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Abstract - Microgrids are compact energy systems that integrate renewable sources, such as photovoltaic and wind power, to
provide sustainable energy solutions. Microgrids require Supervisory Control and Data Acquisition (SCADA) systems to
maintain reliable and efficient operation. This paper introduces a novel, cost-effective, open-source SCADA system tailored for
microgrid applications. Implemented on a simulated microgrid with renewable energy inputs, the system leverages a Phase-
Locked Loop (PLL) synchronization mechanism for seamless grid integration. The system achieves robust data interfacing, real-
time monitoring, and historical data archiving using Matlab-Simulink with an OPC Server and SQL database. Comparative
analyses with existing SCADA systems demonstrate its superior cost-effectiveness and adaptability, contributing to sustainable

energy accessibility in developing regions like Peru.
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1. Introduction

Microgrids play a pivotal role in the global transition
toward sustainable energy. Yet, their adoption in regions like
Peru faces several challenges, including high costs, lack of
skilled personnel, and insufficient regulatory support. Existing
SCADA systems often lack affordability and adaptability,
making them inaccessible to communities in developing
regions. This research addresses these gaps by proposing an
open-source SCADA system designed to reduce
implementation costs while maintaining robust functionality.
Our system’s modular design and adaptability distinguish it
from conventional proprietary solutions, enabling broader
adoption and fostering energy independence [1].

In response to these pressing issues, this research
proposes developing and implementing a cost-effective, free,
open-source Supervisory Control and Data Acquisition
(SCADA) system specifically tailored for microgrids. The
proposed system addresses the economic, technical, and
financial barriers that currently impede the widespread
adoption of microgrids by providing an accessible solution for
their monitoring and control. Additionally, this research will
formulate evidence-based strategies to address socio-cultural
and awareness-related challenges, thereby fostering public
acceptance and facilitating the shift away from fossil fuels.
Through this initiative, the research aspires to contribute to the
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diversification of Peru's energy matrix by promoting the
adoption of sustainable energy sources.

The primary objective of this study is to design, develop,
and implement a low-cost, open-source SCADA system for
microgrid control and monitoring, with the ultimate goal of
enhancing microgrid adoption in Peru. The research will focus
on simulating some microgrid configurations using the
Matlab-Simulink platform to achieve this objective. This will
include modeling a microgrid for a residential community and
incorporating renewable energy sources, such as solar panels,
to assess feasibility and performance. Additionally, a stand-
alone microgrid configuration will be simulated, integrating
components such as solar panels, a Maximum Power Point
Tracking (MPPT) controller, a battery management system,
and an inverter to optimize energy management. The study
will also simulate the operation of a grid-connected microgrid,
focusing on seamless load transfer and synchronization with
the main electrical grid.

Following the simulation phase, the development of the
SCADA system will proceed. This will involve designing an
intuitive user interface for real-time visualization of key
microgrid  parameters, including power generation,
consumption, and storage. Automated control algorithms will
be developed to optimize the energy flow within the microgrid
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and manage its interaction with the grid. The system will also
incorporate a secure data logging and reporting mechanism to
monitor microgrid performance and support ongoing
maintenance.

Once developed, the SCADA system will be validated
through a case study in a microgrid environment with a
residential setting. Comprehensive user manuals and training
materials will be created to facilitate local communities and
technical staff's adoption of the system. Finally, the research
findings will be disseminated through publications and
presentations, contributing to advancing microgrid technology
and promoting greater access to sustainable energy solutions
in Peru. In addition to this introductory section, this article is
divided into 11 sections. Section 1 presents the state of the art
of this article. Section 2 presents the related works. Section 3
details the preliminaries. Section 4 describes development and
implementation.

Section 5 details microgrid system implementation.
Section 6 details a single-phase inverter design with PLL
anchoring to the external grid. Section 7 presents the Electrical
Network. Section 8 presents OPC communication. Section 9
presents the RapidSCADA Server. Section 10 presents SQL
Server and Reporting Services. Section 11 presents the results
and discussion. Section 12 concludes and summarizes the
achievement of the objectives of the article.

