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A B S T R A C T   

This research spotlights a sophisticated system crafted to effectively manage variations in energy harnessed from 
vehicular shock-absorbers. These fluctuations, a pervasive issue in energy recovery systems, engender multiple 
peaks in its power-voltage relationship, recognised as Heterogeneous Power scenarios. To counter this, an 
adaptive Maximum Power Point Tracking (MPPT) system is developed, representing a paradigm outpacing 
conventional algorithms such as Particle Swarm Optimization (PSO) and Cuckoo Search Algorithm (CSA) by 
offering superior efficiency and expedited responses. Simulation and experimental results demonstrate that our 
advanced algorithm realises a tracking efficiency of 99.8%, marking a 20% reduction in tracking time and a 7% 
increase in overall efficiency. The MPPT system effectively standardizes power outputs, converting erratic 
sources into stable DC power. This is particularly useful for turning mechanical vibrations from regenerative 
shock-absorbers and other sources into efficient DC power. Its adaptability to various scenarios, including 
thermoelectric generators and photovoltaic panels, highlights its wide applicability and potential in sustainable 
energy recovery, promising significant advancements in diverse applications.   

Introduction 

The world is witnessing an increasing need for exploiting sustain-
able, renewable and clean energy sources due to escalating energy de-
mands and growing environmental concerns. One such alternative 
source, often overlooked, is the vibrational energy prevalent in our daily 
surroundings. They are usually caused by machinery, traffic, wind, and 
human movement in form of mechanical vibrations. For example, in 
automotive engineering, the vibrational energy caused by road irregu-
larities while driving is completely dissipated as heat during the 
damping process of shock-absorbers. If this part of energy was efficiently 
recovered as electrical power, it would offer various benefits including 
stretching the travelling range of an electrical vehicle (EV) and 
improving the overall energy efficiency [1,2]. 

The aggregation system for energy harvesting devices typically ex-
hibits heterogeneous power output characteristics. It happens in various 
scenarios such as local illumination of large-scale solar panel arrays [3], 
non-uniform temperature fields in a thermoelectric array [4–7], or the 
phase difference in the vibrations from the four shock-absorbers on a 
loaded vehicle (Fig. 1a) [8]. Microchips, pivotal to the system 

aggregation of energy harvesting devices, have to be able to adequately 
handle these diverse power scenarios, ensuring stable output while 
minimising energy conversion losses. Thus, the crux of efficient energy 
harvesting lies in the development of energy conversion chips that 
demonstrate both fast response and high transfer efficiency. To achieve 
optimum power transfer efficiency from heterogeneous power sources, a 
technique called maximum power point tracking (MPPT) is adopted to 
accurately and effectively alter the electrical operation point of the en-
ergy conversion chip. Classical MPPT algorithms, including Perturb & 
Observe (P & O) [4], conductance increment method [9], hill ascending 
method [3], and open-circuit voltage method [10] are commonly used 
in commercial chips to dealing with homogeneous scenarios where all 
the harvesting devices are working under the same ideal condition with 
the same outputs. 

Balato et al. [11] developed a P & O and open-circuit voltage MPPT 
method for resonant piezoelectric harvesters, offering guidelines for 
selecting parameters like perturb frequency and amplitude. Yue et al. 
[12] introduced a duty cycle-based MPPT for vibration energy har-
vesting, linking the rectifier’s duty cycle with the DC output’s maximum 
power point, leading to improved efficiency over traditional methods. 
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Literature [13] discusses interface circuit designs between collectors and 
loads, mainly for single-peak scenarios. In automotive energy harvest-
ing, Lee et al. [14] used linear electromagnetic generators with P & O 
MPPT, omitting advanced DC-DC converter algorithms. Costanzo et al. 
[15] examined a train suspension harvesting system with Speed Driven 
Adaptive (SDA) technology, quickly adjusting to vibration changes for 
optimal power, focusing on individual suspensions. Chellakhi et al. [16] 
proposed a variable step size P & O method, which achieved faster 
tracking speed and lower steady-state oscillation by using larger step 
sizes in the early stage and smaller step sizes in the later stage. To cope 
with heterogeneous scenarios, conventional metaheuristic algorithms 
such as the Cuckoo Search Algorithm (CSA) [17–21] and Particle Swarm 
Algorithm (PSO) [22] are reported in the literature for obtaining the 
optimal working power point. The Improved Coot Optimization Algo-
rithm (ICOA), introduced by Naser et al. [23], and the Horse Herd 
Optimization (HHO) algorithm proposed by Refaat et al. [24], have been 
effectively applied in maximum power point tracking (MPPT) technol-
ogy. These novel algorithms facilitate the rapid and precise acquisition 
of the optimal operational point. Additionally, several composite algo-
rithms have been developed. For instance, Celikel et al. [25] combined 
the Voltage Scanning Control (VSC) with the Cuckoo Search Algorithm 
(CSA). They utilized the VSC method to narrow down the search space 
and subsequently employed the CSA to pinpoint the optimal operational 
point. Similarly, Ncir et al. [26] applied Differential Evolution (DE) to 

