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Abstract—In the present study, the forced 

convection of Al2O3-water nanofluid in a square 

mini-channel design (1mm x 1mm) with and 

without micromixers has been numerically 

investigated. Three vertical baffles attached to the 

wall act as micromixers to enhance the heat 

transfer process. The upper and lower walls are 

subjected to a constant heat flow. The effect of the 

Reynolds number, Re = 10, 30, 60, 100 and 150 was 

studied in parallel with the addition of 

nanoparticle volume fraction, from 0 to 4% and 

from 10 to 20%. Different geometric 

configurations of the micromixers were tested. The 

CFD code, which is based on the finite volume 

method, was used to solve the governing equations. 

The SIMPLER algorithm was employed to handle 

the pressure-velocity coupling. The results showed 

that the presence of micromixers and a higher 

volume fraction of nanoparticles increased the 

local and average Nusselt numbers. However, this 

increase was accompanied by a deterioration in the 

flow dynamics due to an increase in the friction 

coefficient. It was also observed that the size of the 

vortices created behind the micromixer increases 

with increasing Re number and micromixer 

height. 

Keywords - minichannel, laminar flow, 
nanofluid, micromixer, heat transfer enhancement. 

I. INTRODUCTION   

Heat transfer is the basis of many industrial 
processes that are part of our daily lives. 
Intensifying this exchange and improving 
efficiency have become major issues in the 
industrial world. In the face of these energy 

challenges, developing processes for better 
energy management presents new technological 
opportunities.  

Mini- and microchannels have been studied 
for decades, mainly for the cooling of 
microelectronic devices. Reference [1] were 
pioneers in this field, working on high 
performance heat sinks for cooling integrated 
circuits as early as 1981. 

Reference [2] have conducted a numerical 
study of the three-dimensional flow and heat 
transfer of a fluid in a rectangular microchannel 
heat sink. They found that the length of the flow 
development zone is influenced by the Reynolds 
number. They noticed that the highest 
temperature typically occurs at the surface of the 
heated base of the heat sink, close to the outlet of 
the channel. They also found that the temperature 
increases along the flow direction in both the 
fluid regions and solid and can be estimated by a 
linear relationship. 

At the same time, a new technology aimed at 
improving the thermal properties of heat transfer 
fluids was introduced by [3], called “nanofluids”. 
Nanoscience is the study of matter's structure at 
the molecular, and therefore nanometric, scale. 
with the aim of innovation in a large range of 
fields, including the environment, energy 
production and storage, cooling of electronic 
components by means of single or two-phase 
flows in microchannels, biology, medical 
diagnosis, water treatment, modern medicine, 
and so on. The high thermal conductivity of 

https://orcid.org/0000-0002-8352-8526
https://orcid.org/0009-0006-3686-7732
https://orcid.org/0009-0004-1678-0408
https://orcid.org/0009-0003-0766-0618
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nanofluids makes them potential candidates for 
replacing carrier fluids. However, a number of 
limitations have been identified that could reduce 
their performances. 

Reference [4] studied heat transfer by forced 
convection in a fluid containing metal oxide 
particles Al₂O₃ (13 nm) and TiO₂ (27 nm). The 
measurements were carried out in a heated tube 
at constant flow density, in a turbulent regime. 
They showed that the heat transfer coefficient 
was 75% higher than that of water. 

Reference [5] numerically studied the 
hydrodynamics and thermal properties of 
nanofluids in a heated tube, for the laminar and 
turbulent regimes. They demonstrate that adding 
nanoparticles to the base fluid enhances heat 
transfer. They report that the heat transfer 
coefficient increases by 80% for the nanofluid 
(ethylene glycol/Al2O3) and by 60% for the 
nanofluid (water/Al2O3) for a volume fraction of 
Al2O3 nanoparticles of 10%. 

Experimental work by [6] aimed to explore 
the benefits of cooling a water- Al2O3 nanofluid 
through a 0.5 mm diameter of a mini cylindrical 
channel subjected to a uniform heat flux. For 
laminar flow, the study shows that the relatively 
high thermal conductivity of the nanoparticles 
increases the heat transfer coefficient. The 
highest heat transfer coefficients were obtained 
in the tube inlet zone. This increase is less 
pronounced in the fully established zone, 
indicating that nanofluids have a substantial 
impact on the development of the thermal 
boundary layer. Conversely, higher nanoparticle 
concentrations lead to greater sensitivity to heat 
flow. However, despite this increase, the cooling 
rate of the nanoparticles remains rather low due 
to the increase in axial temperature. 

Reference [7] experimentally studied the 
laminar flow of a nanofluid (water-TiO₂) in a 
mini cylindrical channel under the effect of a 
constant heat flux. With increasing nanoparticle 
concentration and Reynolds number, both the 
heat transfer coefficient and the Nusselt number 
rise. The authors suggest that the migration 
phenomenon and the resulting Brownian motion 
disturb the boundary layer, which explains the 
increase in the transfer coefficients. 

Reference [8] experimentally studied the 
convective heat transfer of a nano-fluid 
consisting of water and alumina flowing through 
a copper tube in laminar flow. They showed a 
significant improvement in heat transfer by 

forced convection. This increase was particularly 
significant in the inlet region. 

Reference [9] conducted an experimental 
study to investigate the thermal conductivity of 
three nanofluids containing copper oxide, zinc 
oxide and aluminum oxide nanoparticles 
dispersed in a mixture of 60% ethylene and 40% 
water glycol through a mini channel of 0.3 mm 
diameter. The volume concentration of 
nanoparticles varied between 0 and 10%. It was 
discovered that thermal conductivity increased in 
proportion to both rising volume concentration 
and rising temperature. 

Reference [10] carried out an experimental 
study of the behavior of a nanofluid (water-
Al2O3) with respect to increasing heat transfer. 
The flow takes place in a closed system designed 
to cool a 60mm x 60mm x 75mm 
microprocessor. A nanoparticle concentration of 
6.8% resulted in a 40% increase in heat transfer. 

Reference [11] numerically analyzed laminar 
flow in silicon microchannels to determine the 
heat transfer characteristics of the nanofluid 
(water-alumina). They observed an improvement 
in the performance of the heat sinks, which 
became more pronounced as the nanoparticle 
concentration increased. 

Reference [12] presented the results of an 
experimental study investigating the heat transfer 
and flow characteristics of a nanofluid 
(water/Al2O3) through a circular microchannel of 
0.5 mm diameter. The results show that the 
Nusselt number for the nanofluid is higher than 
for demineralized water and increases with 
Reynolds number and nanoparticle concentration 

Various models have been developed to 
explain the remarkable improvement in 
convective transfer due to the addition of 
nanoparticles. However, a comparison of these 
models with experiments carried out on 
nanofluids containing different types of 
nanoparticles and carrier fluids, shows that the 
models do not satisfactorily approximate the 
results obtained. Available measurements of the 
thermal conductivity of different nanofluids are 
not consistent. Further experiments are needed to 
understand the phenomena occurring in 
nanofluids. Clearly, it is essential to consider the 
variation in the thermophysical properties of 
nanofluides as a function of temperature in 
simulations. “Passive” heat exchange 
improvements are reaching their limits, so new 
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optimization strategies need to be explored such 
as the use of micromixers. 

Reference [13] carried out a numerical study 
to investigate the heat transfer of an Al2O3/water 
nanofluid flow between two parallel plates with 
and without micromixers. Two micromixers are 
placed on the bottom and top walls, respectively, 
under constant temperature conditions. The 
effect of various parameters such as distance, 
height and order of micromixer placement was 
studied. The results demonstrate that the 
presence of micromixers, together with an 
increase in Reynolds number and volume 
fraction of the nanoparticle, was responsible for 
an increase in heat transfer and friction 
coefficients. The author finds that the main 
mechanism for enhancing heat transfer or mixing 
would be the recirculation zones created behind 
the micromixer. The size of these zones increases 
with increasing Reynolds number and 
micromixer height. 

The numerical study by [14] focused on 
forced convection of nanofluid (Ca-CuO) in a 
two-dimensional microchannel with 
micromixers (arranged in staggered rows). The 
Reynolds number range was 10, 30, 60, 100 and 
150. The simulation results showed that the 
presence of the micromixers and the increase in 
Reynolds number, together with the increase in 
nanoparticle concentration, led to an increase in 
the Nusselt number. The size of the vortices 
created in the flow after the micromixers are 
responsible for the increased mixing and                
hence transfer. 

The present study investigates the effect of a 
baffled micromixer on the flow and heat transfer 
of a nanofluid in a microchannel. The effect of 
various geometric and flow parameters, such as 
baffle height and arrangement, nanoparticle 
volume fraction, and Reynolds number, has been 
studied.  

Simulations for Reynolds numbers less than 
800 were performed. But only results for 
Reynolds numbers below 150 were presented. 
Experimental and industrial studies (Kandlikar, 
Garimella, Tuckerman & Pease) show that the 
maximum Reynolds number used in industrial 
microchannels does not exceed 1000. Above this 
value, pressure losses become prohibitively high 
and the transition to turbulence is unstable. 

II. GEOMETRICAL CONFIGURATION AND 

BOUNDARY CONDITIONS  

Fig. 1 illustrates the geometric configuration 
of the problem under consideration. It consists of 
a square mini-channel of side H = 1mm and 
length L = 50mm, equipped with a micromixer 
of variable height h = 0.2mm, 0.3mm, 0.5mm 
and 0.65mm. The micromixers, staggered on the 
lower and upper walls, are separated by a 
variable distance “s”.  

The nanofluid in this study is composed of 
Al2O3 nanoparticles and water with a volume 
concentration varying from 0% to 20%. The inlet 
velocity Ue is defined by the Reynolds number. 
The pressure condition is assumed to be constant 
at the outlet (Fig. 2).  

A constant heat flux of 50000Wm-2 is 
experienced by the bottom and top walls, while 
the side walls are adiabatic. 

III. GOVERNING EQUATIONS  

This is in accordance with the assumptions 
concerning ultra-fine particles (those measuring 
less than 100 nm) and the absence of slippage 
between the discontinuous nanoparticle phase 
and the continuous liquid phases, it may further 
be assumed that the resulting particle-liquid 
mixture is to be regarded as a conventional, 
single-phase fluid. So that, we add the following 
assumptions: 

 

 

Figure 2. Boundary conditions. 

 

 

Figure 1. Geometric parameters. 
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 Newtonian and incompressible fluid.  

 A laminar and steady state flow. 

 Thermo-physical properties of fluid vary 
with temperature. However, other 
properties are assumed to be constant 
and evaluated at the fluid inlet 
temperature.  

 Negligible radiative heat transfer, 
surface tension, and gravity. 

The following formulae are used:  
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

 
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

    
        

 

where “ρ” represents density, “υ” defines 
kinematic viscosity, “Cp” is specific heat 
capacity, and “κ” denotes thermal conductivity. 
The pressure and temperature are represented by 
P and T, respectively and “nf” represents 
nanofluid induce. 

IV. PHYSICAL PROPERTIES OF THE 

NANOFLUIDS  

The thermo-physical properties are measured 
at the reference inlet temperature T = 300K and 
are given in Table I. 

A. Density Model ρnf  

The density of nanofluid is often predicted 
from the mixing law using the Pak relation [15]. 

The indices used in the formulas below (p, f, 
and nf) correspond respectively to particles, base 
fluid, and nanofluid. 

  1nf f p        

: present the volume fraction of the solid. 

 

 

 

TABLE I.  HYSICAL PROPERTIES OF WATER AND 

AL2O3 NANOFLUID (300 K). 

 𝜌 (kg/m3) 
µ 

(10-3Pa.s) 
K 

(W/m.K) 
Cp 

(J/Kg.K) 

Pur water 998.2 10-3 0.6001 4182 

𝑨𝒍𝟐𝑶𝟑 3970.0 / 40 765 

0.3 %   

𝑨𝒍𝟐𝑶𝟑 
1007.1 1.009 0.6006 4142 

0.7 %    

𝑨𝒍𝟐𝑶𝟑 
1019 1.019 0.6112 4089 

1 %    

𝑨𝒍𝟐𝑶𝟑 
1027.9 1.027 0.6115 4050 

2 %    

𝑨𝒍𝟐𝑶𝟑 
1057.6 1.052 0.6121 3925 

B. Specific Heat Model Cp 

Reference [16] employed the formula below: 
Brinkman's formula completes Einstein's model 
up to a volume concentration of less than 4%. 
Nevertheless, for low volume fractions, 
Brinkman's relationship leads exactly to 

       1p p pnf f p
C C C        

C. Dynamic Viscosity Model μ   

Reference [17] calculated the dynamic 
viscosity of a nanofluid for a combination 
including dilute suspensions of spherical and 
solid small particles as follows: 

  1 2.5nf f     

Since then, Einstein's formula has been 
empirically validated and is considered adequate 
for extremely dilute suspensions of spherical and 
solid. It should be demonstrated that this model 
does not take into account particle size or particle 
interactions. 

D. Thermal Conductivity Model κ      

The first model for determining the thermal 
conductivity of a suspension containing particles 
was developed by [18] and is used to calculate 
the thermal conductivity as follows: 


 
 

2. 2

2. 2

p f p f

nf f

p f p f

k k k k
k k

k k k k





  


  
 
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V. NUMERICAL METHOD AND MESHING  

The entire domain is covered by a tetrahedral 
mesh (Fig. 3). The micromixer zone is refined as 
it allows to accurately capture pressure, velocity 
and temperature gradients. The CFX code is 
employed to solve the governing equations. The 
simpler method solves the pressure-velocity 
coupling problem. The conservation scheme is 
achieved using a pressure-based solver, while the 
energy equations and momentum are discretized 
using the second-order upwind technique. The 
numerical calculation is thermally convergent 
when the residuals of the governing equations are 
less than 10-7. 

VI.  RESULTS AND DISCUTION  

A. Effect of Micromixer Adding 

This section reports the numerical results of 
flow characteristics and heat transfer in the 
presence of a micromixer. The micromixer, 
h = 0.5 H, is placed on the inner bottom wall of 
the mini-channel, at a distance (x = 35mm) from 
the inlet. The choice of location is dictated by the 
need to avoid the dynamic and thermal settling 
zone. Nanofluid concentration is fixed at 2%. 

Fig. 4 shows the velocity profiles in the 
proximity of the micromixer. A sharp drop in 
velocity can be seen near the wall, at the level of 
the micromixer. An increase in the center of the 
mini-channel ensures mass conservation by 

compensating for the decrease in velocity. The 
drop in velocity near the wall is essentially due to 
the blocking of the flow at this level caused by 
the presence of the micromixer. As we move 
downstream, we can observe that the increase in 
velocity at the center of the mini-channel slows 
down. A rotational movement can also be 
observed upstream and downstream of the 
micromixer, with negative velocity values 
appearing due to fluid recirculation. We also note 
the existence of a stagnation point just upstream 
of the micromixer, represented by a zero value 
for the axial velocity. 

Fig. 5 shows the effect of the micromixer on 
the flow pattern for various Reynolds numbers. 
The presence of the micromixer tightens the flow 
lines. Cold particles in the nanofluid near the 
bottom wall of the mini-channel are drawn 
towards the center of the channel, increasing heat 
transfer. There is a recirculation zone 
downstream of the micromixer. This zone 
increases in size with the Reynolds number. As 
the Reynolds number increases, the vortex 
behind the lower baffle forces the flow towards 
the wall more than at lower Reynolds numbers, 
creating a small recirculation zone upstream of 
the micromixer (Fig. 5c). The above flow pattern 
is expected to increase both the mixing rate and 
the heat transfer. 

It is clear that the presence of a micromixer 
increases the friction coefficients and local heat 
transfer. This increase in heat transfer is 
proportional to the Reynolds number Fig. 6. 
Increasing the Reynolds number accelerates the 
rotational motion of the vortices, thereby 
augmenting the convective heat transfer and 
decreasing the near wall temperature. The 
formation of vortices appears to be the reason of 
the increase in convective heat transfer. It should 
be mentioned that at higher Reynolds numbers 

 

Figure 4. Velocity profiles at different cross-sections 

around the micromixer Geometric parameters. 

 

Figure 5. The effect of Re on flow pattern, h = 0.5 H,      

φ = 2% ;  a) Re = 10;   b)  Re = 60;  c) Re = 100;          

d)  Re = 150. 

 

Figure 3. Mesh refined at the micromixer. 
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the difference between the mean Nusselt values 
seems to become more significant.  

The effect of adding micromixer on heat 
transfer and pressure loss is evaluated using the 
performance evaluation criteria (PEC). This is 
calculated according to equation [19]: 

    
1/3

/ /num the num thePEC Nu Nu P P   

Fig. 7 shows the evolution of the PEC as a 
function of the Reynolds number for a 
concentration φ = 2%. An increase in the PEC is 
observed with the addition of the micromixer, 
particularly for high Reynolds numbers. 