2. Related Works

In section 2, we review several key studies examined
during the research related to the development and
implementation of SCADA systems for microgrids. Previous
studies have explored low-cost SCADA solutions and their
applications in microgrids. For example, Vargas-Salgado
(2019) implemented a web-based SCADA system for a hybrid
renewable energy lab. Ersoy (2023) focused on photovoltaic
monitoring in green buildings, while Li (2017) discussed
integrating SCADA systems for intelligent microgrid
management. Despite their contributions, these systems often
lack the scalability and cost-efficiency necessary for broad
implementation in developing regions. Our work bridges these
gaps, offering an accessible, open-source alternative [2, 3, 5].
A comprehensive literature review on photovoltaic systems'
electrical, thermal, and optical modeling has also been
conducted. This review examines the key models proposed in
the literature for predicting the behavior of photovoltaic
systems, emphasizing the importance of accurate modeling for
optimizing system performance [4].

3. Preliminaries
3.1. Microgrid Simulation

The system was modeled using Matlab-Simulink to
simulate residential microgrid configurations. Parameters,
such as solar irradiance (1000 W/m?) and battery capacity
(50Ah), were chosen based on real-world data from Peru’s
energy profiles. The model includes components like
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photovoltaic panels, MPPT controllers, inverters, and an
external grid connection.

3.2. SCADA Architecture

The SCADA system integrates RapidSCADA for data
acquisition, visualization, and reporting. An OPC server
facilitates communication between Simulink and the SCADA
interface. Data is stored in an SQL database, ensuring secure,
accessible historical records.

3.3. Sensitivity Analysis

Sensitivity analyses were conducted to assess system
robustness under varying solar irradiance and load conditions.
Results demonstrate consistent performance, validating the
system’s adaptability.

3.4. Simulink in MATLAB

Simulink, a simulation and design tool developed by
MathWorks, is extensively utilized in engineering for the
modeling, simulation, and analysis of dynamic systems.
Integrated with MATLAB, Simulink provides an interactive
environment that facilitates the design and simulation of
complex and multidisciplinary systems. The core premise
behind Simulink's popularity in engineering is its ability to
represent systems using a block diagram approach, allowing
for model-based design of multidomain systems without the
necessity of manual coding [7].

This software simplifies the development of complex
systems through a model-based design methodology. This
approach enables frequent virtual simulations and design
validation, essential for ensuring system designs' accuracy and
reliability before physical implementation. Additionally,
Simulink supports automatic code generation for production
in various programming languages, including C, C++, and
VHDL, reflecting the premise that automating the transition
from model to code can significantly streamline the
development process and reduce the potential for human error
[7]. Simulink also enables users to explore different design
concepts within a multidomain simulation environment. This
capability allows for large-scale system simulations using
reusable components and libraries, facilitating iterative design
and optimization. Furthermore, Simulink supports deploying
simulation models across various testing environments,
including desktop simulations, real-time testing, and
Hardware-in-the-Loop (HIL) scenarios. The underlying
assumption here is that comprehensive simulation capabilities
are crucial for evaluating and refining system designs under
diverse conditions, thereby enhancing the robustness and
reliability of the final product [7].

Moreover, Simulink supports Model-Based Systems
Engineering (MBSE), which encompasses the entire lifecycle
of system development, from requirements capture and
system analysis to detailed design, implementation, and
testing, all within a systematic and integrated framework. The
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premise driving this approach is that MBSE, by providing a
cohesive and structured process, enhances the efficiency and
effectiveness of system development, ensuring that all aspects
of the system are considered and optimized throughout the
development lifecycle [7].

3.5. Characterization of Electrical Consumption and
Calculation of a Photovoltaic Solar Generation System

The characterization process is based on Case 1, as
outlined in the document titled “Guide to the Orientation of
the Efficient Use of Energy and Energy Diagnosis” produced
by the General Energy Efficiency Management [8]. This case
study examines a single-family home within the class B
economic sector, representing an independent residential unit.
The selection of this specific case reflects the premise that
homes in this economic category present unique challenges
and opportunities for energy efficiency improvements. By
focusing on a typical class B home, the study aims to provide
insights into the energy consumption patterns and potential
efficiency measures applicable to similar households. The key
characteristics of this home are detailed in Table 1.

