share information. Pheromones evaporate over time. Each ant is
a member of a collection of possible solutions. Scout ants are also used to explore the search
space [24]. Due to the selection of candidate solutions using probability functions, the
undesired solution is selected for the output. The fitness-dependent algorithm (FDO) [25]
and ABC mimic bee behavior. The pheromone evaporation rate yields solution degradation
causing defective final solutions. Similarly, in CSA, Levy flight is used to allocate burst
random values, which will lead to large fluctuations in the output transients [13]. The
study found that the GA algorithm was able to track the maximum power point more
accurately, leading to a higher power output and better energy harvesting. In a small
size population, shortcomings such as oscillations and fluctuations predominate [26].
To smoothen the oscillations and enhance stability, a larger number of search agents
is recommended. Consequently, the computing power is affected by exponential and
convergence time delays. The main objectives required from the MPPT techniques are
GM detection, robustness, fast convergence, least random oscillation, and high power
convergence [27]. Thus, the maximum available energy is delivered to the load. Although
GHO, CSA, ACO, etc., exhibit a reasonable power tracking ability, the logical flow of
these algorithms contains randomness and is more complicated than the traditional PSO
algorithm, which causes their actual implementation to be challenging in low-cost MPPT
control [28,29].

In conclusion, the literature review indicates that there is a growing body of research
on the development of MPPT techniques for TEG systems, particularly in the area of
optimization algorithms, such as gradient-based algorithms (P&O, IC), evolutionary algo-
rithms (GA, DE, SA), and nature-inspired metaheuristics algorithms (PSO, GWO). These
optimization algorithms have been shown to be effective in improving the performance of
TEG systems, by providing a more accurate and efficient method for tracking the maximum
power point. However, each class comes with some limitations to it. Further research is
needed to develop and validate these MPPT techniques for TEG systems, particularly in
the context of heat-recovery applications. The main contributions of the presented work
are summarized as:

• A novel mud-ring-optimizer-based MPPT control technique is implemented and tested
on dynamic non-uniform thermal gradients.

• The proposed MRA-based MPPT technique can track the GMPP under non-uniform
temperature distribution with 99.96% efficiency within 220 ms.

• The comparison of the MRA-based technique is performed with WOA-, GWO-, and
PSO-based state-of-the-art MPPT techniques.

• The MRA-based technique has a strong capability to differentiate between the LMPP
and GMPP.

• The proposed technique is also tested using an experimental setup by implementing
the proposed technique on a low-cost microcontroller.

• During the experimental verification, the proposed technique achieved a higher effi-
ciency and required less time to track the GMPP.

1.2. TEG Modeling

The thermoelectric generation building block consists of thermocouples that are con-
nected in a series configuration. The main objective of the thermoelectric generator is
to convert the thermal energy to electrical energy based on the Seebeck effect, i.e., the
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temperature difference at the junctions between two different metals results in a voltage.
The TEG module structure with an equivalent electrical circuit is shown in Figure 2. The
electrical equivalent of a thermoelectric generator consists of a voltage source with its
internal resistance. If the difference in the temperature between the hot and cold junctions
is constant, the open circuit voltage of a particular module is provided as follows:

VTEG = sp−n ∆T = sp−n (Th − Tc) (1)

where VTEG is the open circuit voltage, sp−n is the Seebeck co-efficient, and ∆T is the
variation in temperature between the hot junction Th and the cold junction Tc. The Seebeck
co-efficient depends upon the type of material used for TEG. The Seebeck coefficient can be
determined as follows:

sp−n = nt
(
sp − sn

)
(2)

where nt are the number of thermocouples, and sp and sn indicate the Seebeck co-efficient
for p-type and n-type thermocouples. The voltage, current, and output power of the
thermoelectric generator can be mathematically expressed as:

VTEG =

((
sp − sn

)
× (Th − Tc)× rL

rL − rTEG

)
× nt (3)

I =

(
sp − sn

)
× (Th − Tc)

rL − rTEG
(4)

PTEG = rL ×
(
sp − sn

)2 × (Th − Tc)
2

(rL − rTEG)
2 × nt (5)

where rL represents the load resistance in Ω and rTEG represents the internal resistance of
TEG. The currently studied TEG model is rated at 25 W with 40 mm × 40 mm based on
Bi2Te3 material. The used centralized TEG structure is shown in Figure 3 and the IV and
PV curve under uniform and non-uniform temperature distribution is shown in Figure 4.

