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Abstract

This paper presents a study carried out in a rural town in the Maya area
of Quintana Roo, Mexico, where a photovoltaic system isolated from the
electrical grid was installed, which supplies irrigation equipment to be
used by an agricultural community. The ideal energy manager for the
working conditions was analyzed and a device was designed according
to the characteristics of the region. It was simulated with the help of an
algorithm in order to improve the efficiency with respect to the energy
obtained and the demand of the system during its operation in real
conditions. It concludes by providing some recommendations for the

operation of the system.

Objetives Metodology Contributions

- - /
\ -y

e T 0

\V | \V4

Energy manager, Photovoltaic system, Battery storage,
Sustainable agriculture

Area: Advocacy and attention to national problems

Resumen

Este trabajo presenta un estudio realizado en un poblado rural de la zona
Maya de Quintana Roo, México donde se instalo un sistema fotovoltaico
aislado de la red eléctrica, que alimenta un equipo de riego para
emplearse por una comunidad agricola. Se analizé cual es gestor de
energia idoneo para las condiciones de trabajo y se disefid un equipo de
acuerdo con las caracteristicas de la region, se simuld con ayuda de un
algoritmo con el fin de mejorar la eficiencia respecto a la energia
obtenida y demanda del sistema durante su funcionamiento en
condiciones  reales. Se concluye proporcionando  algunas
recomendaciones para la operacion del sistema.

Objetivos Metodologia Contribuciéon

Gestor de energia, Sistema fotovoltaico,
Almacenamiento en baterias, Agricultura sustentable.
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Introduction

Photovoltaic systems, installed in remote areas
with or without energy storage for water supply,
are gaining prominence in the market. They are
increasingly  replacing diesel  generators,
particularly when prices are favorable for local
communities, and providing energy access to
distant, inhabited rural areas [ Grupo NAP, 2010]

The agricultural sector is facing so many
issues and challenges related to feeding security,
resources administration, and some climate
change effects reduction.

One strategy for addressing the
challenges in the agricultural sector is to
leverage renewable energies, such as solar
energy. Photovoltaic [PV] systems have
experienced exponential growth over the past
few decades, driven by technological
advancements and cost reductions. This growth
highlights the potential of PV systems to provide
a reliable and sustainable energy supply that
meets the needs of the agricultural sector.
However, the wvariability in PV energy
production poses a significant challenge,
particularly in ensuring a consistent energy
supply for various agricultural applications,
including irrigation, machinery operation,
cleaning, and storage [Byrne et al., 2017; Majeed
et al., 2023]

To enhance efficiency and energy
management, we recognize the importance of
optimizing the exploitation of solar energy,
which requires harnessing energy directly from
the sun. This optimization is crucial to overcome
the challenges associated with solar energy
production and unlock its full potential.

Numerous studies have investigated
various control strategies and PV management
approaches, as well as agricultural wind
applications, such as water pumping [Poompavai
& Kowsalya, 2019]. Additionally, the strategic
implementation of energy storage systems using
batteries has yielded promising results, enabling
the provision of a continuous and uninterrupted
electricity supply from solar energy. This study
aims to integrate the findings and insights from
previous investigations to develop a tailored
algorithm for a photovoltaic energy system,
specifically designed  for  agricultural
applications and incorporating a battery supply
design.

ISSN: 2523-2517
RENIECYT: 1702902
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We have documented several case
studies highlighting the economic and social
impacts of photovoltaic energy in agriculture,
particularly in the context of high-efficiency
irrigation systems and its potential as an
alternative energy source for agricultural energy
management.

Methods and material

Irradiance data, as depicted in Figure 2, were
obtained from the National Meteorological
System of CONAGUA using the EMAS Nicolas
Bravo station [Figure 1]. The station's
coordinates are 18.45961111°N latitude, -
88.93251944°W longitude, and 105 meters
above sea level. These data were used to
determine electric power production using a
mathematical model for photovoltaic [PV]
systems.
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A pumping operating system's curve
graph was utilized to determine the required
electric charge. Additionally, based on user
demand data collected and applied in this study,
we defined the system's behavior to accurately
reflect real-world operating conditions.

The development of this energy
management algorithm, along with its
simulation validation, was conducted using
Matlab software. This approach enabled us to
obtain detailed profiles and characteristics of
energy demand and generation.
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Furthermore, we were able to observe
how the system responds to various operating
conditions, including different charging
scenarios and solar irradiance levels, which
impact the energy manager and battery storage
system. This research is currently theoretical, but
our ultimate goal is to implement and test the
algorithm in a real-world setting.

The efficiency of photovoltaic [PV]
panels varies across different zones due to
fluctuations in irradiance and temperature
throughout the year's seasons [Kerdphol et al.,
2016]. To measure irradiance, a silicon
pyranometer cell can be installed directly into
the system, providing an average annual
measurement value. This value is typically
represented on an insolation graph and expressed
in units of W/m?.

The impact of temperature on
photovoltaic performance is quantified using the
temperature coefficient, K CO T a. By
considering the inverter efficiency [n_inv] and
the panel's relative efficiency [n_rel], the
photovoltaic power output can be expressed as a
function of temperature and irradiance:

pr = prpratnpf(G(t)/Go)(l —Keo(T, — 250))ninvnrel

Sontwnnines oo Moty marage of Drect nermal imadiaien
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Figura 2

Solar irradiation for southeastern Mexico
Source: Author's own elaboration
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The proposed SPV [Solar Photovoltaic
System] does not employ an inverter, so 1_inv is
cancelled out in the equation. N_pf represents
the number of Photovoltaic Panels [PP],
P ratnpf is the nominal power of the PF
expressed in W, G[t] is the solar irradiance
expressed in W/m?, Go is the standard irradiance
of the photovoltaic panel expressed as 1 kW/m?.
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Here, K CO represents the temperature
coefficient at maximum power of the PP, T ais
the ambient temperature, and n_rel is the relative
efficiency of the PP.

PV components

Photovoltaic  [PV] panels are devices
specifically designed and manufactured to
convert sunlight into electricity. These panels
are constructed from materials that harness the
photovoltaic effect, where the absorption of
photons from sunlight releases electrons,
generating electrical energy [Hernandez-Callejo
et al., 2019]

The energy generated by photovoltaic
[PV] systems is directly influenced by three key
factors: the intensity of solar radiation,
efficiency, and environmental conditions. The
nominal power output of a PV system is
typically specified in watts [Wp], which
represents the maximum energy production
under optimal conditions [Verma et al., 2020].

The proposed PV system consists of six
280 W_p photovoltaic modules connected in
series. Each module operates with an open-
circuit voltage of 39V and a short-circuit current
of 9.25A. This configuration supplies power to a
high-efficiency submersible pump with a power
rating of 1.6 kWpico.

We assessed the system's energy
consumption by providing a continuous current.
The system is designed to irrigate a specific area
for one hour per day. Given the absence of a
controller or additional converter, the system
configuration was simplified. Moreover, the
system lacks an additional energy conversion
setup or any other optimization feature, resulting
in a relatively low-efficiency setup.