B.  Effect of the Micromixer Height 

Figs. 8 and 9 illustrate the streamlines and 
isotherms, respectively, corresponding to 
micromixer-to-microchannel height ratios of 0.2, 
0.3, 0.5 and 0.65. It can be seen that a vortex is 
always present after the micromixer. The 
strength of the vortex is governed by the 
dimensions of the micromixer. As the height of 
the micromixer increases, so does the size of the 
vortex. The vortex stretches and takes on 

significant proportions at high micromixer 
heights. The slope of the streamlines towards the 
bottom wall rises and a small recirculation zone 
begins to form upstream of the micromixer. The 
attachment line extends downstream to values 
greater than the micromixer size. 

The increase in Reynolds number also affects 
temperature values. Fig. 9 shows isotherms for 
different micromixer heights. 

 

Figure 6. The effect of  Re on Nusselt number 
geometric parameters. 

 

Figure 10. Evolution of the local Nusselt number 

along the microchannel; Re = 100; φ= 2%. 

 

Figure 8. The effect of micromixer height on 

isotherms, Re = 100, φ= 2% ; a) h=0,2H; b) h=0,3H; 

c) h=0,5H; d) h=0,65H;Geometric parameters. 

 

Figure 9. The effect of micromixer height on flow 
pattern, Re = 100, φ= 2% ; a) h=0,2H; b) h=0,3H; c) 

h=0,5H; d) h=0,65H. 

 

Figure 7. Performance Evaluation Criteria                   

(PEC) vs  Re. 
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Fig. 10 shows the heat transfer coefficient 
distribution for two micromixer heights on the 
bottom wall. The Nusselt number has the greatest 
value at the channel entrance due to the high 
temperature gradients and decreases in the flow 
direction. We can see that the Nu number 
decreases from the inlet to the micromixer 
location. It is obvious that the heat transfer is 
increased with the height of the micromixer. 

C. Effect of Adding Three Equidistant 

Micromixers in Staggered Rows 

In this section, we analyze the effect of 
placing 3 micromixers of the same height 
(h = 0.5H), on improving heat transfer in a 
microchannel. The three micromixers are placed 
at equal distance h. The first micromixer is 
placed after the dynamic developed zone. The 
streamlines in Fig. 11 show the formation of 
vortices after each micromixer. The size of these 
vortices increases with increasing Reynolds 
number. The largest vortex is observed after the 
3rd micromixer for all Reynolds numbers. The 
same observations were made by [13] and [14]. 

As the Reynolds number increases 
(Re = 100), the vortex behind the first 
micromixer pushes the streamlines upwards, 
creating a small vortex in front of the second 
micromixer. This configuration has also been 
reported by [13]. Better transfer is expected for 
this configuration. We also note the presence of 
a greater number of vortices at higher Reynolds 
numbers. In fact, at a Reynolds number of 150, 
we observe the formation of a new vortex in the 
upper part of the microchannel. 

D. Effect of the Location of 3 Non-Equidistant 

Micromixers Placed in Staggered Rows 

The smallest gap produces the highest 
velocity, Fig. 12, while the temperature 
decreases as the gap increases (up to a certain 
ratio). The heat transfer rate decreases as the gap 

between the micromixers increases, for all values 
of the Reynolds number. This was also found 
by [13]. As the gap increases, additional vortices 
are formed, which affect the temperature 
distribution. 

The average Nusselt number is calculated for 
the different spacing values, Table II. The highest 
Nu values are obtained at the smallest spacing. 

TABLE II.  NUSSELT VALUES FOR FOR THE DIFFERENT 

SPACING VALUES. 

Configuration Average Nusselt 

number 
s1=H ; s2=H 6.00 

s1=H ; s2=2H 5.92 

s1=2H ; s2=H 5.64 

VII. CONCLUSION 

In microchannel heat exchangers (electronic 
microcoolers, chemical microreactors, 
automotive or aerospace cooling systems), 
laminar flow simplifies design, pressure losses 
remain manageable, and heat transfer is 
improved by optimization techniques (grooves, 
fins, nanofluids, etc.). 

This study focuses on the heat transfer and 
flow of an Al2O3/water nanofluid in a square 
microchannel, with and without micromixers. 
The study examined nanoparticle volume 
fractions ranging from ϕ = 0 to ϕ = 4%, in 
conjunction with base fluid Reynolds numbers of 
Re = 10, 60, 100, 150. Three micromixer 
spacings and four micromixer heights were 
selected and investigated. The results show that 
there is a recirculation zone downstream of the 
micromixer. The size of this zone increases with 
Reynolds number and decreases with ϕ. It is clear 
that the presence of baffles increases the local 
heat transfer. This influence is increased with 

 

Figure 11. The effect of Reynolds number on flow 

pattern; φ = 2%. 

 

Figure 12. The effect of space between micromixer     

on flow. 
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increasing the Re number. As the Reynolds 
number increases, the recirculation zone of the 
micromixer becomes larger and the distance 
between the reattachment point decreases. 

When the distance between the baffles is not 
sufficient for recirculation to occur, increasing 
the micromixer distance will reduce the                   
Nu number. 

The size of the recirculation zone increases 
with micromixer height. Heat transfer was 
increased with baffle height and nanoparticle 
volume fraction. 
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Abstract—Improvements in asset maintenance 

management enhance the reliability and ensure 

the availability of electricity transmission services, 

while also extending the lifespan of equipment. 

Positive impacts are achieved through the 

identification and correction of wear, resulting in 

greater energy efficiency and reduced losses 

during transmission. Transmission lines (TL) are 

essential components of the system and are 

constantly exposed to hostile environments and 

adverse weather conditions, making them more 

susceptible to outages caused by factors that are 

difficult to control. This article presents a review 

of the impacts of preventive maintenance on the 

reliability of transmission lines. A systematic 

literature review was conducted, including 

bibliometric analysis and content exploration of 

the selected articles. The analyses showed that 

studies integrating TL reliability with 

maintenance execution and risk analysis began in 

1969; however, it was only from 2007 onward that 

the topic started to be addressed more frequently 

by researchers. The countries with the highest 

contributions in publications were China, Brazil, 

Iran, the United States, and India. It was found 

that preventive maintenance in TL involves a wide 

range of applied techniques and technologies. 

Reliability analysis is a more recent topic, yet 

already widely discussed and researched. The 

results of this work provided a broad overview of 

the evolution of research on preventive 

maintenance execution and reliability analysis in 

transmission lines and may support the 

development of new studies focused on this 

subject. 

Keywords - systematic literature review, 

equipment condition, failures. 

I.  INTRODUCTION 

Transmission lines extend for several 
kilometers and are exposed to various 
environmental conditions over long periods. 
Therefore, they are subject to natural events as 
well as external damage. Consequently, 
transmission lines have a higher likelihood of 
failure, and when a failure occurs, it leads to 
losses in several aspects and at varying degrees 
[1]. Preventive maintenance improves reliability, 
operational availability, and system life-cycle 
costs by reducing the risk of potential costly and 
untimely failures [2]. Therefore, it is necessary to 
develop a concrete procedure for assessing the 
condition of TL to determine the actual risk to 
which they are exposed [3]. 

Proper risk management requires knowledge 
of the equipment’s condition, as well as the 
impact of maintenance and operations on the 
probability of failure. It also requires supporting 
information systems and business processes that 
enable risk mitigation through inspection, 
maintenance, operations, replacement, and 
system modifications [4]. Transmission lines are 
composed of various types of components with 
different functions, including insulators, towers, 
and conductors. Due to the complex terrain of the 
external environment and volatile weather 
conditions, these components may be frequently 
damaged, which can lead to local power outages, 
large-scale blackouts, and even catastrophic 
accidents, such as wildfires in forested areas [5]. 

Maintenance can be classified as either 
preventive or corrective. When narrowing the 
methods applied to transmission lines, there is a 

https://orcid.org/0009-0000-7420-3394
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greater focus on preventive maintenance to 
maintain high asset availability. One of the 
motivations for this approach lies in the costly 
penalties imposed by regulatory agencies in 
cases of unplanned outages. Preventive 
maintenance can be scheduled based on different 
approaches, such as time-based maintenance, 
condition-based maintenance, and reliability-
centered maintenance strategies [6]. 

In [7], a solution was proposed for identifying 
common faults occurring in transmission lines, 
followed by a suggestion of the appropriate 
maintenance methodology, using the artificial 
neural network method and the live-line 
maintenance technique for fault pre-
identification and subsequent predictive 
maintenance. In [8], a design was developed for 
a four-wheeled mobile robot system to be used in 
TL maintenance, with the aim of replacing or 
assisting in maintenance execution. 
The research conducted in [9] developed an 
improved maximum entropy method based on 
higher-order moments for the time-varying 
global reliability analysis of transmission towers 
in operation. In [10], a reliability-based network 
model was presented for generation and 
transmission expansion planning, considering 
the impacts of maintenance, repair, and                             
line loading. 

The reliability-centered maintenance method, 

as the most efficient and cost-effective approach 

among preventive maintenance strategies, 

considers both the importance of the equipment 

to the system and its physical condition [6]. This 

article conducted a systematic review on the 

reliability of transmission lines based on the 

implementation of maintenance and prior risk 

assessment, as well as identifying the main gaps 

found through an overview of the studies 

addressed. 

II. MATERIAL AND METHODS 

Conducting a literature review with the aim 
of providing the best policy and practice 
evidence in any discipline is a fundamental 
research objective for the respective academic 
and professional communities [11]. 

The research described in this work was 
structured as a Systematic Literature Review 
(SLR), organized into three stages: research 
planning (exploratory), review conduction 
(development), and dissemination reporting 
(analysis), as illustrated in Fig. 1. 

A. Review Planning 

A descriptive review examines the state of 
the literature regarding a research question, 
thematic area, or specific concept. What 
distinguishes this type of review from other 
review categories is that descriptive reviews do 
not aim to expand the literature but rather to 
provide an account of the literature's status at the 
time of the review [12]. 

During the planning stage of the work, an 
exploratory and unstructured search was 
conducted on the proposed topic to obtain broad 
information regarding published articles. 
Initially, research was carried out using the 
keywords transmission lines, risk assessment, 
reliability, and maintenance on the Web of 
Science and Scopus platforms. The searches 
employed topic–topic, topic–title, and title–title 
criteria, and no filters or inclusion/exclusion 
criteria were applied, as the goal was to gain a 
general understanding of the scenario to be 
studied. During the database searches, many 

 
Figure 1. Descriptive summary of the systematic literature review. 
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duplicate articles across the platforms was 
observed, and it was found that the topic–topic 
criterion yielded the greatest number of 
published works. 

B. Review Conduction 

As no single database includes the complete 
set of published materials, a systematic literature 
search must be based on multiple databases [12]. 
Thus, the Web of Science and Scopus platforms 
were used as research sources to obtain 
complementary results during the review 
conduction. The criteria used for the inclusion 
and exclusion of articles were: the type of 
document, the research area to which the 
document was linked, the duplication of articles, 
the reading of the title and abstract, and finally, 
the full reading of the article. 

Initially, the keywords were divided into two 
groups: Group 1, composed of Control Chart, 
Transmission Line, and Risk Assessment; and 
Group 2, composed of Maintenance, 
Transmission Line, and Reliability. Based on this 
division, searches were conducted on the Web of 
Science and Scopus platforms. During the 
searches, the criterion used was always to look 
for one group of keywords or another in both data 
sources. The search types used were title–topic 
and topic–topic. Initially, the grouping of 
keywords and searches in both databases resulted 
in a total of 2294 papers. 

The first exclusion criterion applied was the 
document type, only research articles and review 
articles were considered for this study, while 
other types of documents were excluded. After 
this first filter, 951 articles remained. The second 
analysis criterion concerned the subject 
categories in which the articles were classified. 
The following categories were excluded: 
Telecommunications; Computer Science; 
Nuclear Science and Technology; Geosciences; 
Cell Biology; Civil Engineering Technology; 
Genetic Heredity; Oncology; Physics of Fluids 
and Plasmas; Nuclear Physics; Environmental 
and Occupational Health; Thermodynamics; 
Biochemistry; Genetics; Molecular Biology; 
Immunology; Microbiology; Earth and Planetary 
Sciences; Agricultural and Biological Sciences; 
Pharmacology; Toxicology and Pharmaceutics; 
Medicine; Economics; Econometrics and 
Finance. All other related areas were considered, 
resulting in 843 articles after applying                         
this criterion. 

After removing duplicate articles, the number 
of papers was reduced to 338. The next criterion 
applied was reading the titles and abstracts. All 
papers related to the research topic (maintenance, 
risk assessment, and reliability in transmission 
lines) were retained, while others focusing on 
unrelated subjects were excluded. After applying 
the title and abstract screening, 105 articles 
remained. 

Finally, the last refinement step involved 
reading all the selected articles to explore their 
content and verify their relevance to the topic of 
this review. After this evaluation, the final 
sample consisted of 76 articles. 

C. Dissemination Report 

For the development of the results of this 
study, indicators were used to analyze the 
evolution of publications related to the research 
topics, the number of citations received, the 
relevance of journals based on their impact 
factor, the co-occurrence of keywords, and the 
main areas of concentration of the identified 
studies. Finally, the topics that showed the 
greatest emphasis in the analyzed articles were 
highlighted. 

Based on the data obtained from reading the 
papers, quantitative and descriptive analyses of 
the works were conducted, and stratifications 
were created according to their information. The 
bibliometric review highlighted the evolution of 
publications and citations, both on an annual and 
cumulative basis, and classified the journals with 
the highest impact that published two or more 
articles on the topics. 

Using the VOSviewer software to track 
thematic trends over time, a network map of 
keywords associated with transmission line 
reliability was constructed, considering 
maintenance execution and risk assessment 
worldwide from 2013 to 2023. Additionally, all 
works in the sample were classified by research 
area to understand the focus given by the authors 
to the analyzed articles. 

During the content exploration phase, a 
qualitative assessment of the works was 
performed, highlighting several notable topics 
beyond the main themes, such as the use of 
unmanned aerial vehicles (UAV) for TL 
inspection, the application of optimization 
methods in maintenance scheduling, and the 
effects of natural factors on line operation and 
maintenance. 
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From all the analyses presented, it was 
possible to develop a systematic literature 
review, integrating all works focused on 
transmission line reliability considering 
maintenance execution, as well as providing an 
overview of the research gaps in the field. 

III. RESULTS AND DISCUSSION 

A. Bibliometric Analysis 

Fig. 2 shows the number of publications per 
year and cumulative, from 1969 to 2023, of 
articles addressing transmission line reliability 
through maintenance execution and risk 
assessments. It can be observed that the years 
with the highest number of publications on the 
topic were 2021 (9 publications) and 2022 
(7 publications). Additionally, there were four 
years in which 6 articles were published: 2014, 
2016, 2017, and 2020. Apart from the 
aforementioned years, the total annual 
publications did not exceed 5 articles. 

It is also possible to observe from the data 
presented in Fig. 2 that in some years no 
publications were made on the topic in question. 
However, these gaps are mainly between 1969 

and 2007, after which there was at least one 
publication per year on the subject. 

Fig. 3 shows the evolution of citations 
between 1973 and 2023. The graph exhibits an 
exponential trend, highlighting that the topic has 
become increasingly discussed and researched. 
Between 1973 and 1996, there were no more than 
two citations per year related to TL reliability 
considering preventive maintenance execution 
and prior risk analysis. From 1997 onward, 
citations became more frequent, reaching 187 in 
2023, totaling 928 cumulative citations in the 
same year, representing the highest numbers in 
the period analyzed in this study. 

In Table I, the classification of the articles by 
research area is presented. An article may be 
classified in multiple areas depending on the 
topic addressed in its content. Among the articles 
comprising the final sample of this review, 
Engineering stands out with 67 studies. 

The Energy research area includes 24 studies, 
while Mathematics has 4 published articles. All 
other fields had two publications or fewer. 

Fig. 4 shows the evolution of the network of 
keywords associated with transmission lines, 

 
Figure 2. Publications from 1969 to 2023. 
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maintenance, and reliability worldwide during 
the period from 2013 to 2023. A wide range of 
topics can be observed over this period. In 2014, 
the highest number of publications was related to 
reliability, system, transmission lines, and 
maintenance. In 2018, the most addressed topics 
were failure rate, year, and operation, with 
"operation" remaining a key focus until 2020. 
The software did not identify any keywords with 
significant connections in the period from 2020 
to 2023. 