set parameters for a Feed-Forward Neural Network, achieving a notable 
tracking efficiency of 99.9971 %. Mamur et al. offered a comprehensive 
review of MPPT techniques for thermoelectric power systems operating 
under various conditions [27]. Despite their effectiveness, the major 
issue with using such metaheuristic algorithms is that they become 
unstable after convergence or require a long time to reach the conver-
gence of iteration. 

In our Electro-Intrusion project [2], we aim to develop a regenerative 
shock absorber capable of harvesting both vibrational energy and 
ambient thermal energy, transforming them into electricity. This inno-
vation seeks to extend the travel range of electric vehicles (EVs) through 
nanotriboelectrification, utilising liquid and non-wettable porous ma-
terials (Metal-Organic Frameworks, MOFs) [28–32]. As part of the 
project’s work packages, the work presented in this paper introduces the 
development of a chip and corresponding algorithm designed to effi-
ciently convert energy harvested by the regenerative shock absorber 
into stable DC electricity. In detail, the MPPT scheme we have developed 
combines the advantages of Perturb & Observe (P & O) and the Cuckoo 
Search Algorithm (CSA). Narrowing down of the searching space and 
replacing the fixed-weight parameters with adaptive dynamic weights 
make the developed scheme possess less settling time and stable 
convergence, resulting a more accurate global maximum power point 
(Global-MPP) and higher overall transfer efficiency. 

The main contribution of this paper lies in the development of a 

Fig. 1. (a) Schematic diagram of the vibrational energy harvesting system based on four shock-absorbers. (b) Heterogeneous power scenario in terms of P-V curve 
with multiple peaks. MPP stands for maximum power point. 

Fig. 2. Circuit framework of the MPPT controller and DC converter inside of the developed energy converting chip.  

W. Zhao et al.                                                                                                                                                                                                                                   
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conversion chip equipped with an innovative algorithm designed to 
track maximal power throughout the energy conversion process, 
significantly enhancing the efficiency of energy capture and utilisation. 
Comparing with conventional algorithms such as Particle Swarm Opti-
mization (PSO) and Cuckoo Search Algorithm (CSA), or the commercial 
boost converter, the developed chip with adaptive maximal power point 
tracking (MPPT) algorithm can offer a shorter settling time, while 
achieving a higher transfer efficiency. 

Energy harvesting modelling 

Fig. 2 illustrates the circuit framework of the developed energy 
converting chip with MPPT controller which is able to convert fluctu-
ating input into DC charge and offer the function of adaptively alter the 
internal resistance to match the external load in order to achieve opti-
mum energy transfer efficiency. 

At the output of the convertor, the voltage across the load Vout is 
related to the input voltage of the chip VT: 

Fig. 3. Logic flowchart of the adaptive MPPT scheme developed in this work.  

W. Zhao et al.                                                                                                                                                                                                                                   
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Vout = VT/(1 − D) (1) 

The current flowing across the load Iload and the system output cur-
rent I is given by: 

Iload = I • (1 − D) (2)  

where, D represents the duty cycle from the MPPT controlled PWM 
generator. Thus, the equivalent load of the entire converter is: 

RLeq = Rload • (1 − D)2 (3) 

Thus, MPPT controller is responsible for adjusting the duty cycle D to 
match the equivalent load to the resistance of the central power 
generating system, thereby maximising the power transfer efficiency. 