Submersible pumps for PV applications
typically employ continuous current motors due
to their desirable characteristics and efficiency.
These motors offer a significant advantage when
operating directly with the continuous current
output generated by the PV system, thereby
eliminating the need for inverters or additional
controllers. This characteristic simplifies the
system configuration, leading to improved
overall efficiency and reduced costs. Notably,
continuous current motors exhibit high
efficiency in pumping applications, providing a
constant water flow that is reliable for crop
irrigation [Verma et al., 2020].
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Continuous current motors without
carbon brushes or commutators offer a viable
alternative to induction motors, boasting
improved efficiency and reliability. The absence
of brushes reduces friction, sparking, and wear,
resulting in increased efficiency and a longer
lifespan. Additionally, these motors feature a
high starting torque, which is essential for
ensuring reliable startup under variable solar
irradiance conditions. These characteristics
make them a promising and effective option for
pumping applications powered by photovoltaic
solar energy, contributing to the development of
sustainable pumping systems.

Energy storage solutions, such as
batteries, come in various technologies.
Traditional lead-acid batteries are common,
while lithium-based batteries, specifically
LiFEPO4 types, offer extended lifespans and
reduced long-term costs due to fewer
replacements. Moreover, lithium [Li] batteries
exhibit superior charging and discharging
performance, enabling better management of
energy harvested from photovoltaic [PV]
systems. As the cost of lithium batteries is
expected to decrease over time, their economic
viability compared to lead-acid batteries are
increasing [ Dufo-Lopez et al., 2021].

The implementation of lithium-ion [Li-
ion] batteries enhances the overall efficiency of
the system. Furthermore, integrating a Li-ion
battery into an energy management system that
is directly connected to the grid can optimize
efficiency, charging  management, and
stabilization of electrical network consumption
[Kim et al., 2015].

A comparative analysis of photovoltaic
[PV] systems using lithium-ion batteries versus
lead-acid batteries reveals that the former require
approximately 40% fewer units. This is
attributed to the superior reliability, efficiency,
and cost-effectiveness of lithium-ion batteries.

Furthermore,  lithium-ion  batteries
exhibit better performance characteristics,
including terminal voltage, charging status,
current, and lifespan, compared to lead-acid
technology. Notably, they demonstrate a better
discharging response, underscoring their
enhanced performance [Kebede et al., 2021].
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Energy Management System [EMS]:
Also known by its English acronym, this system
analyzes, controls, and monitors energy
consumption, charging, and discharging within a
specific area. The primary objective of the EMS
is to ensure efficient and sustainable operation
during the use of the Solar Photovoltaic System
[SPV].

There are numerous possibilities for
harnessing renewable resources, such as wind
currents and solar radiation. However, a
common requirement among these options is the
need for energy storage systems to facilitate the
availability of electricity for end-users at the
moment it is required. To achieve this, a reliable
load management system is essential.

This system enables the storage of excess
energy generated during periods of high solar
irradiance, allowing it to be utilized during times
of increased demand or low solar radiation [Nge
et al., 2019]. Therefore, the Energy Management
System [EMS] must incorporate a program that
intelligently coordinates energy supply and
demand in real-time. To effectively implement
these systems, accurate measurements of solar
irradiance and precise estimates of energy
consumption are essential [Iris, C., & Lam, J.,
2019].

Results and Discussion

The proposed Solar Photovoltaic System [SPV]
for irrigation water pumping in agricultural areas
exhibits low energy efficiency due to the lack of
an energy storage system and an optimal energy
management system. To simulate the system, a
SPV consisting of 6 photovoltaic [PV] panels of
280 W each, connected in series, was proposed
to power an irrigation pump with an operational
capacity ranging from 400 to 1600 W, without
an inverter-controller. According to the
irrigation system users, the system operates three
days a week, for one hour each day.

Figure 3 illustrates the operation of the
proposed SPV. The top portion of the graph
shows energy generation over a four-day period,
while the bottom portion reveals that the energy
consumption of the pump on irrigation days only
utilizes 18% of the generated energy. A
significant energy loss is observed during the
depicted period, whereas on non-irrigation days,
the entire energy generated remains unused.
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The absence of an energy storage system
[batteries] and energy management system
restricts agricultural operations and hinders
sustainable development in these communities
[Trommsdorff et al., 2021; Agrawal, & Jain,
2019]. Therefore, it is crucial to develop a
methodology  for energy storage and
management to maximize the utilization of
energy supplied by the SPV, and its application
in agricultural areas.

This not only enhances the quality of
work and increases the value of production but
also mitigates the environmental impact
associated with reliance on conventional energy
sources [Peng et al., 2013].

PHOTCYCLTAIC FLACTRIC PCWER

Figura 3

a] Energy generated by the SFV in 4 days.

b]  Consumption of the installed
pump for 4 days.

Source: Author's own elaboration

Battery Energy Storage Management System
[BMS]

Batteries are the most widely used energy
storage technology, thanks to advances in
technology, ease of installation, and design
[Akinyele, et al., 2017]. However, a crucial
element for any energy storage method is the
ability to monitor, control, and optimize
performance in one or multiple batteries, as well
as disconnect the SPV module in case of unusual
conditions. This ensures reliable and efficient
operation of the energy storage system.

The Battery Management System [BMS]
plays a crucial role in optimizing battery
performance, ensuring safe and reliable

operation of the Solar Photovoltaic System
[SPV] [Gabbar et al., 2021].
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A dual-battery storage model is proposed
to enhance lifespan, providing continuity in
energy supply and introducing a novel concept
for storage systems [Thurai et al., 2022].
proposal involves utilizing two batteries to
achieve constant energy utilization. This design
incorporates a management system that enables
the administration of energy delivery at all times,
as well as monitoring, controlling the charging
and discharging of batteries, and managing the
supply and consumption of energy provided by
the SPV. Additionally, the system allows for
direct energy supply to the pump when
necessary.

Figure 4 illustrates a simulation using a
single battery to regulate its charging and
discharging, prioritizing direct consumption and
giving precedence to the irrigation pump used in
agricultural applications.
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Figura 4

a] Daily PV generation, pump demand, and energy
stored in the battery.
b] Battery state of charge, subject to charging and
discharging, with available energy and proposed
demand.
c] Input and output powers of the battery.

Source: Author's own elaboration

ML_m ,Mlh

Proposed Energy Manager for Isolated
SPV Systems with Agricultural Applications
and Battery Storage: The algorithm enables the
direct utilization of generated energy to power
the submersible pump, while the energy stored
in the batteries can be supplied to meet
additional demand.

Figure 5 illustrates the operational flow
diagram of the battery and proposed energy
manager, outlining the sequential steps and
decision-making  processes involved in
managing energy storage and distribution.
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Figura 5

Proposed flow diagram for the energy manager.
Source: Author's own elaboration

Figure 5 illustrates the operation of the
energy manager, which plays a crucial role in
coordinating the efficient generation, storage,
and distribution of energy in real-time, thereby
ensuring optimal energy utilization.

This is achieved through continuous
monitoring of battery charge levels [B1, B2],
photovoltaic generation [Gpv], and demand
from the pumping system [Ddc] and connected
battery [ Dbatt]. Once the management algorithm
is activated, it checks if energy is required to
directly supply power to the pump, utilizing the
entire SPV generation to meet demand.
Otherwise, it determines if excess energy is
available to charge the batteries.