Based on the analysis of Table II, which 
presents the classification of the highest-impact 
journals, ranked according to the Journal Impact 
Factor (JIF), with two or more publications 
during the period from 1969 to 2023, it can be 
observed that the publications appeared in 
journals with a wide scope and varying                   
impact factors.  

B. Content Exploration 

Due to the constant growth of generation and 

transmission systems, the companies 

responsible for the operation and maintenance of 

assets have been attempting to modernize their 

practices to optimize inspections and analyses, 

to carry out necessary maintenance activities 

with greater speed and quality, as well as to 

achieve lower cost and environmental impact. 

According   to   [13],   the   objective   of   asset  

TABLE I.  CLASSIFICATION OF ARTICLES BY                

RESEARCH AREAS. 

Research Area 
Number of 

Articles 

Engineering 67 

Energy 24 

Computer Science 13 

Mathematics 4 

Business, Management, and Accounting 2 

Materials Science 2 

Physics and Astronomy 2 

Energy Fuels 2 

Management Science and Operational 

Research 
2 

Robotics 2 

Decision Sciences 1 

Environmental Science 1 

Social Sciences 1 

Automation Control Systems 1 

Business Economics 1 

Chemistry 1 

Instrumentation – Instruments 1 

Telecommunications 1 

management is to transform these assets into a 
revenue stream, and therefore, risk assessment is 
part of this process. 

The techniques and technologies involved in 
preventive maintenance and reliability analysis 
have evolved over the years. Six articles included 
in this review were written before the 2000s and 
highlight the topics discussed up to that time.  

 

Figure 4. Evolution of the keyword network 
associated with transmission lines, reliability, and 

maintenance worldwide, from 2013 to 2023. 

 

TABLE II. CLASSIFICATION OF THE HIGHEST-              

IMPACT JOURNALS. 

Journal Publications Citations 

IEEE Transactions on 

Power Systems 
4 83 

International Journal of 
Electrical Power and 

Energy Systems 

6 68 

IEEE Transactions on 

Power Delivery 
4 62 

Energies 4 14 

IET Generation, 

Transmission and 

Distribution 

2 37 

Internacional 
Transactions on 

Electrical Energy 

Systems 

2 35 

International Journal of 

System Assurance 

Engineering and 
Management 

2 12 

Journal of Electrical 

Engineering and 

Technology 

2 19 

Industrial Robot: the 

international journal of 

robotics research and 
application 

3 13 

Total 29 343 
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As part of the sample of articles published 
before the 2000s, in [14] proposed the 
implementation of a global plan to control 
maintenance activities, aiming to improve 
reliability and manage maintenance costs. 
Reference [15] described a reliability model that 
simulated the states of power systems during 
faults, in which the effects of component 
maintenance were incorporated into the analysis. 

In [16], a review was conducted on the 
methods and models used at Electricité de France 
for studying system reliability. The main 
emphasis was placed on probabilistic studies, 
particularly interruptions in maintenance and 
repair operations of nuclear units, planning of the 
400 kV grid, substation reliability, and nuclear 
plant safety. 

When analyzing articles published between 
2000 and 2023 focused on the application of 
maintenance in transmission lines and their 
components, a wide range of works                         
was observed. 

These works mainly addressed maintenance 
from the perspective of optimizing its 
scheduling, considering data obtained from the 
history of the equipment itself and the system in 
which it is embedded, as well as the use of tools 
and techniques that enable greater                             
resource utilization.  

A widely discussed topic today regarding 
effective methods of inspection in preventive 
maintenance is the use of unmanned aerial 
vehicles for data collection in transmission lines. 
The growing popularity of UAV enables the 
collection of a vast amount of inspection data on 
power lines [5].  The studies that addressed the 
use of UAV were published between 2015 and 
2022, with contributions from China, England, 
and South Korea.  

The intelligent monitoring method proposed 
in [17] employed sensors mounted on a UAV, 
which made it possible to obtain real-time data 
on the TL and its surroundings, as well as to 
estimate potential conductor sagging by 
combining point cloud data measured with a 
LiDAR sensor and the UAV flight information. 

Reliability and risk indicators were employed 
to optimize preventive maintenance scheduling, 
with the aim of prioritizing equipment that 
requires faster interventions. In [6], the 
prioritization of maintenance activities on 
transmission lines was carried out based on the 

importance and condition indices of each asset, 
represented in a two-dimensional diagram. 

In [10], an analysis was conducted regarding 
the impact of maintenance costs in relation to the 
service life of transmission lines, the failures that 
occurred, and the relationship between line 
loading and failure rate. It was observed that the 
failure rate can be defined as a linear proportion 
of the line loading percentage, and that the longer 
the service life and the higher the failure 
frequency, the more expensive the maintenance 
becomes. 

The use of different data analysis techniques 
is also a notable aspect in the articles reviewed. 
In [18], Bayesian Networks were applied to 
optimize maintenance activities with the aim of 
increasing asset reliability. The studies reported 
in [19] and [7], employed neural network 
learning for remote detection and identification 
of failures in TL, with the goal of eliminating-or 
at least minimizing-the use of traditional 
maintenance methods employed by power 
utilities. 

Markov chains have been applied to optimize 
maintenance intervals, thereby increasing the 
availability of TL and improving the efficiency 
of maintenance teams [20]. Particle swarm 
optimization was also employed with the same 
objective as the Markov chains [21]. 

Another highly relevant topic currently 
addressed is the impact of the environment on the 
operation and maintenance of transmission lines, 
as well as the reciprocal impact these assets have 
on the environment where they are installed. TL 
are frequently subject to failures due to exposure 
to extreme environments. It is essential to 
monitor such failures and repair lines promptly 
when occurrences arise; in addition, their 
condition must be accurately assessed to ensure 
reliability and safety [17]. Due to the importance 
of this topic, the volatility of environments and 
the impacts of natural factors on TL are 
addressed in several works included in this 
research. 

In [22], the authors reported that the failure 
rate in transmission lines is significantly affected 
by meteorological factors. Therefore, it is 
necessary to consider the impact of these factors 
on reliability and risk assessment to improve 
maintenance planning. 

The development of power networks for 
extensive use of electricity produced from 
renewable sources should not conflict with 
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nature conservation. Maintenance management, 
combined with conservation practices through 
integrated vegetation management, can be 
applied to lines that cross forests, as they directly 
impact natural development [23]. 

IV. CONCLUSION 

The research systematized the literature 
related to the impacts of preventive maintenance 
execution and the reliability of transmission 
lines. The results provided a comprehensive view 
of the evolution of research in this area and can 
support the development of new studies focused 
on this topic. 

A total of 76 studies, published between 1969 
and 2023, were analyzed, providing a 54-year 
sample, which demonstrates that the topic has 
been widely discussed worldwide for decades. 
The countries with the highest number of 
publications were China – 35, Brazil – 8, Iran – 
6, the United States – 5, India – 5, and South 
Korea – 4. 

From the analyses, it was observed that 
studies integrating transmission line reliability 
with maintenance execution and risk analysis 
began in 1969, but the topic only started to be 
addressed more frequently by researchers from 
2007 onwards. 

The evolution of keywords highlights that 
topics related to research involving transmission 
lines have been updated over time; however, 
preventive maintenance aimed at improving 
reliability remains a central theme, differing only 
in the methods and technologies used for                        
its execution. 

Risk analysis considering the conditions of 
transmission line components is a more recent 
topic compared to maintenance, yet it is already 
widely disseminated among researchers seeking 
optimized solutions for activity planning. 

The research revealed that preventive 
maintenance schedules were primarily 
established based on the operating time of the 
assets. Once reliability and risk metrics were 
integrated into the scheduling process, several 
additional factors began to be analyzed, such as 
equipment condition, failure rate, mean time 
between failures, availability, criticality index, 
revenue generated by the asset, mean time to 
repair after a failure, among others evaluated by 
each transmission company according to its 
specific needs. 

With the inclusion of reliability and risk 
metrics, it became possible to perform a broader 
and more comprehensive assessment of 
transmission assets, resulting in a more 
optimized maintenance scheduling process. 

During the review, it was noted that some 
specific topics stand out in terms of the number 
of published articles, in addition to maintenance, 
reliability, and risk assessment, which were the 
main research themes. The use of unmanned 
aerial vehicles has been discussed since 2015. 
The application of different data analysis 
techniques to optimize resources has also been 
discussed for many years, and a considerable 
reduction in transmission line failure rates is 
observed when there is greater focus on 
reliability-based scheduling. 

The use of robots in line maintenance has 
been studied since 1991; however, to date, there 
are no consolidated technologies widely adopted 
by energy transmission companies. Significant 
attention is also given to the environmental 
impact on the operation and maintenance of 
lines, highlighting the need for studies to ensure 
that these assets' integration into natural and 
urban environments causes minimal harm. 

No studies were found analyzing anomalies 
in the soil where transmission towers are 
installed. Considering the existence of self-
supporting and guyed towers, which require 
different foundation designs, there are direct 
impacts on transmission line reliability caused by 
soil-related actions. 

Depending on the type of soil or external 
agents, it is possible to observe fluvial or pluvial 
erosion, or erosion caused by insects. The 
progression of erosion can lead to tower tilting or 
misalignment, potentially resulting in collapse 
and directly impacting transmission service 
availability and quality indicators. 

It is worth highlighting that this research gap 
has not yet been addressed by this research 
group; however, it is a topic that may be explored 
in the future to enable the formulation of concrete 
methodological recommendations. 
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Abstract—This research delves into applying the 

Old Babylonian Algorithm to solve a complex 

transcendental algebraic equation in Porous 

Catalyst Research. By formulating an iterative 

solution strategy and implementing the iterative 

process, the results are analyzed from convergence 

and accuracy perspectives. The findings show that 

the Old Babylonian Algorithm has potential in 

handling this equation but faces challenges. 

Transforming the equation for algorithm 

application is complex, potentially introducing 

errors. Also, the algorithm's convergence is 

sensitive to the initial guess; inappropriate initial 

values may lead to slow convergence or 

divergence. This study offers a new approach for 

complex equations in porous catalyst research and 

insights into the Old Babylonian Algorithm's 

application boundaries. It serves as a reference for 

future algorithm improvement and broader 

applications in related scientific and                  

engineering fields.  

Keywords - old babylonian algorithm, nonlinear 

equation, iterative solution, porous vatalysts. 

I. INTRODUCTION 

In the field of porous catalyst research, a 
profound understanding of mass transport and 
reaction mechanisms is of paramount importance 
for the optimization of catalytic processes. In a 
recent publication [1], the non-linear reaction-
diffusion model has been transformed into a 

highly complicated transcendental equation, 
which can be represented as follows: 


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1 1
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where   represents the Thiele module, j, , m, 

and n are constants. 

In nonlinear science, many analytical 
methods, such as the variational iteration method 
[2,3] and the homotopy perturbation method [4-
6], typically try to avoid solving transcendental 
equations [7]. This is mainly because 
transcendental equations, such as Eq. (1), are 
extremely difficult to solve by traditional 
analytical means. Their non-polynomial nature 
and the presence of complex functions, such as 
those in Eq. (1), pose significant obstacles to 
obtaining exact solutions.  

Equation (1) plays a crucial role in 
determining the efficiency factor of porous 
catalysts. The accurate determination of the 
constant x is essential for a deeper understanding 
of the interaction between transport effects and 
reaction rates in heterogeneous catalysis. This 
knowledge has far-reaching implications for a 
wide range of industrial applications. 
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To date, ancient Chinese mathematical 
algorithms [8-12] and the point solution method 
[13,14] have been explored. The ancient Chinese 
mathematical method has been successfully 
applied to reaction-diffusion problems [15] and 
porous catalyst research [16], demonstrating the 
potential of non-traditional mathematical 
approaches in this field. 

The Old Babylonian Algorithm [17], with its 
roots in ancient Mesopotamian mathematics, was 
originally developed to calculate square roots. 
Over time it has been extensively extended. Its 
iterative nature and relatively simple 
computational steps provide a different 
perspective compared to traditional numerical 
and analytical methods. In recent years, it has 
found applications in emerging research areas 
such as micro-electro-mechanical systems 
(MEMS) and nonlinear vibration systems 
[18,19]. In MEMS, it helps to solve complex 
equations governing the behavior of micro-scale 
devices, while in nonlinear vibration systems it 
provides new insights into the dynamics of 
vibrating structures. 

With this in mind, the application of the 
ancient Babylonian algorithm to Eq. (1) is an 
interesting line of research. The main objectives 
of this study are twofold. First, we aim to explore 
the feasibility of using the Old Babylonian 
Algorithm to solve Eq. (1). This involves 
devising strategies to transform the equation into 
a form suitable for the algorithm's iterative 
framework, and formulating an appropriate 
iterative formula. Secondly, we seek to 
comprehensively evaluate the performance of the 
algorithm in solving Eq.  (1), including an in-
depth analysis of the convergence of the iterative 
process and the accuracy of the solutions 
obtained. This research will not only contribute 
to the existing knowledge in porous catalyst 
research, but also expand our understanding of 
the capabilities and limitations of the Old 
Babylonian algorithm. 

II. THEORETICAL FOUNDATION 

A. In-depth Understanding of the Old 

Babylonian Algorithm  

The Old Babylonian Algorithm, originating 
from ancient Mesopotamian mathematics, has a 
rich historical and mathematical background. 
Initially developed for calculating the square root 
of a positive number A, its fundamental principle 
is based on iterative approximation. Given an 

initial guess 0x , the iterative formula for 

computing A  is: 

 1
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n

A
x x

x
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This formula has an intuitive geometric 
interpretation. Geometrically, if we consider a 

rectangle with sides nx  and nA x , its area is A. 

The arithmetic-mean of the two sides, 

( / ) / 2n nx A x , provides a better approximation 

of the side length of a square with the same area 
A in each iteration. The convergence of this 
formula can be proven using the concept of fixed 
- point iteration. Let 
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Its derivative is  
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For x A  and 1f   , ensuring that the 

iteration converges to A  when the initial guess  

0 0x  . 

For a general algebraic equation 

 ( )f x   

which can be rewritten in the form  

 ( )x F x   

where   is a positive real number, the iterative 

formula of the Old Babylonian-like method 

becomes: 
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Here,   is a parameter typically chosen 

within the range [0, 1]. When 1 2  , it strikes 

a balance between the influence of the current 

approximation nx  and the new estimate 
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1( ) / ( )n nF x x 
. This choice is often used as it 

provides a reasonable trade-off between stability 
and the rate of convergence in many cases. 
However, different values of   can be explored 

depending on the nature of the equation 

  0f x  . For example, if the function  F x  

has certain monotonicity or curvature properties, 
a different   value might lead to faster 

convergence. 

In the context of differential equations of the 
form: 

 ( ) ( ) 0L u N u   

where  L u  is a linear differential operator and  

 L u  is a nonlinear differential operator, the Old 

Babylonian Algorithm can be adapted. The 

iterative formula for such equations is: 


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This formula iteratively refines the function 

nu  based on the values of the linear and 

nonlinear terms at the n-th iteration. It aims to 
approximate the solution of the differential 
equation by gradually reducing the error between 

the left - hand side of the equation    L u N u  

and zero. The convergence of this iterative 
scheme for differential equations depends on the 
properties of the linear and nonlinear operators L 
and N, such as their boundedness, continuity, and 
the Lipschitz constants associated with them. 

B. Thorough Analysis of the Target Equation  

The Eq. (1) in this study is a highly complex 
transcendental equation that stems from applying 
the Akbari - Ganji method to solve a nonlinear 
reaction - diffusion equation related to mass 
transport in heterogeneous catalysis. It contains 
hyperbolic functions like tanh, cosh, and sech, 
along with exponential - like terms inherent to 
hyperbolic functions. These complex functional 
forms make it extremely difficult to solve using 
conventional Newton - type iteration methods or 
their modifications. 

The Newton - Raphson method, for example, 
requires the calculation of the derivative of the 
function. For an equation involving hyperbolic 

functions, the derivative calculation becomes 
complex due to the chain - rule and product - rule 
applications. Additionally, the presence of 

multiple parameters   , , , ,j p m   in Eq. (1) 

further complicates the problem. Each parameter 
is closely related to the physical properties of the 
porous catalyst system. The Thiele modulus   

reflects the ratio of the reaction rate to the 
diffusion rate. A larger   indicates that the 
reaction rate is relatively faster compared to the 
diffusion rate, which can lead to different 
reaction - diffusion behaviors within the porous 
catalyst. The adsorption parameter   influences 

the interaction between reactants and the catalyst 

surface. A change in   can alter the 
adsorption and desorption rates of reactants, 
thereby affecting the overall reaction 
mechanism. 