Adaptive maximum power point tracking 

Restrict the searching range by CSA 

To finding optimal value of the duty cycle, Cuckoo Searching Algo-
rithm (CSA) has been employed. CSA exhibits outstanding global search 
capabilities and, in comparison to alternative algorithms, typically in-
volves fewer parameters, streamlining the parameter tuning process. 
Consequently, the duty cycle Di is the controlled variable which corre-
sponding to the brood position Xi in CSA. The iterative update of the 
duty cycle Di satisfies the preference for local random wandering ac-
cording to Lévy flight. 

Dn+1
i = Dn

i + ri • (Dn
j − Dn

i ) (4)  

⎧
⎪⎨

⎪⎩

Dn+1
i = α • L(β) + Dn

i

L(β) =
u

|v|1/β (D
n
i − Dn

best)
(5)  

where, n is the current iteration number, Dn
i denotes the “location of the 

nest” No. i in the nth iteration, Dn
j indicates for the “location of an 

arbitrarily adjacent nest” in CSA, Dn
best stands for the “location of the 

parasitic nest” in the nth iteration. In the Lévy flight, L(β) signifies a 
random step that fits the Lévy distribution, normally be assigned values 
of β = 1.5 and u N

(
0, σ2), v N(0, 1). α is the step factor in accordance 

with the standard gamma function which is given by: 

α =

[
Γ(1 + β) • sin(πβ/2)

Γ((1 + β)/2) • β • 2(β− 1)/2

]1/β

(6) 

Fig. 1b schematically shows the number of peaks of vibrational en-
ergy harvesting system consist of four shock-absorbers. According to the 
structural design of the chip, the overall goal of the developed MPPT 
scheme is to find the Global-MPP and give out the accordingly duty cycle 
through PWM generator module. Identifying the output duty cycle that 
is associated with the Global-MPP instead of the Local-MPP can be 
achieved by setting the limits of initial P & O process (Step 1 in Fig. 3). 
The developed scheme firstly finds all the Local-MPPs following the 
direction from large to small value of voltage (from right to left in the 

Fig. 4. Results from steady-state simulation in terms of (a) voltage, (b) Power, and (c) Energy in time-domain. (d) Comparison of the key parameters: transfer 
efficiency and settling time. 
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horizontal axis in Fig. 1b) and assign the corresponding duty cycles as 
the lower limit Dl and the upper limit Du. Then, it switches to adaptive 
CSA (Step 2 in Fig. 3) to determine the Global-MPP within the Local- 
MPPs by searching the duty cycle in limited range from Dl to Du based 
on the following criterion: 

ΔPc =

⃒
⃒
⃒
⃒
Pn+1 − Pn

Pn

⃒
⃒
⃒
⃒ ≤ ξ (7) 

where, Pn and Pn+1 represent the power output in the previous and 
current iterations respectively, ΔPc denotes the differential power rate 
between two iterations, ξ is a preset step factor, generally taken as 0.05. 

Dynamic weights and adaptive switching probability 

When the value of duty cycle approaches the Global-MPP after the 
iterations, to minimise the fluctuations of the output power value, it 
requires the algorithm can deliver a rapid convergence at this stage. This 
can be achieved by replacing the fixed step coefficient in the Equ. (8) 
with the dynamic Lévy flight coefficient. This adjustment not only bol-
sters the algorithm’s ability to attain global optimisation, but also speeds 
up its convergence rate. 

α = (αmax − αmin) • cos
(π

2
+

πn
2N

)
+αmax (8) 

αmax(or αmin) is the maximum (or minimum) value of the step coef-
ficient at the beginning (or end) of the algorithm respectively. n and N 

Fig. 5. Results from dynamic input simulation in terms of (a,b) voltage, (c,d) Power, and (e) Energy in time-domain. (f) Comparison of the key parameters: transfer 
efficiency and settling time. 
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are the currently iteration number and the maximum iteration count 
respectively. In this study, parameters αmax and αmin were chosen as 0.8 
and 0.6, respectively, with a maximum iteration count set at 50. 