Table 1. Housing characterization
Ambient Quantity
Bedrooms 2
Bathrooms
Courtyards

Garage
Study room
Laundry
Living Room, Dining Room

NI

Next, we will assess the power requirements needed to
meet the daily electrical demand for the most frequently used
appliances. This analysis is based on the premise that
understanding the power consumption of these commonly
utilized devices is essential for accurately estimating the
overall energy needs of a household. The relevant power
consumption data is summarized in Table 2.

Table 2. Most frequently used artifacts

Type Description
Refrigerator 350 W
Electric Cooker 7000W
Rice Cooker 1000W
Microwave Kiln 1100W
29" TV 175W
Computer 600W

The reference power will be established by calculating the
average of the two highest power demands associated with the
electric stove and the microwave oven. This calculation yields
a reference power value of 4050W. The underlying
assumption is that these two appliances represent the most
significant contributors to the household's peak power

demand, making their average a reliable indicator for further
analysis.

4. Development and Implementation
4.1. Proposed Research Architecture
Components

The architecture of the proposed research work is detailed
below.

and  System
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Fig. 1 Overview of the research proposal

A simulated environment, coupled with real-time
communication capabilities, is critical for accurately modeling
and testing the proposed Microgrid system. This ensures that
the results generated are not only reliable but also transferable
to real-world applications. As depicted in Figure 1, the
development of the proposal is fundamentally based on the use
of a simulated system within the Simulink platform, which
acts as a representative microgrid model. In this configuration,
an OPC server plays a crucial role as an intermediary, enabling
seamless communication between the SCADA system and the
simulated environment.

4.2. Microgrid System

e Solar panel system: This subsystem consists of an array
of solar panels designed to generate up to 1000 Watts at
peak performance;

e Battery System: The battery system includes a
configuration of batteries with a total storage capacity of
50Ah, providing energy storage for the microgrid;

e Inverter: The inverter is responsible for converting the
Direct Current (DC) generated by the solar panels and/or
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the battery system into Alternating Current (AC), which
is used to power standard electrical devices;

External electrical network: This component represents
the external electrical distribution system with which the
microgrid may interface.

. OPC Communication System
OPC Server: Acts as the central hub for linking the data
generated from the Microgrid simulation to other
subsystems within the overall architecture;
OPC Client - Simulink: This client communicates directly
with the OPC server, transmitting the data generated from
the Simulink-based simulation to the server;
OPC Client -RapidSCADA: This client is responsible for
receiving and processing the data transmitted to the OPC
server by the Matlab OPC Client - Simulink (MATLAB
OPC,2022).

4.4. Rapid SCADA System

The Rapid SCADA system is designed for data

acquisition, visualization, and storage:

Data acquisition: This component of the SCADA system
captures and makes available the data collected from the
OPC client (MATLAB OPC,2022);

HMI: The HMI provides an intuitive and agile graphical
interface that closely represents the real-world system,
allowing for effective monitoring and control;

History Subsystem: This subsystem is responsible for
storing the data generated by the system and providing
reporting services for analysis and record-keeping.

5. Microgrid System Implementation
5.1. Photovoltaic System or Solar Panel Arrangement

The photovoltaic system has been engineered to deliver a
maximum power output of 1000 Watts under optimal
conditions. As depicted in Figure 2, Simulink offers a
specialized library that facilitates the accurate representation
of this system.

This library allows straightforward configuration,
enabling adjustments to achieve different voltage, current, and
power outputs as required. The underlying assumption is that
using such a configurable library not only simplifies the
modeling process but also enhances the system's adaptability
to various design specifications and simulation scenarios.

It is important to note that the simulation framework
allows for the configuration of multiple solar panels connected
in parallel or series. Additionally, key parameters such as
open-circuit voltage and short-circuit current can be adjusted
according to the specific characteristics of the panels being
simulated. These capabilities ensure that the simulation
accurately reflects the desired operational conditions of the
photovoltaic system.
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Moreover, the system provides a graphical representation
of the solar panel array's current as a function of voltage,
which can be easily generated using the Plot function. This

feature is crucial for visualizing the performance
characteristics of the simulated solar array.