The MPP of a TEG system is the operating point at which the generator can produce
the maximum amount of power for a given temperature gradient. The accurate tracking
of the MPP is critical for achieving the maximum efficiency and performance of the TEG
system. If the TEG system is not able to accurately track the MPP, the generator may not be
able to operate at its maximum power output, thus resulting in reduced efficiency and per-
formance. Furthermore, TEG systems often have non-uniform temperature gradients due
to various factors such as uneven heating or cooling, variations in material properties, and
environmental conditions. These non-uniform temperature gradients can significantly af-
fect the accuracy of the MPP tracking in the TEG system. If the MPP tracking is not accurate
in a TEG system with non-uniform temperature gradients, it can lead to inefficient energy
conversion and reduced power output. Therefore, it is essential to accurately track the MPP
in a TEG system, especially when there are non-uniform temperature gradients present.
This can be achieved by using advanced control algorithms and feedback mechanisms that
can adjust the TEG system’s operating conditions in real-time to maintain the system at its
MPP. Accurate MPP tracking in TEG systems with non-uniform temperature gradients can
result in improved efficiency, increased power output, and reduced energy waste, causing
TEG systems to be a more viable and sustainable option for energy conversion.

2. Mud Ring Optimization Algorithm

Bottlenose dolphins collaborate by working together to maximize the hunting effort to
obtain food. Dolphins employ a variety of hunting techniques. These approaches change
depending on the prey and surrounding circumstances (habitat). Mud Ring feeding, also
known as mud plume fishing, is a distinctive foraging technique that was discovered for
the first time in 1999 as researchers were observing bottlenose dolphins’ behavior in the
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shallow waters near Florida’s Atlantic coast. In this style of foraging, the dolphins form a
swarm and then one dolphin from the swarm swims in a circle around the prey (a group of
fish), swinging its tail up and down along the sand to generate a ring or plume of mud that
throws the fish off balance.

The Mud Ring Algorithm (MRA) mimics this bottlenose dolphin foraging behavior,
commencing with the echolocation-based food search and concluding with the formation of
a mud ring for eating. The MRA behavior is established for the optimum way of obtaining
a target as a mathematical simulation. The K parameter is the core of the optimization
algorithm process since it illustrates how the dolphin swarm moves closer to the target
each time the hunting process begins. This parameter regulates the changeover between
the stages of exploring for prey (exploration) and exploitation (mud ring) by reducing the
sound volume each time the swarm approaches the prey.

2.1. Mathematical Model

This subsection presents a mathematical simulation of mud ring feeding and hunting
for food. The Mud Ring Algorithm (MRA) phases may be described as the following.

2.1.1. Foraging—Exploration Phase: Echolocation

This involves randomly employing dolphins with different exploration velocities (V)
at places DE and a kinetic energy (K) that does not produce the sound to alert potential prey.
The echolocation also employs sound, but it varied under several factors. The supposition
is that the pulse rate ‘r’ changes over time, ranging from 0 to 1, where 0 represents no pulse
emission and 1 represents the maximum emission rate. Dolphins can adapt the volume of
their sounds according to the proximity of their prey, automatically adjusting. The vector
K’s computations are as follows:

K = 2a·r− a (6)

a = 2
(

1− citer
Maxiter

)
(7)

Generic solutions are used to explore (hunt prey) in a d-dimensional parameter space
dictated by the proximity. K is employed to cause divergence and search for the optimal
prey, changing randomly with values >1 or <1. As a result, a dolphin picked at random
is chosen rather than the best dolphin. This mechanism allows for a detailed search for
the optimum solution. The standards for updating the locations and velocities must be
provided. According to the velocity VE t at time step t, the workability D(t) is supplied by:

D(t) = D(t− 1) + V (8)

where a random vector V is used as its initial state. According to the magnitude of the target
issue, a random velocity from the range [Vmin, Vmax] is initially assigned to each dolphin.