Due to its non - polynomial and 
transcendental nature, direct application of 
traditional root - finding methods is ineffective. 
The quadratic formula, applicable only to 
quadratic equations, is clearly not suitable. 
Simple iterative methods for polynomial 
equations also fail because they rely on the 
polynomial structure, which is absent in Eq. (1). 
This complexity necessitates the exploration of 
alternative approaches like the Old Babylonian 
Algorithm to obtain approximate solutions. The 
Old Babylonian Algorithm's ability to handle a 
wide range of equations through iterative 
approximation makes it a potentially viable 
option for dealing with such a complex 
transcendental equation. 

III. CONSTRUCTION OF THE SOLUTION 

STRATEGY 

A. Iterative Formula Design  

To leverage the Old Babylonian Algorithm 
for solving Eq. (1), a series of strategic 
transformations is essential. Equation (1) is first 
rewritten in a form that aligns with the 
algorithm's iterative framework. Let's assume 
that through in - depth analysis and 
manipulation, we transform Eq. (1) into: 



2

1 1
2

( ) tanh(0.6 )
0.6

[cosh( )] [cosh(0.6 )]

[1 cosh(0.6 )sech( )]

p p

m

j
x F x x x

x x

x x




 

   




 
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The Old Babylonian - like iterative                
formula is: 


1

1

1

( )
(1 ) n

n n

n

F x
x x

x
  





    

For small φ, from Eq. (1), x can be 
approximately solved as: 


(1 )(1 )m

x
j






 
 

So we can begin with:  

 0

(1 )(1 )m
x

j






 
 

The parameter β plays a significant role in 
determining the behavior of the iteration, for 
Eq. (1), we recommend β = 0.8. This value has 
shown to provide a good balance between 
convergence speed and stability in most cases. 
The iterative formula becomes: 



0
1 0 0

0

0 0

1 1
2 0 00

0 0

( )
0.8 0.2 0.8

tanh(0.6 )
0.60.2

[cosh( )] [cosh(0.6 )]

[1 cosh(0.6 )sech( )]

p p

m

F x
x x x

x

j
x x

x xx

x x




 

   

 
  
 

  
 
  



This particular formula plays a vital role in 
enabling us to initiate the iterative process from 

an initial guess denoted as 0x . It serves as the 

fundamental starting point for our successive 
calculations and approximations. The choice of 

this 0x  is by no means arbitrary; instead, it is of 

utmost importance. In fact, the specific value of 

0x  is precisely given in Eq. (13). This equation 

provides the necessary guidance and 
specification for determining the initial value, 
which in turn has a significant impact on the 
entire iterative process and the eventual outcome. 

B. Numerical Examples and Results  

To validate the effectiveness of the designed 
iterative formula, we present two numerical 
examples. 

Example 1:  



Exact 0

Exact

0.3736 0.3750
0.64%

0.3726

x x

x





 

 

This relatively small error indicates that the 
iterative formula can provide a good 
approximation even after just one iteration. 

Example 2: For the parameter values λ = 3, 
p = 2, m = 3, j = 2, and φ = 10, we perform the 
same iterative process. The initial guess from Eq. 

(13) is 0 0.7217x  , and after one iteration, 

1 0.8268x  . The exact value is 0.8304Exactx  . 

Calculating the relative error for 1x , we have 

0.43%. These examples demonstrate that the Old 
Babylonian-based iterative formula can yield 
approximate solutions with high accuracy in a 
small number of iterations, highlighting its 
potential for solving the complex transcendental 
equation in porous catalyst research. 

IV. CONCLUSIONS AND PROSPECTS 

A. Research Findings Summary  

This study has successfully implemented the 
old Babylonian Algorithm to solve the intricate 
transcendental Eq. (1) in porous catalyst 
research. Through a meticulous series of 
mathematical transformations, the original 
equation was tailored into a form compatible 
with the algorithm's iterative structure. The 
customized iterative formula was then employed 
to initiate the solution-seeking process, 
facilitating an efficient way to approximate the 
solutions of the equation. 

An in-depth convergence analysis revealed 
that, under the conditions of appropriate initial 
guesses and well-selected β values, the algorithm 
could effectively converge to a solution. In most 
scenarios, the sequence of approximations 
demonstrated a reasonable convergence rate. 
Depending on the initial conditions and equation 
parameters, the convergence was often linear or 
even better. This indicates that the Old 
Babylonian Algorithm offers a viable and 
practical approach for solving Eq. (1). 

When compared with alternative numerical 
methods, such as the Newton - Raphson method, 
the solutions obtained using the Old Babylonian 
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Algorithm showed good agreement. For 
numerous parameter combinations, the relative 
error was within an acceptable range. This not 
only validates the effectiveness of the proposed 
approach but also showcases the Old Babylonian 
Algorithm's potential as an alternative to 
traditional numerical methods in solving 
complex equations within the realm of porous 
catalyst research. 

Furthermore, the sensitivity analysis 
conducted in this research provided valuable 
insights into the impact of various parameters on 
the solution. It was discovered that parameters 
like the Thiele modulus   and the adsorption 
parameter   had a more pronounced influence 

on the value of the solution variable x. 
Understanding these parameter - solution 
relationships is crucial for comprehending the 
underlying physical processes occurring within 
porous catalysts, which can, in turn, guide the 
optimization of catalytic processes. 

However, this study also identified several 
limitations of the Old Babylonian Algorithm in 
this context. Transforming Eq. (1) into a suitable 
form for algorithm application was a complex 
task. The presence of hyperbolic functions and 
multiple parameters in the equation necessitated 
careful approximations and manipulations, 
which could introduce errors. Additionally, the 
algorithm's convergence was highly sensitive to 
the initial guess. Inappropriate initial values 
could lead to slow convergence, or in some cases, 
even divergence, highlighting the need for a 
more systematic approach to select                         
initial guesses. 

B. Future Research Directions  

Based on the findings of this study, several 
promising avenues for future research can                 
be identified. 

Firstly, there is a need for further 
optimization of the equation - transformation 
process for the Old Babylonian Algorithm. 
Developing more advanced approximation 
techniques for hyperbolic functions could 
significantly improve the accuracy and 
efficiency of the algorithm. For example, using 
higher - order Taylor series expansions or 
advanced trigonometric identities to approximate 
the hyperbolic functions in Eq. (1) might reduce 
the errors introduced during the transformation. 
Exploring alternative ways to rewrite the 
equation to simplify its structure and enhance the 
algorithm's performance should also be a focus. 

This could involve reformulating the equation in 
terms of different variables or functional forms 
that are more amenable to the Old Babylonian 
Algorithm. 

Secondly, a more in - depth investigation into 
the algorithm's sensitivity to the initial guess and 

the parameter   is essential. Developing a 

systematic approach to determine the optimal 
initial guess based on the equation's parameters 
could greatly improve the algorithm's efficiency. 
This could involve using machine - learning - 
based methods to analyze the relationship 
between equation parameters and optimal initial 
guesses, or developing analytical formulas for 
initial - guess selection. Additionally, 
researching an adaptive method for choosing the 

value of   during the iterative process, rather 

than relying on a fixed value, could enhance the 
algorithm's convergence rate and robustness 
across different equations. For instance, an 

adaptive  - selection method could adjust the 

value of   based on the rate of change of the 

approximation error during the iteration. 

Thirdly, the application of the Old 
Babylonian Algorithm to other complex 
equations in the field of porous catalysts and 
related areas, such as electrochemical reactions 
and chemical engineering, should be explored. 
Expanding the algorithm's application scope can 
further validate its effectiveness and uncover 
new areas where it offers unique advantages over 
traditional methods. For example, in 
electrochemical reactions, the Old Babylonian 
Algorithm could be used to solve complex 
equations governing charge transfer and reaction 
kinetics at the electrode - electrolyte interface. 

Fourthly, the Old Babylonian Algorithm can 
be also extended to solve nonlinear oscillators as 
discussed in [18,19], it might be an effective tool 
to MEMS oscillators [20-22] in future.  

Finally, integrating the Old Babylonian 
Algorithm with other numerical and analytical 
methods holds great potential. Combining it with 
methods like homotopy perturbation methods or 
variational iteration methods could overcome the 
limitations of individual methods. For instance, 
the homotopy perturbation method could be used 
to provide a better initial approximation for the 
Old Babylonian Algorithm, while the Old 
Babylonian Algorithm could then refine the 
solution more efficiently. This integration could 
provide more accurate and reliable solutions for 



24 

complex equations in various scientific and 
engineering disciplines. 
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Abstract—Precarious relationship between 

literature teacher and boy is articulated 

scientifically in the algorithm. Boy tutored by the 

literature teacher to progress his writing talents. 

This tips to developed and sneering boy to be 

progressively influencing relationship 

diminuendos. At one point boy intend and framing 

relationships between mother of his close 

classmate and wife of the teacher. In the 

exploration section of the procedure boys writing 

skills, precarious relationship between literature 

teacher and boy has been formulated. In the 

exploitation section how the age and conditions of 

the boy making him to articulate relationships 

with people. The relationships created by the boy 

viewed in cognitive mode- it is a psychology of 

relationships which can’t be easily interpreted. To 

make and maintain the relationships the boy 

manipulates the situations around him. Quasi-

oppositional learning and Chaos factor are 

amalgamated in the technique. Quasi-oppositional 

learning based chaotic psychology of relationships 

inspired (QCPR) optimization algorithm is 

validated in 7 Benchmark functions and IEEE 300, 

354 bus systems.  

Keywords – quasi-oppositional learning, chaotic, 

psychology and relationships. 

I. INTRODUCTION  

Quasi-oppositional learning based chaotic 
psychology of relationships inspired (QCPR) 

optimization algorithm is applied for solving 
true power loss reduction problem. Psychology 
of relationships algorithm is modelled based on 
the novel “The Boy in the Last Row”, authored 
by Juan Mayorga and the film “In the House” 
[1]. Novel describes about passionate, 
precarious relationship that ascends amongst 
literature teacher and an introverted, secretive 
boy who continuously be seated in the back 
bench of the class room.  These decades many 
research papers are scientifically articulated 
based on the real and fictitious characters. Meng 
et al., 2006 designed Monkey King Evolution 
algorithm [2] and it based on mythical novel of 
Monkey Kings accomplishment. Psychology of 
relationships owns a. Affection philosophy- 
which deals about the response of the people 
while they wounded, endangered in the 
relationship, b. Communal conversation 
philosophy- describe about the interaction of the 
people and making pronouncements in the 
relationships through societal communications, 
c. Purposeful associations:- this type of 
relationship deal about the well-being of the 
colleagues or contributors, d. Para societal 
associations- it is a peculiar one side relationship 
which can’t be understood easily by others , it 
may be permanent or temporary, e. Cybernetic 
associations- this type of relationship made 
through scientific communications without 
meeting in person, f. Discrepancy associations - 

https://orcid.org/0000-0002-6860-827X
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accepting the  differences of the each individual 
in the relationship is important factor in the 
differentiation relationship [3]. 

Precarious relationship between literature 
teacher and boy is articulated scientifically in the 
algorithm. Boy tutored by the literature teacher 
to progress his writing talents. This tips to 
developed and sneering boy to be progressively 
influencing relationship as the slow, steady 
erosion of connection, intimacy, and affection 
over time. At one point boy intend and framing 
relationships between mother of his close 
classmate and wife of the teacher.   

In the exploration section of the procedure 
boys writing skills, precarious relationship 
between literature teacher and boy has been 
formulated. In the exploitation section how the 
age and conditions of the boy making him to 
articulate relationships with people.  The 
relationships created by the boy viewed in 
cognitive mode- it is a psychology of 
relationships which can’t be easily interpreted. 
To make and maintain the relationships the boy 
influences the situations around him.    

In the course of writing, the boy makes 
peculiar relationships with few people. 
Especially the boy is in relationship with mother 
of his close classmate and wife of the teacher. To 
make this relationship the boy manipulates 
many situations and secretly observing the way 
of living and their relationships with others. 
Accordingly the boy alters his strategy to reach 
an in-depth relationship. Quasi-oppositional 
learning and Chaos factor are amalgamated in 
the technique. 

Quasi-oppositional learning based chaotic 
psychology of relationships inspired (QCPR) 
optimization algorithm is validated in 7 
Benchmark functions and IEEE 300, 354 bus 
systems. 

II. PROBLEM FORMULATION  

Loss reduction problem [4] is demarcated as: 

  ,minF g h  

Control  g  and dependent  h  vectors are 

defined as: 
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CQ   Reactive power compensator; 

T   Transformer tap; 

GV   Generator voltage; 

slackPG   Slack generator; 

LV   Voltage in transmission lines; 

GQ   Reactive power generator. 

Fitness functions are defined as follows: 
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III. QUASI-OPPOSITIONAL LEARNING BASED 

CHAOTIC PSYCHOLOGY OF RELATIONSHIPS 

INSPIRED OPTIMIZATION ALGORITHM 

Precarious relationship between literature 
teacher and boy is articulated scientifically in the 
algorithm. Boy tutored by the literature teacher 
to progress his writing talents. This tips to 
developed and sneering boy to be progressively 
influencing relationship diminuendos. At one 
point boy intend and framing relationships 
between mother of his close classmate and wife 
of the teacher.  In the exploration section of the 
procedure boys writing skills, precarious 
relationship between literature teacher and boy 
has been formulated. In the exploitation section 
how the age and conditions of the boy making 
him to articulate relationships with people.  The 
relationships created by the boy viewed in 

cognitive mode- it is a psychology of 
relationships which can’t be easily interpreted. 
To make and maintain the relationships the boy 
manipulates the situations around him. 
Population created in the confined examination 
area is demarcated as: 
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i j j j j
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Boy has good quality of observance and 
writing skills. This peculiar aspect has been 
observed by the literature teacher and 
sequentially, the boy has been motivated by the 
teacher to continue his writing in that particular 
section. The boy develops his skills and on the 
way the boy develops relationships with few 
based on intuition and manipulative actions. 
Equally both the teacher and the boy explore the 
possibilities by their won intuitions. These 
attributes are scientifically defined in the 
exploration division.  
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Week by week the literature teacher observe 
the written content of the boy.  
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Even the boy dwindle in writing in some 
moments, literature teacher encourage him to 
continue his writing. 

In the course of writing, the boy makes 
peculiar relationships with few people. 
Especially the boy is in relationship with mother 
of his close classmate and wife of the teacher. To 
make this relationship the boy manipulates 
many situations and secretly observing the way 
of living and their relationships with others. 
Accordingly the boy alters his strategy to reach 
an in-depth relationship.  The boy mind does an 
optimal search to find a way in a concentrated 
mode, to accomplish his thoughts and aim in the 
relationships. These conditions are scientifically 
formulated in the exploitation division. 
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Occasionally chaos condition will occur in 
the relationship. It is not predictable but 
condition of chaos originate in some point and 
end in another point of circumstances. Chaos 
factor [5] has been included in the processes. 
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Quasi-oppositional learning [5] is 
amalgamated in the technique as follows: 
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1. Begin; 

2. Create population by quasi-oppositional based 
points; 

3. Define the limits;  
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21. Define the limits; 

22.  0

i iX lb ub lb X    ; 

23. End for; 

24. 1t t  ; 

25. Acquire the excellent solution; 

26. End; 

IV. RESULTS 

Quasi-oppositional learning based chaotic 
psychology of relationships inspired (QCPR) 
optimization algorithm is validated in 7 
benchmark functions [6]. Results are 
demonstrated in Table I.  
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TABLE I.  ANALYSIS OF QCPR IN 7 BENCHMARK 

FUNCTIONS 

F HYBS [6] AVSZ [6] QCPR 

F1 0.8874 0.0026 0.0057 

F2 0.0918 0.0125 0.0238 

F3 22.9814 16.5622 16.672 

F4 1.1092 e-2 3.459 e-4 3.41 e-4 

F5 -3.8629 -3.8629 -3.8629 

F6 -1.0318 -1.0316 -1.0352 

F7 3.0280 3.0130 3.0164 

 
Quasi-oppositional learning based chaotic 

psychology of relationships inspired (QCPR) 
optimization algorithm is validated in IEEE 300 
bus system.  Table II and Fig. 1 demonstrate the 
estimation of results. TUS (MW) - True power 
loss, VOT (PU) – Voltage deviation  

TABLE II.  EVALUATION OF QCPR IN IEEE 300 BUS 

SYSTEM 

Method TUS(MW) VOT(PU) 

QIZ [7] 418.48 1.1054 

IQIZ [7] 410.31 1.1276 

MIF [8] 390.60 1.1079 

OZP [9] 398.02 1.0886 

QCPR 386.99 1.0103 

 

Figure 1. TUS (MW) assessment in IEEE 300 bus 
system.  
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Quasi-oppositional learning based chaotic 
psychology of relationships inspired (QCPR) 
optimization algorithm is validated in IEEE 354 
bus system. Table III and Fig. 2 demonstrate the 
estimation of results  

TABLE III.  ESTIMATION OF QCPR IN IEEE 354BUS 

SYSTEM 

Method TUS(MW) VOT(PU) 

QIZ [7] 338.7150 0.51170 

IQIZ [7] 341.1230 0.63950 

MIF [8] 347.1323 0.6395 

OZP [9] 336.02 0.4719 

PCZ [10] 335.96 0.4706 

QCPR 333.236 0.4271 

Table IV shows the time taken by Quasi-
oppositional learning based chaotic psychology 
of relationships inspired (QCPR) optimization 
algorithm. 