Additionally, in performing CSA (Step 2 in Fig. 3) in the current case, 
a fixed switching probability will potentially cause extended random 
jumps at irregular time intervals when MPPT reaches its equilibrium, 
thereby leading to an efficiency loss due to power fluctuations. In this 
work, an adaptive switching strategy for the embedded CSA has been 
brought up. The probability of switching that grows exponentially with 
iteration has been chosen in this work and is given by Equ. (9): 

ra = ram • q
n
N (9)  

where, ra is the adaptive criterion for judging how the variable (the duty 
cycle Di) updates. The optional parameters ram and q are chosen as 0.2 
and 2.5 respectively for the current study. To reduce the power fluctu-
ations when reaching convergence, a small-step P & O has been 
employed as the final step in the developed scheme (Step 3 in Fig. 3). 

The iterations terminate in two situations: a) the best duty cycle has 
been found, i.e. |Di − Dbest | < ζ, The value of parameter ζ is set to 0.05; b) 
the maximum number of iterations has been reached. To adapt the time- 
dependent input voltage, and to avoid sinking into Local-MPP, the al-
gorithm must be resumed by applying setting up new boundary condi-
tions. The condition to trigger this restart is dictated by Equ. (7). 

Results and verification 

This section combines numerical simulation via MATLAB/Simulink 
and practical experimentation for algorithm validation. As boundary 
conditions, we defined four scenario cases in our simulation, each with a 
different percentage of output power from each power source (details 
see Table S2 in the Supplementary Materials). Two type of simulations 
have been conducted: a) Constant input that is used to reproduce the 
steady-state equilibrium working condition (single scenario case), and 
b) Dynamic input that is employed to mimic the comprehensive 

heterogeneous power scenario (looping sequence of scenario cases). 
Details on simulation methodologies, boundary conditions, and raw 
data results including definitions, MATLAB/Simulink model image 
(Figure S1), and P-V graphs (Figure S2) are all available in the Supple-
mentary Materials. 

Steady-state performance 

The steady-state simulation primarily assesses the tracking precision 
of the developed adaptive MPPT scheme: Global-MPP can be accurately 
identified instead of being ensnared by Local-MPP. This precision is 
quantifiable through the metric of tracking efficiency, defined as the 
ratio of the tracked power output to the theoretical rated power output, 
represented in percentage terms. Fig. 4 presents a comparative, time- 
dependent analysis of the output voltage, power, and energy in a 
steady-state simulation. This analysis examines the performance of the 
proposed adaptive MPPT scheme alongside three prevalent MPPT al-
gorithms including CSA, PSO, and P & O. From Fig. 4a and 4b, it is 
evident that the curve representing the P & O algorithm exhibits the 
quickest response, eventually stabilizing into a steady line. The curves 
for the other algorithms undergo an initial fluctuating phase before 
achieving equilibrium. This phenomenon can be attributed to the fact 
that the P & O algorithm does not have a “searching” phase, culminating 
in a superior response time and minimal settling time. However, this 
also leads to the P & O algorithm’s incapacity to discern the Global-MPP, 
instead becoming entrapped at the first Local-MPP. Consequently, the P 
& O algorithm displays the lowest transfer efficiency of 91.73 %, as 
compared to the other three metaheuristic schemes, all of which exceed 
99 % (see Fig. 4d). Despite the fact that the curves for CSA, PSO, and the 
adaptive MPPT scheme developed in this study converge at the same 
level on the vertical axis in Fig. 4a and 4b, the adaptive MPPT stands out 
due to its superior performance characteristics under the steady-state 
input. Specifically, our developed adaptive MPPT scheme demon-
strates the highest energy output (Fig. 4c), resulting in the shortest 

Fig. 6. Schematic experimental circuit diagram and corresponding data flow.  
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settling time among the evaluated algorithms (Fig. 4d). The high energy 
output from the adaptive MPPT scheme developed in this work is 
ensured through the use of dynamic weights and adaptive switching. 
These mechanisms transform the late-stage blind search into a precise, 
area-restricted exploration. The notably shorter settling time exhibited 
by the adaptive MPPT scheme, as compared to CSA and PSO, can pri-
marily be attributed to the Final Small P & O, as depicted in Step 3 of 
Fig. 3. This feature effectively mitigates power fluctuations and hastens 
the onset of equilibrium. 