2.1.2. Mud Ring Feed—Phase: Exploitation

Dolphins locate and encircle their prey after detection. Since the optimal design
position in the search space is unknown beforehand, the MRA uses the closest or optimal
prey as the current best solution. The best search agent is selected, and the other dolphins
accordingly adjust their positions. This behavior is described by the subsequent equations:

A = |C·D(t− 1)− D(t− 1)| (9)

D(t) = D(t− 1)· sin(2Πl)− K·A (10)

where DE presents the vector toward the solution; DE is the position vector with the best
solution globally in the tth iteration with coefficient vectors CE and KE. DE changes the
impact progress on the circle. To create a plume, each dolphin rapidly wiggles its tail in a
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periodic manner similar to a sign, while the other dolphins circle the prey. The vector CE is
calculated as follows in Equation (11):

C = 2·r (11)

Any place in the search region may be reached by figuring out the random vector rE.
Equation (5) replicates the prey being surrounded in this way, enabling any dolphin to
defend its location near its present optimal position.

A population of random solutions is where the MRA search process begins (positions
of dolphins). The dolphins defend their places in relation to either the best position found
thus far or a dolphin chosen at random at each time step. As a result, a parameter is
dependent on the transitional period between exploration and exploitation.

2.2. MRA-Based MPPT Technique

By altering the terminal voltages, the maximum power point of a multi-modular TEG
power source with a centralized MPPT control scheme is monitored. At MPP, the terminal
voltage is changed so that the power may be delivered to the load more effectively using a
DC–DC converter (boost). To change the output voltages and achieve MPP, the duty cycle
of the boost converter can be changed. This modification of the control action is carried out
by an intelligent controller built on the MRA. The duty cycle is between 0 and 1.

The MPP tracking is performed by generating the reference voltage as Figure 5. The
process is randomly initialized by four random duty cycles depicted by D1, D2, D3, and
D4. Any large voltage fluctuation is caused by the abandonment of the least performing
duty cycle, as D1 discovered at 0.01 s as a result of D2’s effect on the greater fitness score.
D2 is detained for 0.09 s while search agent D4 successfully completes the GMPP. Within
200 ms, the remaining population has already begun to swiftly concentrate around D4. The
voltage transients and power variations first exhibit extremely explorative activity.
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The population size is one of the most important aspects that must be properly tuned
when adjusting the meta-heuristic optimization algorithm’s parameters. Low efficiency,
sluggish convergence, and reduced volatility are caused by smaller populations. The
exploratory behavior is maximized by using more particles, but the setup time is extended
by the longer computing time. Therefore, there must be a careful balance between the
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setting time and power tracking efficiency. As a result, Dn = 4 is selected for this study. The
effectiveness of tweaking this parameter is examined with various population sizes.

The MRA procedure for MPPT is shown using a flowchart in Figure 6 as an example
of an engineering problem for the TEG system.
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Effective MPPT control requires the proper tuning of parameters to follow the global
maxima. The sensitivity analysis is performed to determine the optimal parameter ranges.
Poor parameter tuning leads to power loss as MPPT control fails to track the GMPP. The
PSO algorithms experience fluctuations and oscillations from randomized location and
velocity vectors, thus hindering the steady convergence to the global maximum power
point (GMPP). The proposed method reduces the random variables, leading to fewer
oscillations and higher energy production. Despite these challenges, the method effectively
controls the TEG systems using MPPT.

2.3. Tracking Mechanism

Figure 5 shows the locations of the seeking particle in the search area using a tracking
model for MRO. The duty cycle serves as the search space, and its range is from 0 to 1.
Computing and contrasting each particle’s voltages avoids the need to repeatedly explore
the search space. Four particles, Pmr1, Pmr2, Pmr3, and Pmr4, are initialized. The searching
range of the voltage (min, max) by particle Pai (i = 1, 2, . . . N) is stored in the variable
VPai . Equation (12) explains the selection of the best particle in terms of the voltage sample
values of each particle:

VPa_best(n) = gbest(VPa_best(1),VPa_best(2), VPa_best(3), VPa_best(4)) (12)

The MRA-based MPPT controllers in Figure 5 compute a reference voltage from the
duty cycle (c). In Figure 5, the equivalent power is displayed (a). Voltage surges are seen
when a poor solution is abruptly dropped. The first stage of the optimization procedure is
when this behavior is particularly prevalent. After 200 ms, the voltage transient becomes
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stable. The GM is successfully tracked. A flow chart for the MRA-based MPPT is presented
in Figure 6.