Various scenarios were simulated in the
code for the charge-discharge control system of
the batteries. This allows one battery to supply
energy while the other can charge, providing a
constant energy backup. If a battery has
sufficient energy to handle an additional load
from the submersible pump, the manager will
connect the load to the available battery and
direct the generation towards the battery that
requires recharging.

This behavior enables maximum energy
utilization without disrupting daily irrigation
routines. The system leverages the storage
and/or generation capabilities of the SPV as
independent energy sources, which can satisfy
separate demands in a coordinated and
consistent manner.
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Discussion

A simulation of the proposed manager was
performed using Matlab software, incorporating
real-time generation and demand data from the
SPV in agricultural applications. This included a
proposed energy demand for the storage system
[batteries], aiming to demonstrate the manager's
functionality and validate its performance under
realistic operating conditions.

Figure 6 illustrates the primary behavior
of the manager, which is to prioritize the demand
of agricultural operations. Upon detecting a
direct demand, such as the water pump in the
case study, all energy generated by the SPV is
supplied to meet this demand, allowing the
current system behavior to remain unaffected.
However, in the absence of demand, the
generated energy is redirected to charge the
batteries, optimizing energy utilization and
storage.

In this scenario, the battery capacity was
intentionally oversized for illustrative purposes.
Observing the curves in Figure [6.c], a null
behavior is noted, indicating no charging peaks
in the batteries. This is attributed to the fact that
between 10-12 hours, the system users operate
the irrigation equipment, redirecting the
available energy intended for battery charging to
the irrigation system instead. Consequently, this
enables users to maintain normal control over
their sprinkler activities.
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Figura 6

a] Photovoltaic energy generated and pump demand.
b] Charge level in the battery storage system.
c] Real-time power supplied to the batteries.

Source: Author's own elaboration

Figure 7 illustrates the behavior of the
management system, with an additional demand
directed towards the proposed battery system.
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The manager takes real-time readings,
considering the SPV generation, energy demand
[in this case, used for water extraction and
pumping in agricultural applications], battery
charge condition, available charging time, and
demand directly connected to the batteries.

The operation of the management system
utilizes these readings to control the energy flow
in the SPV, verifying whether generation is
available and if there are any additional demands
to be met, thereby ensuring optimal energy
allocation and utilization.

The available energy is stored in the
battery with the lowest charge, achieved by
comparing the states of both batteries. The
manager continues to charge the batteries until
they reach maximum capacity. To enhance their
lifespan, the manager limits charging and
discharging within the minimum and maximum
capacity thresholds specified by the batteries'
design characteristics.

To illustrate the manager's functionality,
a direct current demand was connected to the
batteries at various time intervals. The
simulation demonstrated that upon detecting the
use of the pumping system, the manager limits
battery charging and prioritizes the application,
directing the generated energy towards the
pump. This is evident in the 10-12-hour
intervals in the graph shown in Figure 7.c],
where the manager adapts energy allocation to
meet the demand of the pumping system.

In the third curve of the same graph,
Figure 7.c], it can be observed that the charging
interaction ceases, yet energy supply from the
battery array to an independent demand, separate
from the pump, continues uninterrupted. This
allows the user to access the stored energy at any
time without needing to interrupt the irrigation
process, thereby ensuring a reliable and
consistent energy supply.

In this application, energy is utilized
directly for 2 hours a day, while the remaining
time is dedicated to charging the storage system.
This approach aims to create a system with
enhanced energy autonomy, enabling it to
operate independently for extended periods.
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Figura 7

a] Energy generated by the photovoltaic system [SFV],
pump demand, and battery charging status.
b] Battery charge-discharge cycles, including available
energy and proposed demand.
c¢] Real-time input and output power flows to and from
the batteries.

Source: Author's own elaboration

Conclussions

The results from the energy manager simulations
validate that the behavior is suitable for SPV
systems in remote installations. Furthermore,
this type of simulation can be employed to
dimension each component of the system prior
to installation, helping to optimize energy
utilization and ensuring that it aligns with the
generated  capacity, thereby maximizing
efficiency and performance.

This management system can be utilized
to detect various charge-discharge states and
prevent future issues, such as periods of high
demand exceeding generation, or low-
consumption cycles resulting in unutilized
energy, as well as unnecessary charging and
discharging of the storage system. By optimizing
energy allocation and storage, the system can
improve overall efficiency, reduce energy waste,
and prolong the lifespan of its compo ents.

This information enables users to make
optimal use of energy, as well as transfer non-
time-sensitive loads and adjust or schedule them
flexibly to capitalize on periods of high energy
generation. By doing so, users can maximize
their energy efficiency, reduce waste, and
optimize their overall energy consumption.

The energy manager simulation provides
valuable insights that can be used to identify
optimal charge-discharge times, as well as
predict the lifespan of batteries based on their
cycle count.
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Furthermore, the simulation can be used
to model various scenarios, offering tailored
recommendations to maximize efficiency and
prolong the lifespan of the batteries. This enables
users to make informed decisions, optimize their
energy storage systems, and reduce maintenance
costs.

Future work can leverage the energy
manager simulation to investigate the impact of
connecting the SPV system directly to the power
grid [in this case, Comision Federal de
Electricidad]. By analyzing the effects on grid
frequency and voltage, it is possible to determine
the optimal connection point and size for the
SPV system, ensuring a stable and efficient
integration ~ with  the  existing  power
infrastructure.

Additionally, this approach can help
reduce costs by optimizing the balance between
energy generation, demand, storage, and grid
transactions [i.e., buying and selling energy]. By
doing so, it is also possible to minimize the
system's impact on the grid, promoting a more
efficient, resilient, and sustainable energy
ecosystem.
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Abstract

The purpose of this project is the application of the
discrete element method [DEM] for the realization of a
particle model based on the electrode material of the
lithium-ion batteries in electric cars, trying to solve the
main problems they present during charging and
download since these directly affect the lifetime of the
same
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Resumen

Este proyecto tiene como finalidad la aplicacion del Método
de Elementos Discretos [DEM] para la realizacion de un
modelo de particulas basados en el material del electrodo de
las baterias de iones de litio en autos eléctricos, intentando
resolver  los principales problemas que estos presentan
durante la carga y la descarga ya que estos afectan
directamente al tiempo de vida util de las mismas.
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Introduction

The aim of this project is to apply the Discrete
Element Method [DEM] to create a particle
model based on the electrode material of
lithium-ion batteries, trying to solve the main
problems that these present during charging and
discharging, as these directly affect the useful
life of the batteries.

It was decided to focus the study on cells
with 18650 dimensions as a graphic
representation and composed of LiFePO 4,
without forgetting that there is a great diversity
of batteries with similar chemical composition of
which a brief mention is made.

The GiD software and its complement
Kratos with the G-DEMPack extension were
used for the study and discretisation of the
structure to be analysed.

This project is carried out in order to give
a guideline for the resolution of the problem of
the batteries with respect to the charge and
discharge cycles, since these cause problems of
physical and mechanical character among which
we find: the dilation and contraction which
generates a growth of the delamination, local
buckling, beginning of the vacuum and loss of
the electrical contact with the current collector.