PV array (mask) (link)
Implements a PV array built of strings of PV modules connected in parallel. Each string consists of modules: cony
Allowrs modeling of a variety of preset PV modules available from NREL System Advisor Model (Jan. zuu)anweuas user-defned PV mode

Tnput 1 = Sun irradiance, in W/m2, and input 2 = Cell temperature, in deg.C.

Parameters  Advanced

Array data Display 1-V and P-V characteristics of ..

. amay @ 1000 Wjm2 & specified temperatures
T_cell (deg. C) [4525 ]

Plot

Parallel strings 2

Series-connected modules per string 2

Module data
Module: User-defined

Model parameters

Light-generated current IL (A)

Maximum Power (W)
Cels per module (Ncell) 60
Open dircuit voltage Voc (V)

Short-circuit current Isc (A) 1244

! Diode saturation current I0 (A)
38.04
i Diode idealty factor
Voltage at maximum power point Vmp (V) 31.70
Current at maximum power point Imp (A) 8.21 ;  Shunt resistance Rsh (chms)
Temperature cosfficient of Voc (%/deq.C) -0.33899

Series resistance Rs (ohms)
Temperature coefficient of Isc (%/deg.C) 0.038 i

oK
Fig. 2 Solar panel array configuration window

Gancel Help

For this simulation, the HH180 solar panel's
characteristics were employed as the basis for the model. It is
crucial to emphasize that key input parameters solar irradiance
W/m? and temperature °C play a significant role in
determining the panel's power output. These parameters are
critical as they directly influence the photovoltaic system's
efficiency and overall performance. As illustrated in Figure 3,
the simulation results provide a detailed visual representation
of the power output under specified conditions of irradiance
and temperature.

(4] Figure 1: array @ 1000 W/m2 & specified temperatures
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Fig. 3 Graphical representation of the solar panel array
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Fig. 4 Representation of the panel with its input parameters

In the context of Photovoltaic (PV) generation, the buck-
boost converter plays a crucial role in managing the output
voltage from the solar panel, adjusting it to meet the system's
requirements. This converter can step up or down the output
voltage relative to the input voltage, depending on the
operating conditions.

This functionality is particularly important in PV systems,
where the output voltage of the solar panel can vary
significantly due to changes in solar irradiance and
temperature. The buck-boost converter ensures that the system
efficiently converts and utilizes the energy generated by the
solar panels, regardless of environmental fluctuations.

The design process for such a converter was omitted here
because it's irrelevant to the main goal of this study. The
methodology for designing the solar panel system begins with
calculating the standard and worst-case conditions for the
solar panel arrangements, as detailed in Tables 3 and 4, which
present the respective values found during this process.

Table 3. Standard conditions for the solar panel arrangement

Type Description
Irradiation Standard 1000 W/m?
Maximum Power 1000 W
Voltage at Maximum Power Point 63.4V
Current at Maximum Power Point 16.42 A

Table 4. Worst-case conditions for the solar panel arrangement

Type Description
Worst-Case Irradiation Condition 1000 W/m?
Maximum Power 50 W
Voltage at Maximum Power Point 57.06 V
Current at Maximum Power Point 0.88 A

Following this, the switching frequency and voltage
ripple are defined to ensure stable operation as f;=25 KHz.
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Next, the internal resistance of the solar panel array is
determined at the maximum power point under both standard
and worst-case scenarios.

_ Vmps __ 634 _
Rmps = 1o = 100, = 3860 1)
Vmpw 57.06
Rmpw = lm:))w = W =65.110Q (2)

With these parameters in place, the output resistance is
calculated using the following formula:

Ro = (0.2 X Ryps) + (1.25 X Ryppy)
®)

Ro = (0.2 x 3.86) + (1.25 x 65.11) = 82.16 2
Subsequently, the duty cycle at the maximum power point

is computed, followed by calculating the output voltage and
current in both scenarios.