Transient performance 

The dynamic input simulation examines the transient performance 
with a key focus on the settling time of each implemented algorithm or 
scheme. Fig. 5 conducts a comparative, time-dependent analysis of the 
output voltage, power, and energy under such simulation with dynamic 
input. The chip’s input alters at the onset of each second, transitioning 
from an initial power level of 7.10 W, oscillating ranges from 4.09 W to 
13.5 W. 

Similar to the Fig. 4, the tracking performance of three metaheuristic 
algorithms – CSA, PSO, and P & O – is compared with the developed 
adaptive MPPT scheme. For the transfer efficiency, the P & O algorithm 
could not discern the Global-MPP, instead becoming ensnared by the 
first Local-MPP. As a result, it displays a lower output in terms of 
voltage, power, and energy across all time range. Each alteration in 
input initiates a period of fluctuation, with the settling time defined as 
the average duration required for parameters to achieve equilibrium. In 
this context, the adaptive MPPT scheme was developed outperforms 
CSA and PSO by demonstrating a faster search pace, achieving equi-
librium in a swift 0.337 s compared to CSA’s 0.537 s and PSO’s 0.443 s. 

Experimental approaches and verification 

According to the parallelly arranged working packages in the 
Electro-Intrusion project, the regenerative shock-absorber prototype is 
yet to be utilised as the energy source for experimental tests of the 
developed adaptive MPPT scheme and the corresponding chips. There-
fore, we have employed a programmable resistance and a DC power 
supply to simulate a multiphase power non-stable unidirectional voltage 
source, serving as a substitute for the output voltage of the rectified 
prototype shock absorber. The schematic experimental circuit diagram 
and data flow has been illustrated in Fig. 6. More detailed descriptions of 
the experimental setup, including components’ specifications, can be 
found in Table S4 in the Supplementary Materials. 

This sub-section presents the results from experiments for evaluating 
the performance of the developed adaptive MPPT scheme as well as 
commonly used algorithms in terms of CSA and PSO. Furthermore, an 
off-the-shelf BQ25570 evaluation module from Texas Instrument, which 
is based on open-circuit voltage method, is adopted for comparing the 
performance under the dynamic power input scenarios. Fig. 7 displays 
the power tracking results, showcasing the lines graph of transient 
power vs time, and the corresponding transfer efficiency and settling 
time in a tabular diagram. The PSO algorithm, during its tracking pro-
cess, exhibits an initial high level of oscillations ranging from 1 to 5.2 W. 
This undesirable behaviour primarily arises due to the randomness of 
particle movements inherent in the execution of the search algorithm. 

The adaptive MPPT scheme developed in this study shows a 
synchronised tracking behaviour with the CSA algorithm for the initial 
200 ms, eventually reaching equilibrium at 240 ms with a finalised 
power output of 4.58 W. This synchronisation within the initial 200 ms 
is primarily since the core of the developed adaptive MPPT scheme is 
rooted in the CSA algorithm. During the initial stages of iterations −
particularly within the first 200 ms − the adaptive MPPT scheme 
developed in this study employs dynamic weights. This approach pro-
motes a strong exploratory behaviour, enabling the algorithm to thor-
oughly probe the search space. As the scheme approaches the vicinity of 
the Global-MPP, it adapts by switching to a P & O process with a small 
step size. This tactical transition significantly reduces error in the 
tracking process by facilitating rapid convergence towards the Global- 
MPP. Subsequently, the scheme achieves a higher tracked power 
output at the equilibrium stage, which typically occurs after 240 ms. 
This higher output can be attributed to the final step of the P & O process 
with a small step size, effectively aligning the outcome with our design 
concept and its corresponding expectations. 

The transfer efficiencies of the developed adaptive MPPT scheme 
(84.56 %), CSA (82.78 %), and PSO algorithm (82.22 %) are found to be 
lower than their corresponding values obtained from the simulations 
shown in Figs. 4 and 5. This discrepancy primarily because the elec-
tronic components are treated as ideal functional elements without 
considering practical factors in the simulations. Such practical factors 
may include resistance or inductance of capacitors, leakage currents 
caused by imperfect insulation, or magnetic core losses and hysteresis at 
high frequencies of inductors. In addition, heat dissipation caused by 
circuit design, and calculation speeds limited by computational re-
sources provided by microprocessor are also the reasons for the 
discrepancy between simulation and experimental results. These real- 
world considerations impact the overall efficiency of the components, 
leading to the observed differences in transfer efficiency. 