3. Results and Discussion

The MRA-based MPPT technique is cross examined in this section. The use of various
case situations, including start-up tests, MPPT rating, widely fluctuating temperatures,
statistical analysis, and an industrial environment with 24 h stochastic temperature pro-
filing is followed by a hardware emulator experiment. Using a low-cost TEG emulation
experimental setup, the performance of the suggested approach is validated in the actual
world. A comparison is provided between the MRA-based MPPT control and other popular
MPPT methods including the PSO, GWO, and WOA. The maximum number of iterations
for meta-heuristic approaches is four, and their population size is four.

3.1. Start-Up Test:

The start-up test, which represents the TEG system’s zero point under non-NTD
circumstances, is used to evaluate the MPPT approaches. In this instance, all strings had
hot-side temperatures of 238 ◦C, 171 ◦C, 121 ◦C, and 81 ◦C, respectively, and cold-side
temperatures of 52 ◦C, 45 ◦C, 23 ◦C, and 21 ◦C. Figure 7a,b compare power and duty
cycles, respectively, demonstrating that the MRA adopts to the GM in the fewest iterations
attaining the highest tracking efficiency in terms of the power magnitude with negligible
oscillations at the GM.
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The large oscillations in the developed PSO may be seen in Figure 7. While these
oscillations are also present in GWO because of the random probability selection function,
which is used to avoid the LM traps, these periodically increasing oscillations are also
present. The monitored powers by the MRA, WOA, GWO, and PSO are shown in Table 1
to be 691.8 W, 691.1 W, 688.9 W, and 686.1 W, respectively, with efficiency values of 99.97%,
99.86%, 99.55%, and 99.14%. Figure 7 confirms that the MRA tracks and settles at the GM in
220.2 ms, which is 80 ms–360 ms quicker than the WOA, GWO, and PSO. Figure 7b shows
a comparison of the voltage transients. Energy extraction is another crucial criterion for
comparison, and Table 2 and Figure 8 demonstrate that, when compared to other MPPT
systems, MRA MPPT outclasses them in energy extraction.
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Table 1. Comparative analysis for Case 1.

Tech.
Power

Achieved
(W)

Actual
Global

Power (W)

Efficiency
(%) Energy (W.s) Tracking

Time (s)

MRA 691.8 692 99.97 673.7 0.22

WOA 691.1 692 99.86 669.1 0.34

GWO 688.9 692 99.55 622.3 0.49

PSO 686.1 692 99.14 608.3 0.58

Table 2. Comparative analysis for Case 2.

Tech.
Power

Achieved
(W)

Actual
Global

Power (W)

Efficiency
(%) Energy (W.s) Tracking

Time (s)

MRA 404.35 404.5 99.96 1583 0.24

WOA 404 404.5 99.87 1570 0.36

GWO 403.45 404.5 99.74 1517 0.50

PSO 403.35 404.5 99.71 1513 0.61Appl. Sci. 2023, 13, x FOR PEER REVIEW 12 of 19 
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3.2. Varying Temperature