TABLE IV.  QCPR COMPUTATIONAL TIME 

Technique 300bus T(S) 354 bus T(S 

QCPR 56.12 69.31 

V. CONCLUSION 

Quasi-oppositional learning based chaotic 
psychology of relationships inspired (QCPR) 
optimization algorithm solved the true power 
loss dwindling problem skillfully. Precarious 
relationship between literature teacher and boy 
is articulated scientifically in the algorithm. Boy 
tutored by the literature teacher to progress his 
writing talents. This tips to developed and 
sneering boy to be progressively influencing 
relationship diminuendos. At one point boy 
intend and framing relationships between 
mother of his close classmate and wife of the 
teacher. In the exploration section of the 
procedure boys writing skills, precarious 
relationship between literature teacher and boy 

has been formulated. In the exploitation section 
how the age and conditions of the boy making 
him to articulate relationships with people.  The 
relationships created by the boy viewed in 
cognitive mode- it is a psychology of 
relationships which can’t be easily interpreted. 
To make and maintain the relationships the boy 
manipulates the situations around him.  
Occasionally chaos condition will occur in the 
relationship. It is not predictable but condition of 
chaos originate in some point and end in another 
point of circumstances. Quasi-oppositional 
learning and Chaos factor are amalgamated in 
the technique. Quasi-oppositional learning 
based chaotic psychology of relationships 
inspired (QCPR) optimization algorithm is 
validated in 7 Benchmark functions and 
IEEE 300, 354 bus systems.  
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Abstract—Supercapacitor-based energy storage 

systems have been widely applied in various 

power-level applications in recent years. Owing to 

their ultra-high capacitance and capacitor-like 

behavior, supercapacitors are particularly well-

suited for high-power, short-duration scenarios, 

such as regenerative braking in electric vehicles 

and transient frequency regulation in power grids. 

For all such applications, having an accurate 

supercapacitor model is crucial for analyzing their 

dynamic behavior under diverse operating 

conditions. To enhance modeling accuracy, several 

equivalent circuit models have been proposed in 

the literature, including simple RC, extended RC, 

two-branch RC, and three-branch RC models. In 

addition to model selection, parameter 

identification techniques play a crucial role in 

improving the model precision. This paper reviews 

commonly used supercapacitor models and 

discusses the applicability of each under specific 

operating conditions. Furthermore, a parameter 

identification method based on the Recursive 

Least Squares (RLS) algorithm is proposed. This 

approach improves the accuracy of capturing the 

discharge behavior of the supercapacitor. The 

effectiveness of the method is validated through 

mathematical modeling and experimental 

comparisons.  

Keywords - supercapacitor model, parameter 

identification method, energy storage, recursive least 

squares. 

I. INTRODUCTION 

The production and consumption of energy 
are largely based on the combustion of fossil 

fuels, which have significant environmental and 
economic impacts. Therefore, it is essential to 
develop energy storage solutions that are 
efficient, cost-effective, and environmentally 

friendly [1]. An ultracapacitor, or 

supercapacitor, is a device capable of storing 
and rapidly releasing large amounts of electrical 
energy. Characterized by high power density, 
long life span, fast charging capability, and 
efficient operation over a wide temperature 
range, supercapacitors present an attractive 
alternative to conventional batteries and 
capacitors [2]. These benefits make 
supercapacitors ideal for supplying power in 
rural areas without access to public grids or in 
locations where wiring and power supply costs 
are high. They are also suitable for a wide range 
of applications, including wind power 
generation, photovoltaic systems, railways, 
electric vehicles, and power grids [3]. Due to 
their light weight and versatility, 
supercapacitors are often used as power sources 
for portable devices, including laptops, phones, 
digital cameras. They can also be used in electric 
and hybrid vehicles to provide the high-power 
density required for short-term acceleration, as 
well as for energy recovery during braking. This 
not only improves overall energy efficiency but 
also protects the battery from rapid, high-
frequency charge-discharge cycles [4]. In 
addition, the energy and power densities of 
supercapacitors are illustrated using the Ragone 
diagram Fig. 1 [4]. 
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As seen in Fig. 1, a battery may generate up 
to 150Wh/kg of energy, which is roughly ten 
times what SCs can do. With regard to power 
density, the batteries have no ability for meeting 
SC values. Hardly more than 200W/kg is 
produced by batteries, which is around 20 times 
less than the output of an electrochemical 
capacitor. In addition, the batteries encounter 
limitations such as rapid output decreases 
because of the cold ambient temperatures or 
short charge discharge cycles. It is costly to 
manage and has a short life [5]. Currently, such 
SCs can’t be utilized for replacing the 
technology of batteries, yet they might be acting 
as replacements via offering instantaneous 
current needed for minimizing the current of 
battery with regard to temporary and momentary 
loss of power. In addition, the electrochemical 
SCs might be parallel mounted for 
compensating the temporary and momentary 
interruptions in large-scale battery units. This 
would dramatically It minimize the excessive 
burden imposed on the batteries by short term 
interruptions [6]. Presently, all SC researchers 
are focused on enhancing the energy density of 
supercapacitors while preserving their core 
strengths: high power density, rapid 
charge/discharge capability, and excellent cycle 
stability. their limited energy density prevents 
them from being adopted as primary long-term 
energy storage solutions Current research efforts 
are thus cantered on the identification of 
electrical parameters in SCs to better understand 
their performance characteristics and guide 

future optimization [7]. 

II. DESCRIPTION OF SUPERCAPACITOR 

MODEL 

The objective of this section is to present and 
discuss the most commonly used equivalent 

circuit models (ECMs) of supercapacitors 
available in the literature [2,8,9]. 

A. Simple RC Model Structure 

The simple RC model structure, shown in 
Fig. 2, is widely used in manufacturers' data 
sheets. This model includes a capacitance C  

representing the energy storage element and an 

equivalent series resistor sR  that models the 

internal resistance. The main advantage of this 
model is the simplicity.  

This model can be analytically described by 
the following mathematical equations: 



( ) ( ) ( )

( )
( ) ( )

sc s sc c

c
sc

U t R I t U t

dU t
I t C t

dt

 






 

where  scU t  is the terminal voltage,  scI t  is 

the input current, and  cU t  is the voltage of the 

capacitor  C t . Generally, the curve of  C t

versus  cU t  is smoothing nonlinearity, this 

property is confirmed by Fig. 3 [6,10,11].  

According, the working interval of the 

voltage  cU t can be divided into a set of 

subintervals  1,k kV V  , for 1....k p , where p  

is an arbitrarily chosen integer (preferably large).  

 

Figure 1.  Ragone diagram of energy                      
storage devices.  

 

 

Figure 2.  RC model of supercapacitor. 

 

 
 

 

 

 

 

 

 

Figure 3.  Example of fitting curves                        

 C t vs  cU t capacitance. 
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Within each subinterval  1,k kV V  , the curve 

of  C t  versus  cU t can be considered 

approximately linear. Namely, one has for any 

 1( ) ,c k KU t V V  , for 1....k p  

 0( ) ( )k k cC t C U t   

where k  and 0kC  are the parameters of linear 

segment in the subinterval k .  

B. Extended RC Model Structure 

The Extended RC Model is widely used for 
supercapacitor modeling because it offers a 
good compromise between simplicity and 
accuracy. This model structure is giving in 
Fig. 4. It includes a series resistance and a 

parallel RC network p pR C  that captures the 

dynamic charge redistribution. The goal of this 

study is to identify sR , pC  and pR  from 

experimental current–voltage data. According to 
Kirchhoff’s law, the system behavior is 
described by: 



( ) ( ) ( )

( ) ( )
( )

sc s sc p

p p

sc p

p

U t R I t U t

U t dU t
I t C

R dt

 



 


 

III. TRANSFER FUNCTION MODELING 

A. Transfer Function of the Simple RC Model 

Applying the Laplace transform, Eq. (1) 
gives: 

      ( ) ( ) ( )c
sc c

dU
I s C t C t sU s

dt

 
     

 
 

where   denotes the convolution operator and 
s denotes the Laplace operator.Assuming a 

constant capacitance C , the Laplace transform 

simplifies, and Eq. (1) can be written as: 


 

( ) ( ) ( )

( )

sc s sc c

sc c

U s R I s U s

I s CsU s

 




 

where the initial conditions of electrical variable 
are considered to be null. Then, the transfer 

function ( )G s  between the terminal voltage 

 scU s and the input current  scI s  of the SC 

can be expressed as: 


( ) 1

( )
( )

sc s

sc

U s R Cs
G s

I s Cs


   

B. Transfer Function of Extended RC Model 

Applying the Laplace transform, Eq. (2) can 
be expressed as 



( ) ( ) ( )

( )
( ) ( )

sc s sc p

p

sc p p

p

U s R I s U s

U s
I s C sU s

R

 



 


 

where the initial conditions of the electrical 

variables are assumed to be zero, and s  is the 

Laplace operator.From this system, the transfer 

function ( )G s  between the terminal voltage

 scU s  and the input current  scI s  is given 

by: 


( )

( )
( ) 1

psc
s

sc p p

RU s
G s R

I s R C s

 
   

  
 

This expression can be rewritten in rational 
form as: 

 ( )
1

s p s p p

p p

R R R R C s
G s

R C s

  
  
  

 

 

Figure 4.  Extended RC model of supercapacitor. 
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C. Discrete form of the Simple RC Model and 

Extended RC Model 

In this study, the continuous-time 
supercapacitor model is discretized to provide a 
discrete-time representation suitable for 
parameter estimation. 

For this purpose, the Tustin (bilinear) 
transformation is employed [9]. In this method, 
the Laplace variable 𝑠  is approximated by the 
expression: 


1

1

2 1

1

z
s

T z









 

where z  is the discrete-time complex variable 
and T represents the sampling period. In this 
work, a sampling period of 0.1 s is adopted for 
both models to ensure a good trade-off between 
estimation accuracy and computational 
efficiency. 

a) Discrete form of the Simple RC Model 

By applying this transformation, the 

discrete-time transfer function
1( )G z , 

describing the simple RC model, is expressed as: 


1

1 1 2

1
( )

1

z
G z

z

  








 

where the coefficients 1  and 2  are 

respectively given by the following expressions: 



1

2

2

2

2

2

T

C

T

C











 



 

With 

 sR C   

Lastly, the values of the circuit parameters 
are obtained from the identified coefficients                  
as follows: 



1 2

1 2

2
sR

T
C

 

 






 
 

 

Using the discretized transfer function 
1( )G z , given in Eq. (11), the recurrence 

equation of the model is given as follows: 


1 2( ) ( 1) ( ) ( 1)U k U k I k I k

sc sc sc sc
      

the regression vector ( )k and the parameter 

vector ( )k are defined as: 


1 2

( ) [ ( 1) ( ) ( 1)]

( ) [1 ]

sc sc sck U k I k I k

k



  

  



 

In (15), k is a discrete random variable

(0,1,2,3,..., )k n , Eq. (16) can be written as 

follows: 

 ( ) ( )T

scU k k   

b) Discrete form of the extended RC 

model 

The discrete-time transfer function 1( )G z , 

corresponding to the continuous-time model

( )G s , is derived and can be written as: 


1

1 1 2

1

1

( )
1

z
G z

z

 












 

where the coefficients
1 , 

1  and 
2  are, 

respectively, given as: 



1
1

1

2

1

1

2

2

1

2

2

2

2

2

2

eq

eq

T

T

R T

T

R T

T
















 



 




 
 



 

let consider: 



1

2 1

R

p p

eq s p

s

R C

R R

R



 




 
 

 

Finally, the corresponding circuit parameter 
values can be determined from the identified 
coefficients, namely: 
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

 

 

1 2

1

2 1 1

2

1

2

1

2 1 1

1

2 2

1

1

4

s

p

p

R

R

T
C

 



  





  


 

 








 
 

 

From Eq. (18), the recursive function is 
obtained as: 


1

1 2

( ) ( 1)

( ) ( 1)

scU k U k
sc

I k I k
sc sc



 

  

  
 

(22), can be modified as follows 

 ( ) ( )T

scU k k   

where (0,1,2,3,..., )k n  and  


1 1 2

( ) [ ( 1) ( ) ( 1)]

( ) [ ]

sc sc sck U k I k I k

k



   

  





The vector ( )k contains the measured input 

and output signals, while ( )k represents the set 

of unknown model parameters to be identified. 

IV. FORGETTING FACTOR RECURSIVE LEAST 

SQUARE APPROACH 

An efficient framework for online 
supercapacitor parameter identification is 
provided by the ECM-based Recursive Least 
Squares (RLS) algorithm. However, its 
performance may deteriorate at low excitation 
levels due to numerical instability and imprecise 
parameter estimation. The Forgetting Factor 
Recursive Least Squares (FFRLS) method is 
used to solve this problem. FFRLS reduces the 
effect of historical data by incorporating a 
constant forgetting factor. The numbers become 
more stable and convergence is accelerated as a 
result. The FFRLS approach is implemented 
using Eqs. (25)–(29), [12]. 

 ( ) ( ) ( ) ( )T

scU k k k e k    


( 1) ( )

( )
( ) ( 1) ( )T

P k k
G k

k P k k



  




 
 


( 1) ( ) ( ) ( 1)

( )
TP k G k k P k

P k




  
 

 ˆ( ) ( ) ( ) ( 1)T

sce k U k k k     

 ˆ ˆ( ) ( 1) ( ) ( )k k G k e k     

where, ( )P k  is the covariance matrix;   is the 

forgetting factor, which can assign weights to the 
parameter identification data and reduce the 
proportion of old data in the recursion process. 
Compared with the traditional Recursive Least 
Squares algorithm, the FFRLS algorithm 
requires less computation and has a faster 
response speed. The larger the  , the slower the 

forgetting speed. If the value of   is 1, FFRLS 

algorithm will degenerate into the Least Squares 
algorithm. The smaller the  , the stronger the 

tracking ability of the FFRLS algorithm. The 
value of   is usually taken between 0 and 1. 

Taking into account the forgetting speed and 
tracking ability of the algorithm, here we take  as 
  = 0.978 or simple RC Model and   = 0.99 

for extended RC model. The initial conditions for 
the recursive estimation must also be defined. 
Accordingly, the prediction of the initial error 

covariance matrix (0)P  and the initial estimate 

of the parameter vector ˆ(0) is required. The 

covariance matrix (0)P can be initialized as

 (0)P c I , where c  is a large positive 

constant and  I  is the identity matrix. Here, 

ˆ( )k : estimation of parameter vector  ; ( )e k : 

estimation error of the terminal voltage ( )scU k . 

If the error levels of the system change 
substantially, the algorithm quickly replaces the 
old data with new data to establish a new learning 
model that accurately reflects the current state of 
the system. 

V. SIMULATION AND DISCUSSION 

This section presents the simulation results 
for the identification of supercapacitor 
parameters. The experimental current and 
voltage signals shown in Fig. 5 used as input data 
were obtained from a study in the               
literature [13-16]. 

These data correspond to a Maxwell 
BCAP1500 supercapacitor tested at a constant 
temperature of 65 °C [13]. The identification 
procedure and simulations were conducted using 
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a MATLAB code specifically designed to apply 
the FFRLS algorithm to these real-world 
datasets. 

Fig. 6 shows the comparison between the 
measured and estimated voltages, as well as the 
instantaneous error for the simple RC model.  

Fig. 7 presents the evolution of the estimated 
coefficients of the same model. The 
identification results of the simple RC model are 
summarized in Table I, while the error metrics 
used for model validation are provided in                    
Table II.  

Fig. 8 shows the comparison between the 
measured and estimated voltages, as well as the 
instantaneous error for the extended RC model.  

Fig. 9 presents the evolution of the estimated 
coefficients of the same model. The 
identification results of the extended RC model 
are summarized in Table III, while the error 
metrics used for model validation are provided 
in Table IV. 

 

 

Figure 5.  Applied supercapacitor current and 
measured voltage. 