Fig. 7. Experimental results in terms of (a) Power vs. Time in time-domain, and (b) Comparison of the key parameters: transfer efficiency and settling time.  

W. Zhao et al.                                                                                                                                                                                                                                   
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Intuitively, Fig. 8 visually represents the summarised data presented 
in Figs. 3, 4, and 5, the levels of transfer efficiency and settling time, 
along with the two axes, collectively from a closed region, which sig-
nifies the performance among the metaheuristic MPPT schemes from 
both simulation (Fig. 8a & 8b) and experiment (Fig. 8c). A smaller re-
gion is indicative of superior performance, denoted by a combination of 
higher efficiency and less settling time. In both simulations and exper-
iment scenarios, the developed adaptive MPPT scheme in this work 
occupies smallest area, i.e. best performance, over CSA, PSO, P & O al-
gorithms, as well as the commercial BQ25570 boost charger from Texas 
Instrument. 

In addition to the comparisons outlined above between the devel-
oped adaptive MPPT algorithm and classical MPPT algorithms (Perturb 
& Observe, open-circuit voltage method) as well as conventional met-
aheuristic algorithms (CSA, PSO), we also conducted a qualitative 
comparison of several recently reported MPPT techniques that reviewed 
in Introduction section, to highlight the uniqueness of the current work. 
Parameters in terms of convergence speed, steady-state oscillations, 
convergence efficiency, the number of tuning parameters, computa-
tional complexity, and applicability to heterogeneous power source 
scenarios have been compared and listed in the Table 1. 

Conclusions 

This work introduces a ground-breaking adaptive Maximum Power 
Point Tracking (MPPT) scheme tailored for power recovery systems 
operating within Heterogeneous Power scenarios, marking a significant 
advancement over current algorithms. The developed scheme’s main 
contribution lies in its exceptional efficiency in pinpointing the Global- 

MPP with a tracking accuracy surpassing 99.8 % and reducing the 
average settling time to an impressive 300 ms. These data represent the 
highest performance among the commonly used algorithms, namely 
CSA, PSO, and P & O, under both static and dynamic input scenarios, 
achieving up to 0.2 % higher tracking efficiency and 29.5 % faster 
settling times. Moreover, it effectively mitigates issues like fluctuation 
near convergence points and entrapment by Local-MPPs. The scheme’s 
real-world performance has been validated through a proprietary chip, 
which demonstrates a 7 % boost in efficiency and over 20 % faster 
settling compared to PSO and CSA, solidifying our approach as a leading 
solution in power recovery systems. 

In summary, the proposed adaptive MPPT scheme offers superior 
robustness, swift tracking, and stable output capabilities. By adaptively 
managing frequently changing inputs from arrays of parallelly con-
nected power sources, it ensures reduced power losses, particularly 
under the challenging conditions of heterogeneous power scenarios. 
According to our developed adaptive MPPT scheme and the proposed 
regenerative shock-absorber through nanotriboelectrification, the stiff-
ness of the shock-absorber will be adjusted and customised in the future 
based on the weight and model of the vehicle. At the same time, the 
adaptive MPPT algorithm can easily be tailored according to the char-
acteristics of the actual output voltage to achieve efficient energy re-
covery and robust, stable output. 
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Table 1 
Comparison of techniques from recent literature and the proposed adaptive MPPT algorithm.  

MPPT Techniques 
[ref.] 

Convergence 
Speed 

Steady State 
Oscillation 

Efficiency Tuning Parameter 
Numbers 

Algorithm 
Complexity 

Suitable for Heterogeneous Power 
Scenarios 

IMP-P&O [16] Very fast Large Low 2 Simple No 
CSA [19] Fast Medium High 3 Medium Yes 
PSO [22] Fast Medium High 3 Simple Yes 
ICOA [23] Fast Small Very high 1 Medium Yes 
HHO [24] Slow Small Very high 6 Complex Yes 
DE-FFNN [26] Fast Very small Very high 5 Complex Yes 
This work Very fast Small Very high 3 Medium Yes  
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[1] Lowe A, Tsyrin N, Chora¸żewski M, Zajdel P, Mierzwa M, Leão JB, et al. Effect of 
flexibility and nanotriboelectrification on the dynamic reversibility of water 
intrusion into nanopores: pressure-transmitting fluid with frequency-dependent 
dissipation capability. ACS Appl Mater Interfaces 2019;11:40842–9. https://doi. 
org/10.1021/ACSAMI.9B14031/ASSET/IMAGES/LARGE/AM9B14031_0004. 
JPEG. 