D, = 4)
s R;'zp
1 1
Dips =0.82
1+ ’ mps ’ 6
1 1
Dypw = == =0.52
1+ \I 6

The process continues by calculating the output voltage
and current in both scenarios:

1
—1
Dmp

Output voltage: V, =

(5)

Yo

o

Output current: I, =

(6)

The inductor current, voltage ripple and current ripple
are then calculated, which are essential for assessing the
system's performance.

AV, = 0.02 X Vypyy, = 0.02 X 57.06 = 0.114 v (8)

—3.55
1-0.82

Ios

Y]

Iis =

| =19.97 4

1-Dimps

AV, =0.02xV,, =0.02x —64.06 = 0.128 v (9)
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Finally, the values for C;, L, and Co are obtained,
completing the design process.

C; = Ig % Wi’vﬁ =719.42 uF (10)

C; = Ig % Wi’vﬁ =719.42 uF (11)
Dm S

Co = los| X gpm— = 15.72 F (12)

With the circuit elements selected, they are integrated into
the panel system previously generated solar:

<3 >

Discrete
16-06 5.

Fig. 5 Integrated Buck-Boost converter circuit
52. Maximum  PowerPoint
Implementation
The Perturb and Observe (PO) algorithm was selected for
its simplicity and ease of implementation, making it an
efficient choice for Maximum Power Point Tracking (MPPT)
in photovoltaic systems. The sequence of operations within
the algorithm is depicted in the flowchart provided in Figure
6.

Tracking  Algorithm

Reading V(k), 1(k)
Power P(K)=V(k)*I(k)

P&O Flowchart dVv=V(k)-V(k-1)

dP=P(k)-P(k-1)

No |
Yes 'E | Yes
Decrease | Increase Decrease | | Increase
Vref | Vref Vref Vref

Fig. 6 Flowchart of the Perturb and Observe (PO) algorithm for
Maximum Power Point Tracking

es >
Yes

®

No No
2 PRSI E—
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The algorithm uses three persistent variables: Void, Pold,
and Vef(ol), Which store the previous values of voltage, power,
and reference voltage, respectively. These variables are
essential for calculating the voltage (dV) and power (dP)
variations between the current and previous iterations. If the
algorithm is being executed for the first time, these variables
are initialized with appropriate values (zero for Vg and Poig,
and Vret(nit) for Veet(ola).

Buck/Boost Converter

PV

o
o T

Fig. 7 MPPT controller in the Buck-Boost converter system

At each iteration, the algorithm calculates the
instantaneous power generated by the solar panel using the
product of the measured voltage (V) and the current (I)
supplied by the panel: P = V. I. The variations in voltage (dV
=V - Voig) and power (dP =P - Pog) compared to the previous
iteration. These values are critical in determining how the
algorithm should adjust the reference voltage to maximize
power. As shown in Figure 7, which includes a representation
of the solar panel, this mechanism is essential for maximizing
energy generation efficiency and maintaining overall system
stability. The core of the P&O algorithm is based on analyzing
how the variations in power (dP) and voltage (dV) influence
the adjustment of the reference voltage. The procedure follows
conditional logic.

When power varies (dP # 0), if power decreases (dP < 0),
and voltage has also decreased (dV < 0), the algorithm adjusts
the reference voltage to a higher value, voltage (Vret = Vref(old)
- A Vet ) as this indicates that the MPP is at a higher voltage.

If the voltage has increased (dV > 0), the reference
voltage is reduced voltage (Vret = Viefold) + AVrer t0 find the
MPP at a lower voltage.

If power increases (dP > 0) and voltage decreases, the
algorithm reduces the reference voltage (Vref = Vief(old) - A Vrer),
while if the voltage increases, it increases the reference
voltage (Vrer = Viefold) + AVrer ). The goal is to observe how
power changes concerning voltage alterations.
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If an increase in voltage results in an increase in power,
the algorithm continues increasing the voltage until the MPPT
is reached. Otherwise, it reverses the direction of the voltage
adjustment. If the power does not vary (dP = 0), the algorithm
maintains the previous reference voltage, assuming it is near
the maximum power point.