In this scenario, the cold-side temperature is held constant while the hot-side tem-
perature quickly changes, causing a simultaneous NTD situation as shown in Figure 9,
thus testing the durability of the MPPT approaches. Every two seconds, the temperature
changes. The comparison is presented in Table 2.
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Due to temperature variations, every meta-heuristic approach exhibits re-initialization,
exploratory, and exploitative behavior after every two seconds Figure 10a. The MRA
monitors the GM more quickly than the previous MPPT approaches and exhibits extremely
low oscillations. The MRA, WOA, GWO, and PSO monitor the average power at 404.35 W,
404.0 W, 403.45 W, and 403.35 W, respectively. This demonstrates that the MRA tracks the
biggest power loss due to significant oscillations at the GM. In this instance, the tracking
efficiency is 99.96%, 99.87%, 99.74%, and 99.71%, respectively.
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The track and settle times following the temperature change may be used to test
the robustness of the MRA-based MPPT approach. According to Figure 10b, the average
tracking times for the GM using the MPPT approaches are 240.1 ms, 360.3 ms, 500.2 ms,
and 610.8 ms (b). Due to the dynamic population grouping that must be chosen each time,
the WOA also requires a lot of time to track the GM. Due to this impact, the exploration is
more time consuming. Figures 10c and 11 depict voltage transients and energy harvesting,
respectively.
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3.3. MPPT Rating

The MPPT rating is computed in this section using Equation (13). The variables for the
ratings are: tuning parameter quantity (1–5), random numbers in algorithm (1–5), itermax
for the GM location (1–5), tracking time (s), the efficiency (%age), the amount of hardware
modification necessary for implementation, and the responsiveness of change in irradiance.
The criteria for the selection of the ratings are shown in Figure 12. The criteria of the given
values against every variable are shown in Equation (13).

MPPT_rating =
Total achieved rating

7
(13)
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According to Table 3, the MRA does have the greatest MPPT rating of 1.285, indicating
that it can follow the GM significantly more quickly. MPPT implementation for the MRA is
straightforward because only one tuning parameter is needed. Because the MRA uses only
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one random number, the oscillations are also reduced. A graphical representation of the
MPPT rating achieved by the competing techniques is shown in Figure 13.

Table 3. MPPT rating comparison.

Tech.
Name

Tuning
Parameter
Number

Rand. No.
Termination

Criteria
Achieved?

Avg. TT (s) Avg. Effic.
(%)

Hardware
Modification

Response
Time in

Variation (s)

Rating
Score

MRA 1 (1) 2 (2) No (1) 0.23 (1) 99.96 (1) No (1) Fast (2) 1.285

WOA 3 (3) 1 (1) Yes (2) 0.35 (1) 99.86 (1) Yes (2) Slow (3) 1.857

GWO 2 (2) 2 (3) Yes (2) 0.49 (1) 99.65 (1) No (1) Very slow (4) 2.000

PSO 3 (3) 2 (3) Yes (2) 0.60 (2) 99.42 (2) No (1) Very slow (4) 2.423
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The traditional gradient-based MPPT approaches are prone to power loss due to
their inability to follow the GM under NUT. The metaheuristic approaches, i.e., the WOA
and PSO, are a good way to deal with it, but the oscillations at the GM and extended
tracking times lead to persistent oscillations that accumulate into a loss of power and
efficiency. The MRA’s effective behavior fixes the aforementioned issues and effectively
tracks the GM up to 99.95% of the time. Additionally, the MRA tracks the GM up to 341.1
ms, which is 53.9% quicker than PSO. Because of this MRA capacity, the GM oscillations
are extremely low and attain significant energy in comparison. Energy is extracted from
the thermoelectric generator system 5.2% greater by the MRA. The current and voltage
oscillations and variations are likewise less pronounced in the MRA. To fulfil the stopping
requirements, the MRA uses a maximum of 18 iterations. The MRA obtains a superior
MPPT rating because it uses fewer tuning parameters and random numbers.

3.4. Experimental Results

TEG systems are extremely risky and challenging to work with in real-time applica-
tions. Using an equivalent model to the TEG emulator described in Section 2, an emulator
circuit is designed. TEG is a temperature-dependent voltage source whose open-circuit volt-
age (Voc) varies with the temperature difference. To simulate the internal resistance (RTEG)
of a TEG module, a power source with a high wattage and low resistance is connected
in series. To simulate the temperature changes, a rapid-voltage-changing DC source is
altered by shorting the diode array. Figure 14 depicts the connections between the electrical
components. Table 4 lists the parts that were utilized to establish the MPPT control for the
TEG system. In addition to the limitations, the sensor noise sensitivity in the measurement
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also affects the MPPT control performance by causing fluctuations in the control system. To
overcome these limitations and achieve satisfactory performance in MPPT control, careful
design and implementation of the Mud Ring Optimization (MRO) algorithm is crucial.
This study contributes to the advancement of the MPPT control for TEG systems and the
implementation of renewable energy technologies. The MRO algorithm demonstrates
exceptional performance in dynamic thermal environments, tracking the maximum power
point with a higher efficiency than conventional MPPT methods. The experimental results
again show an average power output of 99.95% and faster response time of 220 ms, thus
resulting in the faster tracking of the global maximum power point (GM) under dynamic
conditions, with an improvement of up to 70% less tracking time.
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Table 4. The electrical characteristics of hardware modules.