The growing demand for -electric
vehicles is causing an intense development and
research in the creation of more -efficient
batteries to drive these cars for longer distances,
with more charge and a longer service life.

Thanks to this need arises the initiative to
analyse the components of electric batteries and
the problems they present over time, to know
why the elements that store electrical energy
gradually lose the quality of retaining enough
energy for its proper functioning as well as
transmitting it in a correct way to the parts of the
car that require it.

- Electric battery

A battery is a device capable of storing energy in
electrochemical form. There are two types:
primary batteries and secondary batteries.
Primary batteries are characterised by the fact
that the conversion of chemical energy to
chemical to electrical energy is irreversible, i.e.
after the battery has been completely discharged
it cannot be recharged.
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Secondary batteries: better known as
rechargeable batteries. These, when discharged,
can be recharged by injecting direct current from
an external source. In general, the operation of a
battery is based on an electrochemical cell.
Electrochemical cells have two electrodes. The
anode and the cathode. The anode is defined as
the electrode where oxidation takes place [gives
up electrons] and the cathode where reduction
takes place [picks up electrons].

Lithium-ion batteries are supposed to
solve many of the problems present in the
electric car industry, but like all electronic
components they are prone to problems caused
by the passage of energy. A feasible way to
predict capacity degradation and possible
mechanical failures in lithium-ion batteries is the
analysis of macroparticles based on the Discrete
Element Method [DEM] as this procedure
performed correctly in the right software can
save calculation time and give us a preview of
the physical evidence of the problem we are
facing.

Methodology

The Discrete Element Method [DEM] applied to
the lithium-ion battery charging and discharging
problem is more efficient than applying other
types of numerical methods to solve it, as it fits
perfectly with the type of problem being
analysed in this project, unlike the Finite
Element Method [FEM] where you can only do
simulations in the elastic zone of a material, with
DEM we can work in the elastic-plastic part and
even in the plastic zone, that is to say with FEM
we apply loads either physical, chemical or
electrical and when removing them the material
to analyse will recover in its totality its form and
properties, this is of great utility when it is
wanted to know a point of rupture, the quantity
of load that supports a material, the pressure to
which a pipe burst, etc. But what happens if we
want to know at how many loads a material will
break, if we apply a certain pressure on a pipe, at
how many times it will have to be replaced to
avoid damage. The need to use the Discrete
Element Method arises from what has been
investigated in this work as the different
contributions in different areas of people or
organisations that have applied this method to
different problems related to the deformation of
a material not only with the passage of time but
also with the passage of the loads placed and
removed in its useful life, as well as what is
already known about lithium-ion batteries and
their different characteristics:
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Figure 1

Empty channels defined in the three
dimensions of space for the octahedral
sublattice of spinel-like materials

Source: Micromechanical Models for Auxetic
Materials

Discrete Element Method

The discrete element method is the
decomposition of a physical model into smaller
particles, which can be of different shapes such
as circles, squares, triangles, etc., which are part
of the analysis of the 2D method, or spheres,
cylinders and tetrahedrons applying the 3D
model. The purpose of this is to carry out a more
detailed study of movement and fracture, by
decomposing the element into smaller shapes we
can analyse in particular how the body is
affected at particle level according to the
problem to be solved.

The figure below shows a solid drawn
and discretised in the GiD software creating a
total of 89,279 spheres and the same number of
nodes.

Figure 2

Representative cube in solid and discretised GiD
Source: HAIXU
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1.  Software

For the implementation of the method, the GiD
software with its Kratos extension was used, this
is a framework for multidisciplinary problem
solving, within this branch of solution it was
decided to work with the G-DEMPack
complement as it has the necessary tools to
establish the indispensable parameters both in
the properties of the materials and in the solution
strategy.

GiD is a pre and post processor for
numerical simulation in science and engineering,
designed to cover common needs in the field of
numerical simulations from pre to post process
such as:

- Geometric Modelling [CAD]

- Mesh generation.

- Definition of data analysis.

- Data transfer to analysis software.
- Post-processing operations.

- Visualisation of results.

Figure 3
Gi1D user interface

Source :Own elaboration

Figure 4

Window of the G-DEMPack Kratos extension

Source: Own elaboration
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The use of this software was chosen
because it requires less computing power
compared to other programmes offered, as well
as having a free licence for a period of one month,
allowing us to use all the tools available in the
paid version.

Graphical representation

Currently there are different types of electric
battery arrangements, as already mentioned this
depends on the needs of these, in this particular
case we will talk about the batteries of electric
vehicles.

Figure 5

Tesla Model S Battery
Source: Hybrids and Electrics

Simulations

The standard dimensions of the layers
composing the electrode were taken into account,
ranging in the order of 100-300 um as a whole
and each individual layer between 20 and 35 pm.
Three representative plates were drawn for each
of the materials [graphite, polypropylene and
lithium iron phosphate] with the above
mentioned units. They were then decomposed
into particles as shown in the following pictures

|

A,
Figure 6
Drawing of the plates

Source: Own elaboration
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Figure 7

Discretised plates in spheres
Source: Own elaboration

The simulation below shows the passage
of smaller particles representing the release of
lithium ions [smaller blue particles] from the
cathode [LiFePO 4] to the anode [graphite]
through the separator [polypropylene].

Figure 8
Starting position

Source: Own elaboration
Failure mechanism

Taking into account the simulation in figures 7
and 8, we can use the post-processing tool
offered by the software for displacement
analysis.

Figure 9

Post-processing starting position
Source: Own elaboration
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Figure 10

Position at the passage of half the time
Source: Own elaboration

Figure 11

Final post-processing position
Source: Own elaboration

We can see in the previous images that
the part with the greatest displacement is the
intermediate plate, which corresponds to the
separator material, in which red, yellow and
green particles can be seen according to their
degree of displacement, thus affirming that one
of the main failures will be generated by wear in
this part.

Local buckling

As we already know, local buckling will
generate a very noticeable change in the
structure with the appearance of bending points.

To appreciate this failure, one plate was
taken into account, hiding the other two in a
lateral view.

The figure of the final position represents
this phenomenon, buckling at the bottom of it.
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Figure 12
Starting position

Source: Own elaboration

Figure 13
Final position

Source: Own elaboration
Conclusions

As seen so far, this project was primarily based
on the collection of information about the
problem to be solved. We found advances
regarding the failures and lifespan of lithium-ion
batteries. However, none of them included a
graphical representation for understanding the
problem, which was what was done in the
presented work. The existence of these internal
and microstructural phenomena, leading to
mechanical failures such as the aforementioned:
local buckling, vacuum onset, delamination, and
loss of contact with the current collector, was
verified.

Referring to the simulations section, the
main cause of failures in these batteries is the
change in the structure of the separator between
the anode and cathode, generating direct contact
between these two materials, which produces a
short circuit, directly affecting their lifespan.