 

Figure 7.  Evolution of the estimated coefficients of 

the simple model RC. 

 

 

 

Figure 6.  Voltage Comparison and Instantaneous 

Error of simple RC model. 
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TABLE I.  IDENTIFICATION RESULTS OF SIMPLE 
RC MODEL.  

TABLE II.  ERROR METRICS FOR MODEL VALIDATION OF 

THE SIMPLE RC MODEL. 

TABLE III.  IDENTIFICATION RESULTS OF SIMPLE 
RC MODEL. 

TABLE IV.  ERROR METRICS FOR MODEL VALIDATION 

OF THE EXTENDED RC MODEL. 

Metric Value (V) 

Root Mean Square Error 0.0443 

Mean Absolute Error 0.0015 

Maximum Error 2.7059 

The parameters identified for both the simple 
and extended RC models were validated by 
comparing them with published results and the 
manufacturer’s datasheet. The obtained 
capacitances are very close to the nominal 
capacitance of the BCAP1500 supercapacitor 
(1500 F) [13], Confirming the accuracy of the 
FFRLS based identification. The identified 
resistances, on the order of milliohms, are 
consistent with the typical values reported in the 
datasheet and with results reported in the 
literature [13,14,16]. The convergence of the 
parameters toward stable values and the low 
mean errors indicate that the FFRLS algorithm 
can accurately capture both the static and 
dynamic behaviors of the supercapacitor. Small 
differences in resistance values can be attributed 
to experimental conditions, measurement noise, 
or the specific equivalent-circuit topology used. 
Finally, these comparisons demonstrate that the 
proposed identification method provides 
physically meaningful and robust parameter 
estimates. 

Parameters Results 

sR  0.00126 (Ω) 

C  1 486.354 (F) 

Parameters Results 

sR  0.00020 (Ω) 

pR  0.0099 (Ω) 

pC  1496.46 (F) 

Metric Value (V) 

Root Mean Square Error 0.0407 

Mean Absolute Error 0.0307 

Maximum Error 0.1559 

 

 

Figure 8.  Voltage comparison and 

instantaneous error of extended RC model. 

 
 

 
 

 
Figure 9.  Evolution of the estimated 

coefficients of the extended RC model. 
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VI. CONCLUSION 

Two RC model (simple and extended) of a 
supercapacitor with parameter identification 
using the RLS method is described in this paper. The 
identification parameters model was simulated using 
MATLAB/Simulink. The simulation's results 
demonstrate the efficacy and robustness of the 
RLS algorithm. 
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Abstract—This article describes the main methods 

for locating and sizing battery energy storage 

systems (BESSs) and wind turbine distributed 

generators (WTDGs) inside electrical distribution 

systems (EDS). In order to minimize the overall 

active loss as a multi-objective function, this study 

examines the best way to plan several hybrid 

WTDG and BESS units in the EDS. In the first 

case, WTDGs are installed to pump active power 

into the EDS. In the second scenario, the EDS is 

provided by the simultaneous deployment of the 

hybrid WTDG and BESS units. The construction 

of entirely new multi-objective functions (MOF) 

based on the total of the three technical metrics: 

active power loss, voltage variation, and 

overcurrent relay working times is what makes the 

proposed work unique. The bald eagle search 

algorithm (BESA), a recently developed meta-

heuristic technique, is used in this paper to test the 

proposed MOF in the standard IEEE 69-bus 

electrical distribution network. 

Keywords - wind turbine distributed generation, 

battery energy storage system, electrical distribution 

system, bald eagle search algorithm, optimal 

allocation. 

I. INTRODUCTION 

The load fluctuation and energy flow of 
power networks are becoming increasingly 
unstable due to the intermittent generation of 
renewable energy resources (RERs).  

Consequently, a number of issues, such as 
enhancing the reliability of the power system and 
expanding capacity, improving power quality, 
managing load growth, accommodating higher 
penetration of renewable resources, and lowering 
emissions of greenhouse gas, are causing power 
grids to go through a transitional phase.  

Due to their high degree of inertia and ability 
to produce clean energy reliant on natural 
resources, wind turbines are increasingly 
employed in distribution systems. We might 
convert the kinetic energy into an EDS system by 
using wind turbines (WTs). 

The use of RERs, such as wind turbine 
distributed generators (WTDGs), in electrical 
distribution systems (EDSs) has rapidly 
increased in recent years [1]. However, 
distribution networks have faced a number of 
challenges due to WTDGs' erratic output power. 
A BESS has emerged with WTDGs to ensure the 
smooth injection of their output power into the 
grid [2]. 

The BESS provides a workable solution for 
lowering RER output variations and improving 
EDS connectivity through its ability to operate 
independently in charging and discharging 
modes. 

One of the distinguishing features of RES is 
their ability to be integrated into distribution 
networks as a result of their reduced size and 
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rating in comparison with centralized 
conventional facilities. If implemented properly, 
RES could offer a number of benefits. There may 
be a variety of objectives for the WTDG 
optimum allocation.  

Numerous optimization techniques are 
included in the optimal allocation, including both 
conventional and artificial intelligence methods 
that have been examined and contrasted in [3,4]. 
Overall system losses and enhanced voltage 
profiles are achieved in this work by a proposed 
approach for the optimal placement of hybrid 
WTDG and BESS units in EDS [5]. 

The ideal location of WTDG and BESS in the 
EDS has lately been studied by many researchers 
using various algorithms and techniques. These 
include mixed integer optimization algorithms 
for lowering overall costs taking into account the 
uncertainty in wind generators [6], mixed integer 
conic programming for lowering the cost of 
emissions [7], mixed integer nonlinear 
programming for lowering investment and 
operating costs [8], and mixed integer quadratic 
programming for lowering annual levelized 
investment and operating costs [9]. 

Another technique for reducing EDS line 
loads, power loss, and voltage volatility is the 
artificial bee colony algorithm [10]. The power 
loss and bus voltage were reduced using an elitist 
multi-objective genetic approach [11,12], the 
daily energy loss was minimized using modified 
African buffalo optimization [13], and the annual 
cost of energy loss was minimized using a novel 
inherited competitive swarm optimization 
algorithm [14,15].  

In order to minimize power loss while 
maximizing the voltage stability factor and 
economic index, the sum of the three technical 
parameters are combined in a new multi-
objective functions [16], relaxed mixed integer 
nonlinear programming [17], as well as the crow 
search algorithm, which is used to lower the 
annual cost and cost of flicker emission 
generated by WT sources [18], and were 
developed using a range of chaotic grey wolf 
optimization techniques.  

The most recent study, which incorporated a 
unique chaotic student psychology-based 
optimization taking into account an average 
hourly load demand profile and the load models, 
employed novel metaheuristic algorithms [19]. 
Techniques for optimizing bald eagle searches 
have been altered to lower the total active loss 

[20], and maximizing the technological, 
environmental, and financial goals is the goal of 
the search group algorithm [21].  

Additionally, the genetic algorithm is 
employed to minimize the difference between the 
actual output of new energy and the output 
connected to the grid [22], and a hybrid multi-
objective approach combines the GA and PSO 
algorithms to lower the total costs of BESS and 
power losses [23] at the same time. 

The operational objectives are in conflict 
with one another. The allocation of hybrid 
WTDG and BESS is therefore a difficult multi-
objective functions (MOF) problem that needs to 
be resolved while maximizing a number of 
conflicting objectives. A hybrid WTDG-BESS 
system allocation problem is intended to lower 
the MOF in this study. This problem may be 
solved by utilizing the bald eagle search 
algorithm (BESA), a new meta-heuristic 
algorithm that has been tested on the IEEE 69-
bus standard.  

II. PROBLEM FORMULATION AND 

CONSTRAINTS 

A. Distribution Line Model 

Fig. 1 shows that the system load flows are 
changed by installing WTDG alone or with 
BESS allocation in the distribution line.  

B. MOF 

To reduce the technical parameters of Total 
Active Power Loss (TAPL), Total Voltage 
Deviation (TVD), and Total Operation Time 
(TOT), this study identifies and determines the 
best position and size for hybrid sources, WTDG 
and BESS EDS: 

 

Figure 1.  Section of the line with hybrid WTDG and 
BESS system. 
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We are starting with the TAPL of the 
distribution line, which can be expressed                        
by [22-25]. 
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Rij represents the resistance of the line. Where 
(Vi, Vj) and (δi, δj) correspond to voltage 
magnitudes and angles, respectively. (Pi, Pj) and 
(Qi, Qj) denote the active and reactive powers in 
buses, respectively. 

The second term is the TVD, defined                       

as [24,25]. 
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The final term, the TOT of overcurrent 

relays, is defined as [26]. 
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The operation time of the relay is denoted as 
Ti, in addition, TDS serves as the time dial 
setting, and the multiple of pickup current is 
denoted as M. The value of A is set to 0.14, and 
B is set to 0.02, and they serve as relay constants. 

IF and IP represent the fault current and the 
pickup current, respectively. NR is the number of 
overcurrent relays. 

III. OVERVIEW OF THE BESA ALGORITHM 

The hunting behavior of bald eagles (BEs) 
was affected by the BESA [27]. The hunt 
strategies include space selection, scouring, and 
swooping down on the prey. 

A. Space Selection 

Equation (10) is used by the bald to arbitrarily 
generate the amount of space based on the 
previously provided information:  

  . .new best mean jQ Q r Q Q    

where r is an integer, whose value lies between 0 
and 1, Qbest indicates the best search, Qnew 
denotes the new search, and Qmean indicates that 
the eagles have retained all the information from 
the previous search.  

Similar to the previous BESA, location shifts 
are resolved using an updated parameter 𝛼, 
which can be expressed using Eq. (11) and is 
comparable to a preset weight:  


max

1.5
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k


 
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 
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where the current and maximum iteration 
numbers are denoted by k and kmax. This proposed 
parameter improves BESA's exploration and 
exploitation capabilities while influencing the 
precise location of BEs.  

B. Scouring-stage 

Bald eagles travel in a circle to speed up their 
search for prey in the assigned region. The 
following equations are used to continuously 
modify the bald eagle's position: 

     1new j j j best j meanQ Q n j Q Q Q m j Q Q     (12) 

Where,  
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    . .r j j R rand  

where, α lies between 5 and 10, R varies within 
the range of 0.5 and 2. 

C. Swooping-stage 

Bald eagles follow a circular route to scout 
prey in the chosen region more quickly. Using 
the following formulas, the bald eagle's posture 
is constantly modified: 


  

  

1 1

1 1
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and,  
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The C1 and C2 have values in the range of 1 
and 2 [27]. The BESA approach's 
implementation steps are shown in Fig. 2. 

IV. APPLICATION AND ANALYSIS RESULTS 

The single-line diagram of the IEEE 69-bus 
system under study, which has 69 buses and 68 
branches, is shown in Fig. 3. Bus number 1's 
rated voltage is 12.66 kV, and the system load as 
a whole is 3790.00 kW and 2690.00 kVar. 

The convergence curves for MOF of this 
study are shown in the Fig. 4. 

Fig. 4a reveals that for the WTDG case, the 
MOF starts at approximately 42.1 in the first 
iteration, and within less than five iterations, it 
gets a local optimum of 40.8; by iteration 15, the 
MOF decreases to 40.5, while the best value of 
40.38 is achieved after 110 iterations. 

Fig. 4b reveals that for the hybrid WTDG-
BESS case, the algorithm convergence was rapid 
compared to the case of WTDG; in the first 
iteration, the MOF was 41.25, and by five 
iterations, the algorithms obtained a local 
optimum of 39.2, and by approximately 85 
iterations, it achieved the best value of 39.05. 

Table I shows the obtained results of the used 
algorithm for both WTDG case and hybrid 
WTDG and BESS case 

In the case of WTDG connected at buses 6, 
29, and 58, at bus 6 the WTDG generates 1.0131 
MW of active power and 0.9809 MVar of 
reactive power. At bus 29, the output of WTDG 
is 1.5902 MW and 0.7091 MVar, while at bus 58, 
the generated powers are 0.9019 MW and 1.4111 
MVar. This integration leads to a TAPL of 76.30 
MW and a TVD of 0.973 p.u., with TOT equal to 
38.62 seconds. 

 

Figure 3. Single line of the IEEE 69-bus                     
test system. 

 

 

 
Figure 2. Flow chart of BESA for the                       

proposed problem. 
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In the case of hybrid WTDG and BESS, the 
BESS is located on buses 22, 44, and 61, while 
the WTDG is placed on buses 3, 7, and 56. For 
BESS, it generates 0.5460 MW at bus 22, 0.3718 
at bus 44, and 1.2233 at bus 61.  

On the other hand, the WTDG at bus 3 
delivered 0.1983 MW and 0.3989 MVar, and on 
bus 7 it supplied 1.1739 MW and 1.6964 MVar, 
while on bus 56 it delivered 0.5392 MW and 
1.9839.  

The combined WTDG and BESS system 
reduces TAPL to 65.58 MW and the TVD to 0.43 
p.u., while lowering TOT to 38.46 seconds. 

Fig. 5 shows the variation of branch active 
power losses for the different case studies. 

Fig. 5 reveals that in the basic case, losses are 
highly concentrated around branches 4 to 8 and 
51 to 61, reaching peaks above 30 to 50 kW; this 
case is the highest regarding losses. 

TABLE I.  OPTIMIZATION RESULTS OF CASE STUDIES. 
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On the other hand, a significant loss 

reduction is observed across the entire system 

after integration of WTDG; the losses in 

branches 4 to 8 get a maximum value dropping 

to about 8 kW, and the branches 51 to 61 to 

about 14 kW.  

For the hybrid WTDG and BESS case, we 

noticed that the loss profile is further improved, 

and the peak value is reduced to 8 kW, 

demonstrating the effectiveness of the                  

hybrid case.  

The best improvement is observed in the 

previously critical branches around 4 and 8 and 

around 51 and 59, where we can notice that the 

 

Figure 5. Branch active power loss variation for 
case studies. 

 

 

 

Figure 4. Convergence curves of the BESA for case 
studies: a) WTDG case, b) Hybrid                          

WTDG-BESS case. 
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losses decreased more than in the case of WTDG 

and the base case. 

Fig. 6 illustrates the variation of bus voltage 
profile variation for case studies in the test 
distribution system. 

Fig. 6 shows that in the base case, voltage 
levels drop significantly below 0.92 p.u. on the 
weakest buses, particularly buses 61 to 65. After 
WTDG installation, the overall profile improves; 
the voltage values in the weakest buses, 61 to 65, 
are less than 0.96 p.u., and the voltage in other 
buses is 0.97 or higher. In the case of hybrid 
WTDG and BESS, more enhancement is shown; 

the voltage curve is nearly flat, and it is noticed 
that the minimum value recorded is less than     
0.99 p.u. 

Fig. 7 shows the coordination time interval 
for case studies. 

In the base case, CTI values fluctuate 
significantly between 0.25 and 0.254 seconds, 
showing instability. After WTDG integration, it 
can be noticed that the CTI profile becomes 
smoother, and most values are between 0.248 
and 0.253 seconds; the oscillations are reduced 
but still present weaknesses around relays 55 to 
63 seconds, where CTI values are close to 0.246 
seconds. 

With the hybrid WTDG-BESS case, the CTI 

is further stabilizing, which has a nearly uniform 

profile around 0.25 and 0.255 seconds. The CTI 

stability is significantly improved in the weak 

relay zone between 53 and 61 seconds.  

V. CONCLUSIONS 

This study presented the application of an 
algorithm called BESA for locating and sizing 
multiple WTDG and BESS systems in electrical 
distribution systems.  

The proposed work addressed the optimal 
planning of hybrid systems with the objective of 
minimizing active power losses while enhancing 
voltage deviation and relay coordination. The 
study treated two cases, the first concerning the 
integration of WTDGs only, and the second 
combining WTDG with BESS to further enhance 
the system performance.  

The proposed methodology was validated on 
the IEEE 69-bus test system. The algorithm 
confirms its capability to deliver a significant 
reduction in TAPL to 76.30 kW in the case of 
WTDG and to 65.58 in the hybrid case.  

Voltage profile enhancement is also achieved 
while the TVD is reduced to 0.973 p.u. in the case 
of WTDG and to 0.43 in the hybrid case. In 
addition, the protection is enhanced by 
enhancing TOT to 38.62 in the case of WTDG 
and 38.46 in the hybrid case. 
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Abstract—This paper investigates a battery 

equalization technique that employs a multiport 

DC-DC converter based on the Cúk topology. This 

approach is particularly relevant for energy 

storage systems coupled with low-voltage 

renewable sources, such as solar panels and fuel 

cells. A prominent challenge in these systems is 

imbalance between battery cells, a condition that 

degrades the safety and lifespan of the array. To 

address this issue, a Cúk equalizer topology was 

adopted. The methodology involved computer 

simulations in PSIM software to analyze the 

circuit behavior and validate the theoretical 

model. In tests with four cells initialized with 

different voltages, it was demonstrated that a fixed 

50% duty cycle promotes natural and autonomous 

equalization, without the need for complex 

individual monitoring. The system's effectiveness 

was confirmed by the convergence of cell voltages 

and by inductor currents that reached a zero 

average value in steady state. The proposed 

solution is concluded to be a robust alternative for 

increasing the reliability and extending the 

lifespan of energy storage systems. 