Component Magnitude

Current at MPP (Imax) 1.0702 A

Ideality factor 1.0037

Maximum power (Pmax) 20.1 W

Peak efficiency 19.3%

Open circuit voltage (Voc) 22.7 V

Series resistance Rs 1.0547 Ω

Short circuit current (ISC) 1.17 A

Shunt resistance Rsh 405.96 Ω

Temperature coefficient of Isc 0.043%/K

Temperature coefficient of Voc −0.35%/K

Voltage at MPP (Vmax) 18.76 V

MRA has a powerful reaction with effective completion well within 200 ms, which
contrasts GWO and PSO. Lower time, less oscillations, and excellent efficiency are all
achieved using the MRA. Figure 15 demonstrates the power tracked by the MRA. The
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GWO has a different foraging strategy and exhibits a marginal improvement in settling
time, requiring 350. The results demonstrate the constraining mathematical model that aids
GWO control action by reducing the rapid fluctuations; however, the probabilistic selection
of weak solutions for maximal search space exploitation constrains the quicker settling time.
The PSO’s power tracking is displayed in Figure 15, where 400 ms is used. Low waves are
seen after settling at the GM, as seen in the zoomed-in picture. With less effective control
action, less power is generated, increasing the power loss. The experimental data cause the
impact of the exploratory, hybrid, and exploitative phases to be very evident. In the MRA,
strong exploration behavior is shown in the beginning of the iterations, and, after a few
iterations, few particles start exploitation, which reduces the oscillations. The exploitation
begins at the conclusion of the iterative procedure, causing the MRA to settle at the GM
without oscillations. The experimental findings support the MRA’s better performance in
all the testing configurations.
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Figure 15. PSO, GWO, and MRA hardware results.

4. Conclusions

In this paper, a novel MRA-based MPPT control approach is developed using a low-
cost microcontroller to considerably reuse the waste heat that is produced during the
industrial process. A detailed modeling of the TEG system, MRA algorithm. and operating
conditions was performed. The results are compared to the well-established stochastic
algorithms GWO, WOA, and PSO. The MRA is compared to other meta-heuristic methods
in terms of the tracking time, energy harvest, % age power tracking efficiency, MPPT
rating, and hardware experimental emulator setup. The MRA demonstrates superior
performance. The MRA settle at the GM with improved efficiency of up to 99.95% and less
than 38–70% faster tracking times. To verify the MPPT control’s capacity to converge and
its resilience, the MRA is put through a variety of tests. The MRA is evaluated on a low-cost
TEG emulator and implemented on a low-cost microcontroller, demonstrating the higher
performance of the suggested MPPT control approach. This provides enough evidence for
a practical application of the MRA as a cost effective MPPT control of a centralized TEG
system in an industrial environment.

• The MRA-based MPPT technique tracks the GMPP under NUTD with 99.96% effi-
ciency within 220 ms.

• The strong capability to differentiate between the LMPP and GMPP with an improve-
ment of up to 70% lesser tracking time.

• The experimental verification is achieved on a low-cost microcontroller, thus facilitat-
ing large-scale adoption in existing and new MPPT applications.

In future, large-scale TEG shall be studied with an AC grid using inverter topologies
to gauge the impact of the TEG system as a heat recovery unit in the rotary kiln of a 10,000
TPD cement plant.
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TEG Thermoelectric Generator;
MPPT Maximum Power Point Tracking;
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MRA Mud Ring Optimizer;
GWO Grey Wolf Optimizer;
GM Global Maxima;
PSO Particle Swarm Optimization;
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