This project can be used as a basis for
solving the problem of the lifespan of electric car
batteries by optimizing the composition and
manufacture of their electrodes.
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The results obtained in other works along
the same lines of research were also verified. We
can conclude that the model created has reliable
bases that can be implemented and improved to
obtain more accurate results.
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Abstract

This work demonstrates the effectiveness of the Kalman
filter for noise filtering in RLC circuits, speed estimation
in direct current motors, and noise removal in digital
images. The theoretical formulation of the filter is
developed, along with its implementation in electrical and
mechanical systems, and its extension through the reduced
update Kalman filter [RUKF] for image processing.
Experimental results validate that the filter provides
accurate estimates under white Gaussian noise conditions,
outperforming conventional methods in restoration and
control tasks.
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Resumen

Este trabajo demuestra la efectividad del filtro de Kalman
para el filtrado de ruido en circuitos RLC, la estimacion de
velocidad en motores de corriente directa y la eliminacion
de ruido en imagenes digitales. Se desarrolla la formulacion
teorica del filtro, su implementacion en sistemas eléctricos y
mecanicos, y su extension mediante el filtro de Kalman de
actualizacion reducida [RUKF] para el procesamiento de
imagenes. Los resultados experimentales validan que el filtro
proporciona estimaciones precisas bajo condiciones de ruido
blanco gaussiano, superando métodos convencionales en
tareas de restauracion y control.

7@ -\
1

Seial co
I Ohtencién de la sciial ] —

n presencia de

ruiclo I —

g o

Sefial filtrada I Aplicacion del Filtro I
de Kalman

Filtro de Kalman, Circuitos RLC, Procesamiento de
imagenes

Area: Promotion of frontier research and basic science in all fields of knowledge.

Citation: Medécigo-Cabriales, Felipe A., Alaffita-Hernandez, Francisco Alejandro, Colorado-Garrido, Dario and Escobedo-
Trujillo, Beatris Adriana. [2025]. Kalman Filter: Optimal estimation in electrical, mechanical, and digital systems. Journal

Electrical Engineering. 9[21]1-8: ¢3921108.

nc-nd/4.0/]

Research.

ISSN: 2523-2517 / © 2009 The Authors. Published by ECORFAN-Mexico, S.C. for its
Holding Republic of Peru on behalf of Journal Electrical Engineering. This is an open
access article under the CC BY-NC-ND license [http://creativecommons.org/licenses/by-

Peer review under the responsibility of the Scientific Committee MARVID®- in the
contribution to the scientific, technological and innovation Peer Review Process through
the training of Human Resources for continuity in the Critical Analysis of International

Regito Nacional de Ingituciones y
Empresas Cienificas y Tecnoldgicas

1702902 SECIHTI


https://ror.org/03efxn362
https://www.webofscience.com/wos/author/record/NHP-2388-2025
https://orcid.org/0009-0005-0619-3290
https://ror.org/03efxn362
https://www.webofscience.com/wos/author/record/CBW-0161-2022
https://orcid.org/0000-0002-7971-6356
https://ror.org/03efxn362
https://www.webofscience.com/wos/author/record/H-1204-2018
https://orcid.org/0000-0003-4157-1005
https://ror.org/03efxn362
https://www.webofscience.com/wos/author/record/AAC-2365-2022
https://orcid.org/0000-0002-8937-3019
https://doi.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.marvid.org/
https://crossmark.crossref.org/dialog/?doi=10.35429/JEE.2025.9.21.3.1.8&domain=pdf&date_stamp=2025-12-30

Journal Electrical Engineering

2
9[21]1-8: €3921108

Article
Introduction

The Kalman filter is considered one of the most
significant advances in estimation and control
theory of the 20th century. It was developed by
Rudolf Kalman in 1960 [Kalman, 1960]. This
algorithm has demonstrated wide applicability
across various engineering and applied science
disciplines.

Its ability to estimate hidden states of
dynamic systems from noisy measurements
makes it an essential tool in aerospace
navigation, robotics, biomedical  signal
processing and digital image analysis [Grewal &
Andrews, 2001]. Its relevance lies in its
computational efficiency and robust
mathematical foundation, which make it suitable
for real-time applications with limited
computational resources.

From a theoretical perspective, this filter
is distinguished by its statistical optimality under
specific conditions. When the system can be
modelled as linear and the involved noises are
Gaussian and white, the filter provides estimates
that minimise the mean squared error [Maybeck,
1979]. This property differentiates it from other
filtering techniques such as Wiener filters, which
require a priori knowledge of signal statistics, or
wavelet transform-based methods that, while
effective for certain noise types, lack the
predictor-corrector framework characteristic of
the Kalman approach [Simon, 2006].
Furthermore, its recursive nature enables
efficient implementations that update estimates
as new data arrive, providing an advantage for
real-time control systems.

The Kalman filter's characteristics confer
far-reaching practical implications. In electrical
engineering, for instance, thermal noise in RLC
circuit measurements distorts voltage and
current signals, compromising the accuracy of
associated control systems [Escobedo-Trujillo &
Garrido, 2018].

Similarly, in electromechanical systems
such as DC motors, disturbances in angular
velocity measurements may undermine the
performance of advanced control strategies
[Reymundo et al., 2018]. The Kalman filter
addresses these challenges by optimally
combining physical model predictions with
available experimental observations.
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In the domain of image processing, two-
dimensional variants of the Kalman filter, such
as the Reduced-Update Kalman Filter [RUKF],
have proven particularly effective for restoration
and noise removal tasks [Fronckova & Slaby,
2020]. Unlike traditional convolution-based
approaches or frequency-domain methods, the
RUKF accounts for the spatial correlation
structure between pixels, enabling superior
preservation of edges and fine details during
filtering. This capability has established it as a
valuable alternative for applications ranging
from medical image processing to satellite photo
enhancement, where visual quality and
information fidelity are critical.

This work demonstrates the effectiveness
of the Kalman filter in three key applications:
noise filtering in RLC circuits, speed estimation
in D.C. motors, and noise removal in images.
The central hypothesis states that the filter
provides optimal solutions when the system can
be adequately modelled and the noise is
characterisable.

The presented work will be structured as
follows:

1. Theoretical foundations of the Kalman
Filter

2. Implementation in RLC electrical
circuits

3. Application to D.C. motor control
4. Image processing with RUKF
5. Conclusions

Methodology

The Kalman filter is an optimal recursive
estimator for linear dynamic systems affected by
Gaussian noise. Its mathematical structure
derives from the first-order linear equations that
describe the system.

The system dynamics are given by

x(t) = Ax(t) + w[t] [1]
while the observations are given by

z(t) = Hx(t) + v(t) [2]

where x(t) is the system state, A is the
coefficient matrix of the dynamic system, b is
the input coupling, w(t), v(t) are the noise for
the state and observations respectively, H(t) is
the system observation matrix, and z[t] are the
observations. The set of equations [1] and [2] is
called the process plant.
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The first step to apply the filter equations
is to assign initial values to the dynamic system:
x(ty) , the covariance of the estimated
state Py(t) and the measurement covariance
matrix R. This allows calculation of the Kalman
gain through:

K,(t) = P,_1(O)H" (HP,_;(t)H" + R)™' [3]

Once the Kalman gain is obtained, the
estimated state can be updated:

£a() = 2yoy (8) + K (8) (20 (8) — HR (1) (©) ) [4]

Similarly, the estimation covariance can
be updated:

Fu(6) = [ = K (O H]P, (0) [5]

On the other hand, a state estimate is
required. For this purpose, the analytical solution
of the deterministic part of the dynamic system
[1] is used:

Xns1(t) = ()2, (8) [6]

To complete the formulation, where
¢(t) = e, the covariance for the estimated
state X(t) is computed as:

Ppi1(t) = (OB, (D))" + Q(t) [7]

The process noise covariance matrix
Q(t) characterizes the model uncertainty:

Q) = () [f; PO WO @GO dt| (&) [8]

with w(t) = [8 2] representing the

process covariance matrix for x(t) in equation

[8].