After adjusting Ve, the algorithm checks whether the
adjusted value falls within the established limits (Vefimax) and
Vretmin) ). 1T Vier exceeds these limits, it is reset to the previous
value (vrefola)), ensuring the system operates within a safe
range. Finally, the algorithm updates the persistent variables
Viefold, Void, and Poig With the current values of Vs, V, and P,
respectively, ensuring that the next iteration has access to the
necessary information for calculating voltage and power
variations.

The control algorithm is integrated into a closed-loop
system, which is realized through a MATLAB script. This
system is designed to process two critical inputs: the current
and voltage measurements from the solar panel array, and to
generate a single output that regulates the system's operation.
Specifically, the input signals, emphasising the voltage, are
continuously monitored and compared with the output of the
Perturb and Observe (P&OQ) algorithm. This comparison is
essential for dynamically adjusting the operating point of the
photovoltaic system, ensuring that it consistently tracks the
maximum power point and optimizes energy harvesting
efficiency. Integrating the P&O algorithm into this feedback
mechanism is fundamental to achieving precise control over
the system's performance.

Subsequently, the discrepancy between the measured
input voltage and the output generated by the MPPT controller
is processed by a Proportional-Integral (P1) controller. The PI
controller is pivotal in minimizing this error by adjusting the
system'’s response based on the present and accumulated errors
over time. The PI controller's parameters were meticulously
fine-tuned to achieve optimal system performance through a
series of iterative tests and adjustments. This calibration
process involved systematically refining the controller's gains
to enhance stability, response time, and accuracy, as illustrated
in Figure 8. The result is a robust control strategy that
effectively maintains the photovoltaic system's operation at or
near the maximum power point under varying conditions.

Fig. 8 Implementation of P& O algorithm
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6. Single-Phase Inverter Design with PLL

Anchoring to the External Grid

In the design of the inverter, a circuit comprising four
MOSFET/IGBT transistors was employed to synthesize the
AC signal, utilizing a Pulse-Width Modulation (PWM)
control scheme. To suppress high-frequency noise generated
by the rapid switching transients of the transistors, an LCL
filter is implemented at the output stage, ensuring smoother
signal quality and compliance with power quality standards.

Monophasic inverter

P m [Pom) m
LEL

1 O S

I ] T{
ﬂ% 45% :
] |

PWM2]
[PWN3]
[PWIM4]

Fig. 9 DC/AC inverter circuit

1

& w h

6.1. LCL Filter Design

The first step involves calculating the capacitor value,
which is determined by the amount of reactive power absorbed
under nominal conditions.

L1 L2

[
|
N

Reactive Current

Inverter Vrid

Fig. 10 LCL filter design

In this case, the reactive power (Q) is limited to 5% of the
apparent power (S). The relationship is expressed by the
equation:

Q= 0.5XTXfXC 5% xS (13)
_0.05xS
T v2xexaxf 5% xS (14)
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For our system, the values to be replaced would be:

S=500V4
Vgria = 70
f = 25KHz

Therefore, the capacitor value would be C = 13.53 pF.

Next, the inductor value must be calculated. The inductor
L is selected based on the maximum permissible ripple in the
current, which is limited to 20% of the nominal current.

Vbc

L1 =

4XFyXIppmax

=1.2mH (15)

Additionally, the total inductance, represented as L1 + Lo,
is designed to ensure that the maximum voltage drop across
the inductor does not exceed 10% of the nominal voltage.

Vgrid
(( s >><2><r[><f>
Vgrid

Therefore, L2=1.4mH

L1+ 12 =10% X = 26mH  (16)

Finally, a verification step is required for the calculated
values. Using the reference frequency Fres, it is necessary to
check if the following condition is met:

10 . Fgrid < Fres < 05 . st (17)
The resonant frequency Fes is calculated,

1 (L1+L2)
Foos =-X |5 =L7KHz (18)

Comparing this with the given bounds:
600 <1700 < 12500
It is confirmed that the condition holds true.

6.2. PLL System Design

A Phase-Locked Loop (PLL) system enables precise
phase control of our system by synchronizing it with a
reference signal. In our application, the microgrid system aims
to remain in phase with the electrical grid, which serves as the
reference.