Keywords - energy storage, Cúk converters, 

multiport converter, battery equalization, renewable 

sources. 

I. INTRODUCTION 

Currently, DC-DC converters are used in 
different industries and various applications, 
such as renewable energy sources, electric 
vehicle stations and uninterruptable power 
supplies. The growing demand for renewable 
energy sources, such as solar and wind, has 

driven the development of efficient energy 
storage systems. A common characteristic of 
these sources is the generation of low DC voltage 
levels, which makes it imperative to use DC-DC 
converters to increase and regulate the voltage to 
a usable level [1,2]. In this context, integrated 
multiport converters emerge as an advantageous 
solution, as they allow system optimization with 
a smaller number of components and conversion 
stages [3,4]. 

Therefore, researchers are seeking better 
ways to harness energy from renewable 
resources. This goal can be achieved through 
high-efficiency converters [5]. Manufacturing 
variations in parameters such as capacity and 
impedance cause cells to reach different states of 
charge, a condition that directly compromises the 
safety and longevity of the battery bank and 
requires the development of equalization 
technologies [6]. Despite advances, a critical 
challenge in systems using multiple battery cells 
connected in series is the phenomenon of voltage 
imbalance [7]. 

However, there are many applications that 
require a relatively high-voltage battery pack 
(several tens to hundreds of volts), such as hybrid 
electric vehicles, uninterruptible power supplies, 
and so on. This requires a large number of battery 
cells to be connected in series. As the number of 
cells in series increases, much attention must be 
paid. Thus, electric vehicles will play an 
important role in future transportation because 
they can achieve low pollution and low noise. 
The cost of electric vehicles depends on many 
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aspects, but the largest expense is the cost of the 
batteries [8]. To achieve reasonable longevity, a 
battery management system is necessary to 
achieve the best performance [9]. 

To mitigate this problem, several active 
equalization techniques have been proposed in 
the literature. These approaches include the use 
of bidirectional buck-boost converters for power 
transfer between adjacent cells [10], switched-
capacitor circuits that avoid bulky magnetic 
components [11], and hybrid converters that 
integrate SEPIC/Zeta topologies [12].  

The main advantage of the Cúk topology (this 
work) and the Switched Capacitor (SC) is 
simplicity, as both achieve automatic balancing 
with a fixed duty cycle of 50%. In contrast, buck-
boost focuses on speed, using complex active 
control (VOT/VRM) to maximize energy 
transfer. In terms of hardware, Cúk, buck-boost, 
and SEPIC/Zeta use magnetic components. SC is 
the exception, eliminating them, but at the cost of 
a greater number of switches. Finally, while the 
SEPIC/Zeta hybrid focuses on efficiency 
(reducing voltage stress), this work focuses on 
autonomy, proving that balance is an inherent 
characteristic of the Cúk topology. 

This work focuses on the Cúk converter-
based topology explored in [8] for lithium-ion 
battery balancing. Power between adjacent cells 
can be transferred bidirectionally by 
manipulating the balancing current to solve the 
problem of imbalance in a battery module. 

The execution procedure for this present 
work follows from the choice of some 
application of the Multiport Converters 

previously mentioned. After a literature review, 
the methodology applied in [8] was chosen for 
this work. In this work, a proposed Cúk converter 
balancing circuit for lithium-ion batteries was 
used. This circuit equalizes eight cells in a series-
connected battery string, using a single pulse 
with 50% duty cycle modulation (PWM). The 
operating principle has two main stages. In the 
first stage, switch S1 is on while switch S2 
remains closed. In the second stage, the cycle is 
reversed. 

The methodology of this study is based on the 
analysis of a battery equalizer based on the Cúk 
converter topology, whose effectiveness was 
previously demonstrated in [8]. Unlike the 
original study, the focus here is to validate the 
system behavior for a set of four cells with 
deliberately unequal initial voltages (10 V to 
13 V). Computer simulations, performed in the 
PSIM environment, were the central tool to 
verify the converter's natural equalization 
principle. 

II. METHODOLOGY 

The methodology of this work was structured 
in stages ranging from the initial foundation to 
the development of the proposed circuit. Initially, 
a literature review on multiport DC-DC 
converters and battery equalization techniques 
was conducted to understand existing topologies 
and their limitations. This theoretical survey 
served as a basis for guiding the choice of the 
converter configuration to be investigated. The 
development stage consisted of the study and 
development of a multiport DC-DC converter 
topology for battery equalization. The research 

 

Figure 1.  Proposed Cúk Equalizer Converter Circuit. 
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was based on a Cúk converter balancing circuit 
proposed in the literature. To validate the 
theoretical model, computer simulations were 
performed using PSIM software. The 
simulations allowed evaluating the converter 
behavior, battery voltage equalization, and the 
waveforms of currents and voltages of inductors 
and capacitors in steady state, shown in Fig. 1. 

The proposed circuit was simulated using 
PSIM software. This simulation environment 
was chosen for its ability to model and analyze 
complex electronic circuits with high precision. 
The simulations allowed us to validate the 
developed mathematical model and evaluate the 
converter behavior.  

The values adopted for the simulation 
components (Table I) are presented below. 
Battery voltages were chosen between 10 and 13 
volts to represent a significant voltage difference 
across the cells. The batteries in the simulator are 
modeled with 0.1 F capacitors.  

A. Operating Steps 

For a more simplified analysis of the 
operational principle, we reduce the circuit 
proposed in this work to two battery cells in 
Fig. 2. The operation is divided into two stages, 
with a duty cycle D=0.5. 

 Step 1: Switch 𝑆1 closed, Switch 𝑆2 open. 

L1 is connected to the positive terminal of 
capacitor C0. In step 1, switch S1 connects this 
node to the central point between the batteries. 

Equivalent Circuit (Step 1): 

Battery V1 is connected directly through 
inductor L1. Capacitor C0 is connected in parallel 
with battery V2 through switch S1. 

TABLE I.  SIMULATION PARAMETERS. 

Components Values 

L1, L2, L3. 5 mH 

C0. 3 μF 

R0. 100 Ω 

I0. 0.5 A 

Frequency. 50 kHz 

C1, C2, C3, C4. 10 V, 11 V, 12 V, 13 V 

Applying Kirchhoff's Voltage Law (KVL) to 

the inductor Eq. (1): 

 1
 1 1

LdI
L V

dt
  

The variation of current in the inductor 
during this interval is Eq.  (2). 

 1
1,

 1

IL on

V
DT

L
   

 Step 1: Switch 𝑆1 open, Switch 𝑆2 closed 

L2 is connected to the negative terminal of 
capacitor C0. In step 2, switch S2 connects this 
node to the central point between the batteries. 

Equivalent Circuit (Step 2): 

The inductor L1 is now in series with the 
capacitor C0. This combination (L1 and C0) is in 
parallel with the battery V1. The voltage across 
the inductor is represented by Eq.  (3). 

 1
 1 1 0

L
C

dI
L V V

dt
   

The variation of the current in the inductor 
during this interval is Eq. (4). 

  1
1,

 1

1L off

V
D T

L
I    

Equilibrium Condition for the circuit to 
operate in steady state, the total variation of the 
current in the inductor over a complete cycle 
must be zero Eq. (5). 

 

Figure 2.  Simplified Cúk converter circuit. 
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  1 0 1CV V D   


 

0

1
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1
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V D



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For a duty cycle of 0.5, the voltage across 
capacitor C0 is twice the voltage V1, as expected 
for a Cúk converter, as shown in Eq. (13). 

 0 1 1

1
2

1 0.5
C COV V V V  


 

Conclusion of 2-Cell Battery Analysis: The 
mathematics shows that at a 50% duty cycle, the 
circuit naturally forces the voltage of battery V2 
to equal the voltage of battery V1. If V1 has a 
higher voltage than V2, the circuit will transfer 
energy from V1 to V2 until the voltages equalize, 
and vice versa. 

III. RESULTS 

This section presents the waveforms obtained 
through simulations performed in the PSIM 
software. The results presented herein were 
obtained considering inductors with an internal 
resistance of 0.1 ohm. 

In Fig. 3 the voltages in the proposed 
batteries are represented to ensure equalization of 
the circuit batteries, a duty cycle of 0.5 was used 
in the switch control. This can be noticed by the 
switch voltage waveforms of Fig. 4 and Fig. 5 

The voltage waveforms of inductors L1, L2 and 
L3 are shown, with which it is possible to 
perceive a zero average value in steady state, as 
expected in Fig. 6. The inductor current 
waveforms are shown in Fig. 7. They indicate 
that the inductors with negative currents belong 
to the load cells and the positive currents to the 
discharge cells. They represent the inductor 
current limitation of the converter's power 
section. The current sensor signals are used in a 
logic that inhibits the switch control signals if the 
currents exceed the defined limit. 

To see the steady-state inductor current 
waveforms, Fig. 8 shows that all currents are the 
same, meaning that all cells are equalized. 

 
Figure 3.  Battery voltages (initially unbalanced from 

10V to 13V). 

 
Figure 4.  Voltages at switches VS1, VS2. 

 
Figure 5.  Voltages at switches VS3, VS4. 
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Finally, the steady-state capacitor current 
waveforms are shown in Fig. 9. They also show 
very low values at the end of equalization. 

IV. CONCLUSION 

The study demonstrated that the application 
of multiport DC-DC converters for battery 
equalization represents an efficient alternative 

for increasing the reliability and lifespan of 
energy storage systems. The topology based on 
the Cúk equalizer converter demonstrated, in 
simulation, satisfactory results in balancing 
voltages between cells, validating the theoretical 
model and demonstrating its effectiveness in a 
short period of time. As we use capacitors to 
emulate batteries, we have this short period of 
time. In a practical case, where we would have 
batteries, it would take hours to achieve the same 
results. As a continuation of this work, the 
authors intend to build a prototype and gather 
experimental results. The voltage equalization 
presented is inherent to the operation of this 
circuit; individual voltage monitoring is not 
necessary to ensure they remain equal under 
steady-state conditions. There is great potential 
for a high number of cells for this converter, in 
which controllers to equalize voltages would not 
be necessary. However, two switches will be 
needed for every two batteries; the increase 
would be natural for any converter that was 
proposed. The disadvantage of increasing the 
number of battery cells would be the greater 
number of sensors required for the additional 
cells. Thus, the research contributes to the 
development of higher-yield, lower-cost 
solutions for the integration of renewable 
sources, reinforcing the relevance of new 
converter topologies in the current energy 
transition scenario. 
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Abstract—This data-driven study presents a 

systematic sequential multiphase screening 

framework incorporating compositional and 

symmetry-based filtering, charge neutrality and 

geometric stability criteria to identify structurally 

and chemically stable oxide and halide perovskite 

candidates. The screening sequence effectively 

narrows down the scope of an extensive initial 

compositional space to a refined dataset consisting 

of 𝟔𝟗𝟖 𝟏𝟏𝟏  unique perovskites, including 𝟏 𝟏𝟓𝟒 

single perovskites with numerically discovered 

𝑶, 𝑭, 𝑪𝒍, 𝑩𝒓  and 𝑰 − 𝒃𝒂𝒔𝒆𝒅  compositions. This 

curated dataset provides a standardized dataset 

appropriate for downstream ML property 

predictions and experimental studies, to fast track 

the novel perovskite materials discovery for 

energy and optoelectronic applications. 

Keywords - Perovskite structure candidates, 

multiphase screening, machine learning, stability. 

I.  INTRODUCTION 

Perovskites represent a crystalline compound 
category with the general structure of ABX3, 
where X can be oxide or halide anions. This 
structural diversity permits single and double 
perovskite formation, spanning a wide range of 
elemental combinations. The outstanding 
optical, electronic, and catalytic properties 
demonstrated by both oxide and halide 
perovskites are highly favorable for innovative 
applications in materials science and energy 
technologies [1]. This versatile functionality has 
established perovskites as a fundamental focus in 

contemporary research on advanced materials 
and device engineering. Consequently, property 
prediction and relevant computational studies on 
perovskites have become important and 
extensive. 

Machine Learning (ML) has become a 
trending tool utilized in front-line materials 

 

 

Figure 1.  Multi-phase screening workflow and the 
final dataset configuration. 
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discovery, showcasing an excellent success in 
accelerating the discovery and design of novel 
compounds for a wide range of applications. This 
paradigm shift is currently increasing in 
contemporary perovskite research, where ML 
approaches are utilized for property prediction, 
compositional optimization and phase discovery 
[2]. Reference [3] has used ML models to predict 
band gaps and crystal phases in halide 
perovskites, attaining high accuracy minimal 
computation time requirements. Similarly, [4] 
has applied ML algorithms to tailor the synthesis 
and stability evaluation of oxide perovskites and 
lead-free perovskites, signifying the value of 
data-driven approaches for evolving functional 
materials design. Furthermore, [5]  demonstrates 
the utility of ML in perovskite materials research 
by proposing a comprehensive multi-property 
prediction framework. 

In the ML based materials discovery and 
property prediction, pre-screening is crucial [6]. 
Such methods which employ multi-output 
classifiers used to simultaneously predict 
perovskite formability and stability, heavily rely 
on well-curated and filtered datasets to achieve 
high accuracy. Data inconsistencies, including 
noise, incompleteness and variability require 
solid preprocessing such as data normalization, 
imputation and error removal to ensure the 
integrity and reliability of ML training and 
prediction outcomes. Moreover, due to 
computational expense of high-fidelity methods 
like density functional theory (DFT), economical 
and systematic pre-screening is critical to refine 
candidate pools before ML modelling [7]. 
Explicitly, the quality of the initial candidate 
pool poses a substantial challenge to ML models 
in perovskite research, as emphasized in the [8], 
where datasets often contain multiple entries 
with identical compositions but differing 
structures and properties complicating accurate 
predictions. 

Most of the existing studies primarily focus 

on individual screening criteria such as stability 

factors [9] or charge neutrality [10], often 

neglecting the implementation of a combined 

screening sequence which collectively refines 

the candidate pool. This lack of integrated 

screening protocols can result in incomplete 

filtering, impacting adversely on the reliability, 

meticulousness of subsequent analyses and 

property predictions [8] spotlighting the 

significance of the prediction reliability 

improvement in the novel perovskites discovery. 

This study implements a structured and strategic 
multiphase combined screening workflow to 
identify stable perovskites structures, 
incorporating sequential filters consisting of 
cation site exclusivity, permutational isomer 
elimination, charge neutrality verification and 
geometric stability factors based on Goldschmidt 
tolerance factor, octahedral factor and octahedral 
mismatch factor. Through this methodology, the 
initial compositional space will be systematically 
reduced, yielding a high-quality, non-redundant, 
refined dataset of stable oxide and halide 
perovskite candidates. The resulting dataset 
establishes a standardized input for successive 
ML-driven property predictions and 
experimental validations, facilitating more 
efficient and reliable exploration of perovskite 
materials for energy and optoelectronic 
applications (Fig. 1). 

I. METHODOLOGY 

A. Combinatorial Enumeration 

Initially through a systematic selection 
process after referring published available data, 
42 candidates were identified as suitable for A-
site positions, including 35 elemental species and 
7 organic cations. Inclusion of these organic 
cations in the initial candidate pool is expected to 
facilitate a more comprehensive map of 
perovskite configurational space which have not 
often considered in existing studies (Table I). 
Similarly, 70 elements were identified for B-sites 
based on their suitability for perovskite 
octahedral coordination (Fig. 2). Subsequently, 
only one single anion type was utilized per 
compound for the X-site positions selected from 
O, F, Cl, Br or I. Here it was ensured that all X-
anions were within any given ABX3 or AAꞌBBꞌX6 
combination which were chemically identical 
without any mixed-anion compositions allowing 
a single candidate structure. These criteria 
collectively define the initial candidate pool for 
double perovskites of the form of AAꞌBBꞌX6. 

In this study, a multi-phase screening 
approach was applied for the constructed initial 
candidate pool of combinatorial AAꞌBBꞌX6 
compositions as follows. 