This procedure is iterative and repeats
until N — 1, where N represents the number of
measured data points.

The Kalman filter was originally
designed for one-dimensional time-varying
dynamic systems, where signals vary along a
single dimension [time]. However, its
application to 1image processing requires
extension to two dimensions [space]. In this
regard, various authors have proposed
modifications to the filter for digital image noise
reduction.
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Woods and Radewan [1977] introduced
a modified version of the Kalman filter for this
purpose, called the Reduced-Update Kalman
Filter [RUKF]. The model is based on the state
equation of the two-dimensional autoregressive
[2D AR] model [Woods, 2011] given by:

X(l,]) = Z(k,l)E‘D ¢(k, l)X(l - k,] - l) + W[l']] [9]

where x(i,j) is the pixel value at
position (i, j) of the ideal image, ¢(k, 1) are the
autoregressive model parameters, w(i,j) is the
system noise [process noise], typically assumed
to be zero-mean Gaussian noise with covariance
matrix Q.

The image degraded by additive noise is
modelled as

z(i,j) = x(i,j) + v(i, ) [10]

where z(i, j) is the observed pixel value
[degraded image] and v (i, j) is the measurement
noise [also Gaussian, with covariance matrix R].

If the image is degraded by blur, the
measurement equation is extended to

2(i,j) = Zpeg h(k, Dx (@ =k, j — D + v(,j) [11]
where h(k, 1) is the blur kernel.
RUFK Algorithm.

The RUFK algorithm converts the two-
dimensional problem into a one-dimensional
problem through sequential scanning of the
image [pixel by pixel starting from the upper left
corner, proceeding row by row until completion].
At each step, the Kalman filter is only applied to
a local region around the current pixel, reducing
computational load [Woods & Ingle, 1981].

The algorithm steps are shown below.

1. Prediction
fk[—] = ®p_1Xk-1(4) [12]
Pi(o) = Pko1 Pro1()@i-1 + Qi1 [13]
2. Correction
)?k[+] = )?k[—] + Kk [Zk - kak(_)] [14]
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Pr(+) = Pr(-) — KiHp Pr(-) [15]
-1

Ki = Pr(oHY [HiProyHE + Ry ] [16]

where Xy (_y and Xy, are the a priori
and a posteriori state estimates [i.e., the pixel
value], Py -y and Py, are the error covariance
matrices and K, is the Kalman gain.

To implement the RUKF, the order and
parameters of the 2D AR model must be
determined using the maximum entropy
principle [Bouzouba & Radouane, 2000].

The first step involves computing the
estimation error for different model orders

6(p,q)

Q>

9 =Z—Xg [17]

Subsequently, the 6 order that
maximizes entropy is selected:

H(Gg) = =X Go(i,)) log(ge (i, ) [18]

where §gli, j] represents the estimated
probability density of the error.

Applications

Below are the three applications to be addressed
in this work.

Series RLC Circuit.

Figure 1 shows the series-connected RLC circuit.

Figure 1
RLC circuit

Source: Own elaboration.

From Ohm's and Kirchhoff's laws
[Sadiku, 2006], the dynamic behaviour of the
charge q(t) in an RLC circuit is given by:
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d’q(t) _ 1 __Rdq(t) |V
datz ch(t) L dt +L [19]

where q(t) is the electric charge, R is the
resistor value, L is the inductance value, C is the
capacitance value and V is the circuit input
voltage.

To apply the Kalman filter equations, the
dynamic system must be expressed in matrix
form:

Q) =AQ(®) +b [20]
With

3 q[t] 3 01 1R B 0
0® =[gy) 4 - [—z —zl vh= H

0
Where Q, = [3,[[0]]] represents the system's

initial condition.

Given the presence of disturbances
[noise], the deterministic differential equation
shown in [20] cannot fully model the process.
Therefore, an additional equation is required to
model this perturbation. Assuming additive
white noise, we obtain:

di—£”=AQ(t)+b+w(t) [21]

Experimental Process. To analyse the
behaviour of the RLC circuit, the circuit was
built on a DIGIAC D3000 1.2 module with the

following component values:

- R=10k02
- L=36H
- C=100nF

Voltage measurements across the
capacitor and data storage were performed using:

- A National Instruments [NI] 9220 card
[connected to the circuit output]

- An NI 9263 module [connected to the
circuit input] [see Tables 1 and 2].

Data acquisition was carried out
using LabVIEW software. White noise with a
variance of 1 was added to the measured voltage.
All data were plotted in MATLAB to observe
the circuit voltage behaviour.
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Table 1
NI-9220 Module Specifications.

NI-9220 Voltage Input Module [C Series]
Number of Channels 16 analogue input
channels
ADC Resolution 16-bit
ADC Type Successive
Approximation Register
[SAR]
Input Voltage Ranges
Measurement Voltage
Minimum +10.4V
Typical +10.5V
Maximum +10.5V
Overvoltage Protection +30V
Conversion Time 30ps minimum
Sampling Rate 100KkS/s maximum

Source: Own elaboration

Table 2
NI-9263 Module Specifications

NI-9263 Voltage Output Module [C Series]
Channel Count 4 analogue output
channels
DAC Resolution 16-bit
DAC Type String
Power-On State Channels disabled
Start-Up Voltage ov
Power-Down Voltage ov
Voltage Ranges
Nominal +10V
Minimum 10.4V
Typical +10.7V
Maximum +11V
Overvoltage Protection +30V
Current Capacity +1mA per channel
[max]
Output Impedance 20

Source: Own elaboration

Application of the Kalman Filter to the Series
RLC Circuit. Given the differential equation of
the RLC circuit [21], and assuming the
observations are z(t) = H(t)x(t) + v(t), H =

o 1
20 =[; [3[[?] +v[t] [22]

with initial conditions x(0) = [0;0], P(0) =

~ 0 0
[2,0;0,2], Qd(0) = 0 q]'

For the development of the Kalman filter
algorithm in MATLAB, it is necessary to know
®, O and . Given that ®(t) = e?4, where 4 is
the dynamic coefficient matrix of the model in
[21], it follows that
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. —aty
oot <C05(Bt) + R sm[ﬁt]) 2e”“Lsin[pt]
L_p2 L_p2
o) = ¢ ‘ [23]

_ 2e = sin[Bt]

e~ cos(ft) — Rsinifr]
¢ [%-r2 < 2L_g2

similarly, 8(t) = ®[¢] [, d(t) " bdt |

thus
_ e~ *'R sin[Bt]
V[—e~% cos(ft) — Tm,
5(t) = 2e =%ty sin(Bt) [24]
[
finally, Qd = ®(t)¥(t)®(t)", where
w(O) = [ o) 0y (@) [25]

This allows  for the  proper
implementation of the filter.