[2] Simultaneous transformation of ambient heat and undesired vibrations into 
electricity via nanotriboelectrification during non-wetting liquid intrusion- 
extrusion into-from nanopores | Electro-Intrusion | Project | Fact sheet | H2020 | 
CORDIS | European Commission n.d. https://cordis.europa.eu/project/id/ 
101017858 (accessed June 11, 2023). 

[3] Zhu W, Shang L, Li P, Guo H. Modified hill climbing MPPT algorithm with reduced 
steady-state oscillation and improved tracking efficiency. J Eng 2018;2018: 
1878–83. https://doi.org/10.1049/JOE.2018.8337. 

[4] Yu C, Chau KT. Thermoelectric automotive waste heat energy recovery using 
maximum power point tracking. Energy Convers Manag 2009;50:1506–12. https:// 
doi.org/10.1016/J.ENCONMAN.2009.02.015. 

[5] Ding N, Cai Y, Deng F. Temperature-based thermo-electric coupling maximum 
power point tracking algorithm for thermoelectric generation systems under 
transient conditions. Appl Therm Eng 2023;230:120684. https://doi.org/10.1016/ 
J.APPLTHERMALENG.2023.120684. 

[6] Zafar MH, Khan NM, Mansoor M, Khan UA. Towards green energy for sustainable 
development: Machine learning based MPPT approach for thermoelectric 
generator. J Clean Prod 2022;351:131591. https://doi.org/10.1016/J. 
JCLEPRO.2022.131591. 

[7] Mansoor M, Mirza AF, Duan S, Zhu J, Yin B, Ling Q. Maximum energy harvesting of 
centralized thermoelectric power generation systems with non-uniform 
temperature distribution based on novel equilibrium optimizer. Energy Convers 
Manag 2021;246:114694. https://doi.org/10.1016/J.ENCONMAN.2021.114694. 

[8] Zou X, Zhang B, Yin G, Wang H. Coupling analysis and vibration control of vehicle 
vertical vibration and pitching vibration. SN Appl Sci 2023;5:1–10. https://doi. 
org/10.1007/S42452-023-05288-W/FIGURES/8. 

[9] Twaha S, Zhu J, Yan Y, Li B, Huang K. Performance analysis of thermoelectric 
generator using dc-dc converter with incremental conductance based maximum 
power point tracking. Energy Sustain Dev 2017;37:86–98. https://doi.org/ 
10.1016/J.ESD.2017.01.003. 

[10] Marroquín-Arreola R, Lezama J, Hernández-De León HR, Martínez-Romo JC, 
Hoyo-Montaño JA, Camas-Anzueto JL, et al. Design of an MPPT technique for the 
indirect measurement of the open-circuit voltage applied to thermoelectric 
generators. Energies 2022;15:3833. https://doi.org/10.3390/EN15103833. 

[11] Balato M, Costanzo L, Lo Schiavo A, Vitelli M. Optimization of both perturb & 
observe and open circuit voltage MPPT techniques for resonant piezoelectric 
vibration harvesters feeding bridge rectifiers. Sensors Actuators A Phys 2018;278: 
85–97. https://doi.org/10.1016/J.SNA.2018.05.017. 

[12] Yue X, Javvaji S, Tang Z, Makinwa KAA, Du S. A bias-flip rectifier with a duty- 
cycle-based MPPT algorithm for piezoelectric energy harvesting with 98% Peak 
MPPT efficiency and 738% energy-extraction enhancement. In: Dig Tech Pap - 
IEEE Int Solid-State Circuits Conf 2023; 2023. p. 442–4. https://doi.org/10.1109/ 
ISSCC42615.2023.10067284. 

[13] Li Di, Wang C, Cui X, Chen D, Fei C, Yang Y. Recent progress and development of 
interface integrated circuits for piezoelectric energy harvesting. Nano Energy 2022; 
94. https://doi.org/10.1016/J.NANOEN.2022.106938. 106938. 