B. Compositional Screening 

Initially two screenings were performed 

focusing on compositional redundancy and 

overlapping cation arrangements. 
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1) Screening for Cation Site Exclusivity 

First, the combinations include any A-site 
cation (A or Aꞌ) which is identical to any B-site 
cation (B or Bꞌ) were filtered and excluded to 
ensure that both A-Aꞌ & B-Bꞌ cations occupy two 
distinct A & B-sublattices. This Ai ≠ Bj for all 
i,j ∈{1,2}, exclusion is a prerequisite for forming 
well-ordered perovskite structures to avoid 
chemically implausible or redundant structures. 

2) Screening for Permutational Isomers 

The remaining combinations from the initial 
screening were passed through a combinatorial 
and symmetry-filtering. For every candidate n & 
m, if the A sites are swapped as An=Aꞌm & Aꞌn=Am 
and B-sites are toned up as Bn=Bm, Bꞌn= Bꞌm were 

removed considering their mirror compositional 
duplication. Similarly, same approach was 
followed for the swapped B-sites and constantly 
kept A-sites, preserving only one entry for 
further screening phases. This screening ensures 
that the remaining combinatorial dataset includes 
only unique, non-overlapping & non-redundant 
candidates, ensuring an exclusive enumeration 
and chemical relevance.  

This filtering was strictly done only among 

structures which share the same X-site anion 

composition, avoiding cross comparison 

between different anion frameworks along with 

the coherence within each anion specific 

combination. 

 

Figure 2.  Selected elements utilized as A-site  (blue), B-site (red) and X-site (green) in the combinatorial   

enumeration phase. 

TABLE I.  POSSIBLE PEROVSKITE STRUCTURES CORRESPONDING TO THE ORGANIC CATION A-SITES. 

Cation Name Cation Effective radius (Å) 
No. of ABX3 

Structures 

MA⁺  methylammonium CH3NH3⁺ 2.17 36 

FA⁺  formamidinium CH(NH₂)2⁺ 2.53 21 

EA⁺  ethylammonium C2H₅NH₃⁺ 2.55 18 

DMA⁺  dimethylammonium (CH3)2NH₂⁺ 2.72 8 

GA⁺  glycinium NH2CH2COOH⁺ 2.75 6 

AZ⁺  azetidinium C3H₅NH₃⁺ 2.8 4 

IM⁺  Imidazolium C3N₂H₅⁺ 2.9 2 
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C. Charge Neutrality Screening 

A subsequent screening was performed to 

secure chemical plausibility of the candidate 

AAꞌBBꞌX6 combinations utilizing the charge 

neutrality as the primary screening criteria. Most 

of the high-throughput computational screening 

approaches utilized in advanced oxide 

perovskite design employ this charge neutrality 

constraint [11]. With the primary structure of the 

AAꞌBBꞌX6, the sum of oxidation states of all 

cations (A, Aꞌ, B, Bꞌ) was expected to balance the 

total negative charge provided by the X-site 

anions.  For this charge neutrality screening, all 

the oxidation states which consistent with         

12-fold coordinated A [12] and 6-fold 

coordinated B-site cations [13] were considered. 

Retention of such multiple combinations with 

different viable oxidation states could result in 

an expanded candidate pool for subsequent 

screening processes. 

D. Structural Stability 

The following stability factor screenings are 
specifically defined to assess the structural 
formability and geometric compatibility unique 
to perovskite crystal structures for the filtered 
candidate pool. 

1) Goldschmidt tolerance factor 
The Goldschmidt Tolerance Factor (t) is a 

dimensionless geometric parameter for 
predicting the formability and stability of a 
perovskite structure for a given set of cations and 
anions [14]. This parameter can be employed to 
determine the ionic size compatibility based on 
Shannon ionic radii of A and B-site cations while 
the average ionic radii of those site cations are 
taken as the effective rA & rB for double 
perovskite structures. This is calculated as, 


,

,

( ) / 2

2(( ) / 2 )

A XA

B XB

r r r
t

r r r

 
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 
 

This 𝑡 value is expected to be in the range of 
0.8  and 1.0 [15] to be favorable for the stable 
cubic perovskite formation. But further analysis 
on the innovative studies have outlined the 
consequences of several deviations. Therefore, 
t = 1 gives the ideal cubic perovskite structures, 
while t ≤ 0.825 leads to the formation of 
alternative structure types such as ilmenite and 
greater 𝑡  values as in t ≈ 1.07 could result in 
hexagonal perovskite or other non-cubic 
structures due to excessive ionic size 

mismatch [16]. Therefore, focusing on enhanced 
inclusivity, & comprehensiveness, the screening 
in this study adopts a refined tolerance factor 
range of 0.825 ≤ t ≤ 1.07. Considering the 
prevalence of 6-fold coordination in perovskite 
X-site 1.40Å [17] for O2- & 1.33Å, 1.81Å, 1.96Å 
& 2.2Å for F-, Cl-, Br-, & I- [18] were taken as 
effective Shannon radii values. 

1) Octahedral factor 
The octahedral factor (µ) is another 

dimensionless parameter which is used to 
evaluate that the 𝐵-site cation and X-site anion 
are appropriately sized to form a stable BX6 
octahedron which is a crucial parameter to be 
placed it as a unit inside the perovskite structure 
[19]. For the single perovskites, µ is defined as 
the ratio of radii of B-cation to the X-anion radii 
while for double perovskites, average radii of 
two B-site cations are used to generalize the 
equation. 


1 2

( ) / 2B B Xr r r    

Same Shannon radii values were taken for 
this µ calculations as employed in previous 
tolerance factor calculations. To form a stable 
regular perovskite octahedra, this µ value is 
expected to be in the range of approximately 
0.414 to 0.732 [20]. Following that, in this study, 
all the retained candidate combinations from the 
prior screening phase were then filtered through 
this screening to ensure geometric feasibility of 
the B-X coordination. 

2) Octahedral Mis-Match factor 
As the final succeeding screening phase, all 

candidates retained, were then filtered through 
the octahedral mismatch factor (Δµ), which is a 
geometric descriptor that quantifies the size 
disparity between two B-site cations exclusively 
in double perovskite structures [20]. 

This mismatch factor can be calculated as: 

 , / 2B XB
r r r    

where rA & rB, are the Shannon ionic radii of the 
B site cations while rX is the ionic radii of the X 
site. Due to the increased structural distortion and 
lower probability of stable perovskite formation 
caused by larger disparity, smaller Δµ values are 
favored for the perovskite stability [21].  
Therefore, the retained combinations with Δµ 
less than 0.15 are expected to be acceptable for 
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the stable perovskite formation being 
geometrically compatible B site cation pairs. 

Through this comprehensive screening 
framework, efficient filtration is done employing 
both chemical and geometric considerations to 
screen out viable perovskite structures which 
hold favorable structural stability and charge 
balance. 

II. RESULTS AND DISCUSSION 

A total of 43 218 000 distinct combinations 
were generated by enumerating all combinations 
(42×42×70×70×5) constructing the initial 
candidate pool for further multi-phase screening 
process. It can be ensured that no potential 
perovskite structure is arbitrarily excluded from 
the initial screening scope by commencing the 
process with this kind of candidate pool. 

Following cation site exclusivity screening, 
41 324 955 unique combinations retained while 
1 893 045 were dropped from the initial 
candidate pool due to sublattice overlap or 
redundancy. The remaining candidate space 
comprises 8 264 991 per each oxide and halide 
group, ensuring that only chemically relevant 
and non-redundant candidate structures are 
carried forward to permutational isomers 
screening phase. Then a total of 10 737 315 

unique candidate structures were retained, while 
30 587 640 both A & B site swapped duplicates 
were removed from the dataset. This curated 
candidate pool includes 2 147 463 unique 
representatives for each X-site anion, advancing 
non-overlapping and chemically identical 
isomers to the charge neutrality screening, with 
robust intra-anion compositional coherence.  

Subsequently, 1 870 927 combinations were 
retained, while 75.96% of them being identified 
as oxide combinations leaving the rest as other 
halide-based configurations. This predominance 
of oxides indicates the distinct charge 
requirements imposed by the X-site anion, as the 
prevalence of -2 oxidation state for oxygen 
allows for a greater diversity of charge balanced 
arrangements with commonly encountered 
cation oxidation states such as +1, +2, +3 & +4.  
But in contrast, the other halide anions with 
oxidation state -1 require combinations of cations 
that sum to lower total positive charges, while 
narrowing the feasible, neutral configuration 
span. Even though there were only 1 245 822 
unique structures within this expanded pool, all 
the configurations were preserved for further 
screening phases because all the tolerance factor, 
octahedral factor and octahedral mismatch factor 
calculations explicitly affected by the effect of 
the ionic radii of constituent cations. Since each 

 

 

Figure 3.  Distribution of the retained perovskites according to the (a) strucutral variations 

(𝐴𝐵𝑋3, 𝐴2𝐵𝐵′𝑋6, 𝐴𝐴′𝐵2𝑋6, 𝐴𝐴′𝐵𝐵′𝑋6)  (b) X-site anions O, F, Cl, Br, I (c) Distribtution of retained single perovskites 

based on X-site anions (d) Distribution of A-site cation elements retained in the refined perovskite structures, from the 
initial set of 42 candidate elements. 
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of those ionic radii varies according to their 
oxidation state, all of valid oxidation state 
configurations should be considered 
independently in the remaining multi-phase 
screening workflow. 

Goldschmidt tolerance factor screening 
filtered 1 263759 combinations which were 
identified within the optimal range of 
0.825 ≤ t ≤ 1.07 while eliminating 607168 
configurations which were deviated from that 
range along with the tendency towards formation 
of distorted phases and non-perovskites. This 
screening step guaranteed the geometric 
compatibility for the retained combinations with 
the focus of stable cubic perovskite structure 
discovery prior to more selective filtering criteria 
are introduced. These preserved combinations 
including 990 737 unique configurations were 
advanced to the octahedral factor screening.  

Afterwards, 195412 combinations were 
discarded due to the failure of meeting an 
octahedral factor (µ) within the acceptable range 
of 0.414 to 0.732 carrying forward a 1068347 of 
configurations including 808987 unique 
combinations, that satisfied the criteria. 
Correspondingly here, all preserved 
combinations with multiple oxidation states were 
retained, ensuring that only the combinations 
with geometrically feasible B-X coordination 
will carry forward along with the assured 
structural integrity. At the same time this 
preservation will maintain comprehensive 
consideration of all possible valid configurations. 
Then the retaining combinations were filtered 
through octahedral mismatch factor discarding 
186201 combinations which displayed higher Δµ 
values than the threshold of 0.15 due to the 
likelihood of lattice distortion and stability 
reduction. Remaining 882146 combinations 
including 698111 unique configurations with Δµ 
less than 0.15 by considering their geometrical 
compatibility. This effective filtration of 
perovskite candidates prone to structural 
instability allows the enrichment of the dataset 
with the combinations with B-site cation radii 
compatibility for stable perovskite formation. 

Throughout the tolerance factor, octahedral 
factor and octahedral mismatch factor screening 
phases, all configurations including those with 
multiple possible states were considered due to 
the direct effect of oxidation states on the ionic 
radii used in those calculations. But since beyond 
these geometric factor screenings, retention of all 
oxidation-state variants is quite unnecessary and 

redundant, 698111 unique structures among 
retained 882146 combinations will be selected as 
the refined set of potential candidate perovskite 
configurations for further in-depth analysis. 
Among those filtered unique potential perovskite 
structures, 1154 candidates correspond to single 
perovskite compositions, which is approximately 
0.18% of the total dataset (Fig. 3a). The obtained 
results further reveal that 551696 are oxide 
perovskite structures (Fig. 3b) including 715 
single perovskites, together constituting roughly 
79% of the full candidate structure pool. On the 
contrary, for halide analogues, 18140 F-based, 
48601 Cl-based, 45027 Br-based and 34647 I-
based perovskites structures were identified 
(Fig. 3b), each with 125, 138, 97 & 79 
corresponding single perovskite representatives 
(Fig. 3c). 

Table I demonstrates the refined possible 
perovskite structures corresponding to these 
organic A cations providing a more 
comprehensive map of perovskite 
configurational space. 

A combined 4.38% and 70.78% of total 
initial combinations have been removed from the 
initial two compositional screening steps 
yielding a 2147463 pool of unique structures. 
Approximately, ~ 58% of that unique structure 
set has been created as an expanded set of all 
possible oxidation state configurations following 
charge neutrality screening. Subsequently, the 
geometric stability factors facilitated solid 
selective refinement via the reductions of 
20.48%, 18.34% and 13.71% from each adjacent 
remaining set respectively. This sequential 
reduction protocol starting from a large pool of 
candidates then efficiently and strategically 
refining it, can be taken as a measure of 
scalability which enhances the computational 
efficiency. By publishing these refined structures 
candidate pool, a robust foundation is established 
for future perovskite discoveries. This data set 
consists of screened and classified entries to 
bypass the arduous task of initial candidate 
filtering guaranteeing that both computational 
and experimental efforts commence with a 
reliable, high-quality and chemically meaningful 
initiating set. This starting contribution is 
intended to fast track the advancements in 
perovskite science by facilitating an openly 
accessible and thoroughly curated resources for 
strategical methodological development, data-
driven discovery and sapplication-intensive 
analysis. 
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III. CONCLUSION 

This work presents a systematic, multi-phase 
data-driven screening framework for possible 
perovskite structures which integrates 
compositional filtering, symmetry-based 
pruning, charge neutrality evaluation and later 
geometric stability assessments. The approach 
competently narrows down a larger 
compositional space to a structurally and 
chemically refined feasible oxide and halide 
perovskites. In conclusion, this study reports 
698111 unique perovskite structures, including 
1154 single perovskite configurations. The 
refined dataset encompasses a unique set of O, F, 
Cl, Br & I perovskites. All discovered candidates 
have undergone a rigorous, methodical multi-
phase screening process, resulting in a refined 
and reliable dataset. Through this combined, 
sequential filtering framework, a refined and 
reliable potential perovskite structures candidate 
pool has been generated without any inclusion of 
unnecessary or spurious entries, exclusively for 
the ML based property prediction and material 
discovery. 
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Abstract�² Accurate forecasting of photovoltaic 

(PV) power generation is essential for the 

reliability and cost-effectiveness of renewable-

based power systems to be maintained. This study 

provides a comprehensive comparison of several 

statistical and machine learning approaches, 

including SARIMA, SVR, k-NN, RF, XGBoost, 

and LSTM networks. To enhance the consistency 

of predictions, a hybrid ensemble method is 

proposed, which integrates LSTM and XGBoost 

through a weighted averaging approach. The goal 

of this configuration is to take advantage of the 

temporal learning ability of LSTM and the 

nonlinear feature modeling strength of XGBoost. 

The hourly seasonal datasets were evaluated using 

common performance indicators, including 

RMSE, MAE, MAPE, and R2. The analysis shows 

that each individual model performs better under 

certain seasonal or meteorological conditions. The 

LSTM�±XGBoost hybrid generally yields the 

lowest prediction errors. It has particular 

effectiveness in the capture of both short-term 

variations and broader seasonal patterns. The 

results highlight the importance of hybrid 

intelligent systems in enhancing PV forecasting 

accuracy and show their potential to support more 

stable renewable energy operations. 

Keywords - photovoltaic power forecasting, 

hybrid ensemble learning, LSTM neural networks, 

XGBoost regression, time-series prediction. 

I. INTRODUCTION 

Photovoltaic (PV) energy has become a 
central element in the global shift away from 
fossil fuels, which is a major development in the 

energy sector. Its abundance, environmental 
benefits, and steadily falling costs have made it 
one of the most attractive renewable sources 
available. The inclusion of PV systems in 
modern power networks is now considered 
essential. This is because it helps reach 
sustainability goals. It also helps meet 
international commitments on climate change 
mitigation [1]. However, PV generation remains 
highly dependent on local weather conditions. 
The balance between electricity production and 
consumption is complicated by this variability, 
and grid reliability is challenged [2,3]. 
Consequently, producing accurate short- and 
medium-term forecasts is now critical for day-to-
day operations, such as reserve planning, load 
management, energy market participation, and 
system stability. 

Conventional statistical models often 
struggle to represent the nonlinear and 
intermittent behavior of PV output. One example 
is the seasonal autoregressive integrated moving-
average (SARIMA) method. These limitations 
have encouraged the growing use of artificial-
intelligence-based techniques [4]. In recent 
years, deep learning architectures, including 
convolutional neural networks (CNNs), long 
short-term memory (LSTMs), gated recurrent 
units (GRUs), and transformer models, have 
shown strong potential for capturing the intricate 
temporal and spatial structures present in PV data 
[5]. Spatial features are particularly well learned 
from irradiance or cloud-pattern information by 
CNNs, whil e sequential trends are 
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