The application of the filter to the circuit,
composed of a 10 k2 resistor, a 36 H inductor,
and a 100 nF capacitor connected in series to a
5 V power supply, can be observed in Figure 2.

v\/\__ -

Value
IS

Ideal

Estimated
Measured
N N

. . . . . .
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time (s)

Figure 2

Comparison of Measured Data, the
Deterministic  [Ideal] Model, and the
Estimated Model [Filtered Signal].

Source: Own elaboration.

Angular Velocity in a Direct Current Motor.

A direct current [DC] motor is an electrical
rotating machine that converts electrical energy
into mechanical energy [Harper, 1999].
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Figure 3 illustrates the equivalent circuit
diagram of a DC motor, which includes a
variable power supply providing an input
voltage of V;,, = 24V . The equivalent circuit
comprises a resistance of R, = 5.2, an
inductance of L = 1.1mH and a moment of
inertia of /] = 0.01 kg -m on the shaft. The
values of torque T, the angular position of the
shaft 8(t), K =0.75N -m-A"1 and K, =
0.75N-mA™! were obtained from the
published work of Emhemed & Mamat [2012].

Figure 3

Direct Current Motor Circuit
Source: Own elaboration.

The differential equation associated with
this system was presented in the work by
Escobedo-Trujillo & Garrido [2018], yielding:

%‘] =A0(t) + b [26]

With

0o 1 0 9
A = (0 _ KTKb> ) b = <KTVin> B @(t) = <ﬁ>

Once the dynamic system [26] is
established, the Kalman filter equations can be
applied with initial conditions. Figure 4 presents
the results of applying the filter to the measured
motor velocity.

Angular Velocity (rad/s

Figure 4

Comparison of Measured Data, Deterministic [Ideal]
Model and Estimated Model [Filtered Signal]

ISSN: 2523-2517
RENIECYT: 1702902
ECORFAN® All rights reserved.

Noise removal in digital images using Kalman
filtering.

The Reduced Update Kalman Filter [RUKF] was
implemented to improve the quality of seed
images that had been injected with Gaussian
noise.

The filter proved effective for:

1. Preserving fine structures. The RUKF
successfully maintained edges and
details in the seed images, essential for
subsequent morphological analyses.

2. Noise reduction. In conducted tests, the
filter improved the peak signal-to-noise
ratio [PSNR], showing performance
comparable to other filtering methods
[see Table 3].

The algorithm follows this workflow:

1. Processing. Images are resized to 512 x
512 pixels and converted to grayscale to
standardise the process.

2. Spatial modelling. An autoregressive
model is wused that considers the
correlation between each pixel and its
immediate neighbours.

3. Adaptive filter. It dynamically adjusts its
parameters according to the image's local
characteristics.

Figure 5 shows the original image, a
photograph of an Aegilops cylindrica seed, to
which Gaussian noise was subsequently injected.

Figure 5
Photograph of an Aegilops cylindrica seed

Source: Original capture using a Basler acA3088-
57um camera.
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Gaussian noise with an intensity of ¢ =
0.3 was injected. To provide a comparison
benchmark, in addition to the Kalman filter, a
Gaussian filter and a median filter were applied
to the image, as can be seen in Figure 6.

a) b)

c) d)

Figure 6
Comparison between a] noisy image, b]
Kalman-filtered image, c] Gaussian-filtered

image, and d] median-filtered image.
Source: Own elaboration.

PSNR is a metric used to quantitatively
evaluate the quality of processed images
[Fonckova & Slaby, 2020]. It measures how
much an image has degraded due to noise or
compression/filtering processes by comparing it
with an original reference image.

The Kalman filter achieved PSNR =
27.7443 dB, while the Gaussian and median
filters obtained values of 29.6278 dB and
28.2565 dB respectively. Although the Kalman
filter is not typically used as frequently in image
cleaning as other filters [Gonzales & Wintz,
1987], it produces competitive results when
compared with more conventional filters,
offering one particular advantage: it is especially
useful when maximum preservation of details

regarding edges and textures is required [ Woods,
2011].

Conclusions

The Kalman filter proved to be an effective tool
for filtering noise-contaminated signals in
electrical, mechanical, and image processing
applications. In RLC circuits and DC motors, it
enabled accurate system state estimations,
improving acquired data quality.
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For image processing, its RUKF
implementation preserved important details
while significantly reducing noise. The results
confirm that, with proper modelling and under
white Gaussian noise conditions, the filter
outperforms traditional methods. Future work
may explore its adaptation to non-linear systems
and non-Gaussian noise environments.
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Abstract

During the last years modifications or changes have been made in the
facilities of the company under study, without taking into account the
identification of switches and the modifications in the single-line
diagrams, resulting in an outdated data and confusion in the location of
circuits, as well as their values. The present study analyzed each of the
existing electrical substations, data was collected and the single-line
diagrams were updated to have more accurate information in case of an
emergency or failure in the system. The electrical system associated with
the facilities of the company under study, it has 9 electrical substations,
[Main Substation, WM1, WM2, EPS, INJ1, INJ2, REF1, REF2 and
REF3], the main substation receives the energy supplied by the CFE
electrical substation with 115 KVA power.
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Resumen

Durante los ltimos afios se han realizado modificaciones o cambios en
las instalaciones de la empresa en estudio, sin tener presente la
identificacion de interruptores y las modificaciones en los diagramas
unifilares, trayendo como consecuencia una desactualizacion de datos y
confusion en la ubicacion de circuitos, asi como sus valores. El presente
estudio analizé cada una de las subestaciones eléctricas existentes, se
realiz6 el levantamiento de datos y se actualizaron los diagramas
unifilares para tener una informacion mas precisa en caso de presentarse
alguna emergencia o falla en el sistema. El sistema eléctrico asociado a las
instalaciones de la empresa en estudio, posee 9 subestaciones eléctricas,
[Subestacion Principal, WM1, WM2, EPS, INJ1, INJ2, REF1, REF2 y REF3], la
subestacion principal recibe la energia suministrada por la subestacion eléctrica
CFE con alimentacion 115 KVA.
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Introduction

The study focused on the plant's electrical
substations, using measuring instruments to
gather more accurate and realistic information.
The plans provided by the company were
followed up on for updating and facilitating
future modifications, whether for maintenance
or expansion.

This compilation of substation plans and
technical data provides greater insight into the
plant's electrical system, facilitating
maintenance planning.

This project was developed with the
support of the plant's electrical substation
personnel. We were provided with existing plans,
protective equipment [PPE], and the necessary
measuring equipment.

Development

The electrical system of the company under
study consists of eight medium-voltage
substations [34,500—440/380 V], not including
the main high-voltage substation [115 kV],
which is supplied by the Vista Norte substation.
The transformers are the links between the
power system's generators and the transmission
lines, and between lines of different voltages.
[Plata E. A., 2010]. This power supply comes
through an underground connection with a 750
kcmil-xIp phase conductor, which reaches the
lightning arresters. Lightning arresters are
protective devices that limit the voltage on the
equipment by discharging or diverting the
overvoltage current.