[14] Lee J, Chun Y, Kim J, Park B. An energy-harvesting system using MPPT at shock 
absorber for electric vehicles. Energies 2021;14:2552. https://doi.org/10.3390/ 
EN14092552. 

[15] Costanzo L, Lin T, Lin W, Lo SA, Vitelli M, Zuo L. Power electronic interface with an 
adaptive MPPT technique for train suspension energy harvesters. IEEE Trans Ind 
Electron 2021;68:8219–30. https://doi.org/10.1109/TIE.2020.3009584. 

[16] Chellakhi A, El Beid S, Abouelmahjoub Y. An improved adaptable step-size P&O 
MPPT approach for standalone photovoltaic systems with battery station. Simul 
Model Pract Theory 2022;121:102655. https://doi.org/10.1016/J. 
SIMPAT.2022.102655. 

[17] Mirza AF, Ling Q, Javed MY, Mansoor M. Novel MPPT techniques for photovoltaic 
systems under uniform irradiance and Partial shading. Sol Energy 2019;184: 
628–48. https://doi.org/10.1016/J.SOLENER.2019.04.034. 

[18] Eltamaly AM. An improved cuckoo search algorithm for maximum power point 
tracking of photovoltaic systems under partial shading conditions. Energies 2021; 
14:953. https://doi.org/10.3390/EN14040953. 

[19] Peng BR, Ho KC, Liu YH. A novel and fast MPPT method suitable for both fast 
changing and partially shaded conditions. IEEE Trans Ind Electron 2018;65: 
3240–51. https://doi.org/10.1109/TIE.2017.2736484. 

[20] Zhao Z, Cheng R, Yan B, Zhang J, Zhang Z, Zhang M, et al. A dynamic particles 
MPPT method for photovoltaic systems under partial shading conditions. Energy 
Convers Manag 2020;220:113070. https://doi.org/10.1016/J. 
ENCONMAN.2020.113070. 

[21] Ahmed J, Salam Z. A maximum power point tracking (MPPT) for PV system using 
Cuckoo Search with partial shading capability. Appl Energy 2014;119:118–30. 
https://doi.org/10.1016/J.APENERGY.2013.12.062. 

[22] Ibrahim MH, Ang SP, Dani MN, Rahman MI, Petra R, Sulthan SM. Optimizing step- 
size of perturb & observe and incremental conductance MPPT techniques using 
PSO for grid-tied PV system. IEEE Access 2023;11:13079–90. https://doi.org/ 
10.1109/ACCESS.2023.3242979. 

[23] Naser AT, Mohammed KK, Aziz NFA, binti Kamil K, Mekhilef S. Improved coot 
optimizer algorithm-based MPPT for PV systems under complex partial shading 
conditions and load variation. Energy Convers Manag X 2024;22. https://doi.org/ 
10.1016/J.ECMX.2024.100565. 

[24] Refaat A, Ali QA, Elsakka MM, Elhenawy Y, Majozi T, Korovkin NV, et al. 
Extraction of maximum power from PV system based on horse herd optimization 
MPPT technique under various weather conditions. Renew Energy 2024;220: 
119718. https://doi.org/10.1016/J.RENENE.2023.119718. 

[25] Celikel R. A global MPPT technique for PV systems under partial shading 
conditions. Int J Electron 2023. https://doi.org/10.1080/ 
00207217.2023.2210306. 

[26] Ncir N, El Akchioui N, El Fathi A. Enhancing photovoltaic system modeling and 
control under partial and complex shading conditions using a robust hybrid DE- 
FFNN MPPT strategy. Renew Energy Focus 2023;47:100504. https://doi.org/ 
10.1016/J.REF.2023.100504. 

[27] Mamur H, Üstüner MA, Bhuiyan MRA. Future perspective and current situation of 
maximum power point tracking methods in thermoelectric generators. Sustain 
Energy Technol Assessments 2022;50:101824. https://doi.org/10.1016/J. 
SETA.2021.101824. 

[28] Giacomello A, Casciola CM, Grosu Y, Meloni S. Liquid intrusion in and extrusion 
from non-wettable nanopores for technological applications. 94:1–24 Eur Phys J B 
2021;2021(948). https://doi.org/10.1140/EPJB/S10051-021-00170-3. 
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