Figure 1
Main high voltage substation [115 KV]
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This voltage passes through measuring
devices called current transformers [CTs]. They
are designed to reduce the intensity to
manageable values proportional to the primary
current in the secondary transformers, separating
measuring instruments, meters, relays, etc. from
the high-voltage circuit.

Precisely modeling and measuring the
grounding system in a substation is vitally
important to ensure system operation. [David
Rieske, 2012]

After passing through the measuring
systems, the voltage passes through the high-
voltage switches, which can be mechanically
opened in the event of an electrical fault due to
overcurrent or any other factor that could affect
the transformer.

Finally, the wvoltage reaches the
transformer's primary with a transformation ratio
of 115 to 34.5 KVA, maintaining power. The
secondary output of TR1 is distributed with a
750 KCMIL conductor.

In the event of a TR1 failure, the backup
TR2 is interconnected within the same high-
voltage bus, so that it remains online when the
switches are activated.

The medium-voltage lines exiting TR1
are routed through underground conduits to the
main medium-voltage bus, consisting of SF6 gas
switches. There is a three-pole busbar where 11
switchgear cells are independently branched off.

Verification of regulatory framework for
the construction of reference-type substations.

- Verification of acquisitions, leases,
service contracts, and execution of works
by the Federal Electricity Commission.

- Application of the Law and regulations in
the Federal Electricity Commission.

- Specification CFE DCCSSUBT

- Specification CFE DCCIAMBT-
Procedure for Addressing Requests for
Electric Power Service [PROASOL].

- Operating Regulations of  the
Distribution Electric System.

- Safety and Hygiene Regulations for
fieldwork. [ELECTRICIDAD, 2022]
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The main substation's protections include
overcurrent protection relays, directional
overcurrent protection, differential protection,
distance protection, and power transformer
protection.

Additionally, the transformer itself has
its own protections, such as thermal protection,
pressure protection, and oil level protection. All
of these protections quickly isolate the fault
when any anomaly or variation in values that
could damage the equipment is detected. [Harper,
2010]

Both transformers have their own
protection panels. These lines are also routed
from the main substation through underground
conduits at approximately 53 m to overhead
transmission lines, which are made up of four
4/0 AWG ACSR transmission lines,
approximately 900 m long. Each line supplies a
specific area.

¢ ¢

Figure 2
TR1 control cabinet

The transmission lines are lowered to the
"WMI1"  substation through underground
conduits, where they reach the main service
connection. If the backup transmission line is
required, a secondary service connection is
connected to the line.
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It then passes through a vacuum
interrupter, which acts as general protection for
the substation. A  busbar with three
disconnectors connected in parallel is then
connected.

Disconnector #1 has a 50 A fuse and is
out due to a system failure. Therefore, a
temporary link between the electromagnetic
switches was established while the failure is
corrected.

Disconnector  #2, the  switching
equipment for transformer 2, has a 50 A fuse.
The output of the disconnector, witha 1/0 AWG-
XLP conductor, is distributed to the 2000 KVA
TR2, with a transformation ratio of 34.5 KVA at
380 V. The transformer secondary output is
distributed via 8 wires per phase with a 500
KCMIL conductor, which feeds the Siemens
TDGI1 electromagnetic switch with a 3200 A
capacity, responsible for protecting the breakers
within panels A and B.

The link is a derivation of the TDG1 that
feeds the electromagnetic of the TDG2 brand
SIEMENS with a capacity of 1200 A, this is
responsible for protecting the switches inside
panels C, D, E and F.

Disconnector #3: This disconnector
feeds substation "WM2," located on the second
floor. It has a 200 A fuse.

Supply voltage quality has become an
important consideration in recent years due to
the increase in sensitive loads, such as
electronically controlled equipment. [John, 2010]

Results

Disconnector #3: This disconnector feeds
substation "WM2," located on the second floor.
It has a 200 A fuse.

Supply voltage quality has become an
important consideration in recent years due to
the increase in sensitive loads, such as
electronically controlled equipment. [John, 2010]
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Figure 5

Electrical substation ref
Source: Own elaboration

Information was collected from each of
the switches in the substations. To do this, the
main switchboards were opened to measure
current, verify conductor gauges, determine
switch models, determine connection types,
determine lengths and types of conduits, and
perform visual inspections of the component
status.

Actual 2022

o SadTrel 1

Figure 4

Electrical substation ref
Source: Own elaboration

Checking for variations in the
information provided within the single-line
diagrams and floor data, as well as identifying
new equipment and removing information from
breakers in the "free" state, adding new, useful
information to complement the power diagrams.
Hazards include risks and opportunities, and
these terms relate to the unknown. Once the
unknown is eliminated, the problem is no longer
a safety issue. [Plata T. M., 2007]

To measure neutral and ground wires,
surveys were conducted throughout the plant,
checking the secondary power panels for ease
and safety, as it was difficult to locate the
conduit and the location to which it led within
the substation panels.
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General one-line diagram
Source: Own elaboration

Availability of Data and Materials

For the analysis and evaluation of the safety,
operation, and maintenance conditions of the
main substation and the branch substations, the
following technical information and relevant
materials are available:

Technical data on electrical protections:
Records are kept of the types of protection
implemented, including overcurrent, differential,
and distance protection, as well as the
transformers' own systems, including thermal,
pressure, and oil level protection [Harper, 2010].
This information allows for a functional analysis
of the system in the face of different types of
faults.

Single-line diagrams and electrical
schematics: Electrical drawings are available for
substations "WMI" and "WM2," including
underground and overhead conduit routes, load
distribution, and the location of breakers,
disconnectors, and electromagnetic switches.
Records are also kept of grounding connections,
fuses, and busbars.

Equipment and Materials Specifications:

2000 kVA transformers, 34.5 kV to 380
V.

Overhead transmission conductors: 4/0
AWG ACSR, approximately 900 m long.

Distribution conductors: 1/0 AWG-XLP
and 500 kcmil.

SIEMENS TDGI1 [3200 A] and TDG2
[1200 A] electromagnetic transformers.

Protection fuses: 50 A and 200 A.
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Steel Reinforced
Conclusions

At the end of this project, there is a perspective,
as well as a broader vision in terms of systems,
electrical equipment and updating of single-line
diagrams.
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Since it was possible to provide a
solution to the problem that the company has,
fulfilling each of the objectives set, from the
collection of information in the field, the design
of the single-line diagrams, as well as their
updating, subsequently based on all this data and
with the experiences obtained, the correction and
update of the circuits of each of the substations
was carried out.

From the above, we conclude that
updating the single-line diagrams allows us to
determine the accuracy of the results obtained in
the field, since it facilitates a quick, clear, and
concise understanding of the location of the
circuits in each of the substations.

If we understand our electrical system,
we'll know when it's operating with the quality
and safety required to safeguard the integrity of
people and physical facilities. We'll also be able
to address any emergency demands or quality of
service, and determine whether additional load
increases and load relocation are possible.
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