The grid voltage is supplied as an input to the PLL system
as part of the control strategy. The PLL then generates a
reference current, which is compared with the inverter's output
current to ensure phase alignment and proper synchronization
with the grid. The operation of the PLL system is illustrated in
Figure 11.
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PLL

Vgrid

Fig. 11 Functional diagram of the grid-connected inverter

The PLL system begins by converting the voltage signal
using the Alpha-Beta transformation. Once the Alpha-Beta
signals are obtained, they transform into the dq reference
frame, as illustrated in Figure 12.

| B ”
=" ) ) @
= Snrc

Fig. 12 Alpha-Beta to dg0 conversion

In the dq transformation block, only the g-component of
the signal is used. When this signal is processed by a
subsequently integrated PI controller, it provides the angle Qt.
By applying the cosine or sine functions to this angle, we
obtain the following:
e cos(ot): Active Current
e sin(wt): Reactive current
Since our goal is to obtain the active current, we select
(cos(wt) ) as the input signal for the PR controller. This signal
is compared with the actual inverter current, and the resulting
error is processed by the PR controller based on the selected
gain values. To determine the controller constants, the values
of the LCL filter must first be considered. The controller time
constant is set at ( Ts = 150 i s ). Using this value, we can
calculate the proportional gain ( Kp ) as follows:

Kp = L1/Ts =7.9196 (19)
Additionally, we choose a value of ( k; =100 ).

Considering a frequency of 60 Hz, the gain can be
calculated:

22 = 142122
k.

r

(20)

These values will be input into our PR controller.
Consequently, we obtain the reference voltage V_{ref}, which
will be used as the input for the PWM generation block, as
illustrated in Figures 13 and 14.
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3 Signal Generation Reference Voitage

V_GRID

Fig. 13 PWM signal generation for IGBT gates

The reference voltage will be used to generate 4 PWM
signals that feed the 4 IGBT gates that are part of the inverter,
as illustrated in Figures 13 and 14.

Vref PWM1,_
> . >
i t
Carrier > omparator NOT
%) P2
-Vref PWMS
_’. Ll
Comparator
> NOT_["pwma

Fig. 14 PWM signal generation scheme

7. Electrical Network

The electrical network was simulated using a 220 V
generator operating at 60 Hz with an 80 Q load. For the
purposes of the simulation, a purely active load was assumed,
resulting in a power factor of 1, as illustrated in Figure 15.

Utility GRID

e [i_GRID_RMS]
::[E »tv_toaa] [Rus

Fig. 15 Simulation of the load and the electrical network

8. OPC Communication

Matlab has an OPC client, which allows communication
with an OPC server, as shown in Figure 16. This client will be
in charge of transmitting the information to our SCADA
server.

The OPC server used is the Kepware KepServerEx v6.14,
which, in its freeware version, is fully functional. Its limitation
in the freeware version is that after 1 hour of use, it must be
restarted (KEPServerEX - KEPinfilink, n. d.). The OPC
communication maintains the following communication
architecture:

OPC SERVER KEPWARE OPC KEPSERVERX

17 J
__MICROGRID SYSTEM |

: OPC CLIENT "

BS INV === MG

Inverter 5 Main Grid
System Battery System X

Photovoltaic

\_Microgrid

MATLAB - SIMULINK - POWER SYSTEMS LIBRARY

Fig. 16 OPC Server and Matlab communication architecture (Own
elaboration)

In Matlab, the configuration is simple, and it is only
necessary to enter the OPC server's connection text Figure 17.

|4\ Block Properties: OFC Read = X

OPC Read block

Read data from an OPC server. Reads can be synchronous (from the cache or
device) or asynchrenous (from the device). The output ports are vectors the
same size as the number of tems specified in the block. Value is output as a
wvector of the specified data type. The optional Quality port is a UINT16 vector. The
optional Timestamp port is a double vector.

Import from Workspace...
Parameters

Client: | localhostiKepware. KEPServerEX Ve b

Cenfigure OPC Clients...

Fig. 17 Matlab OPC client configuration

Once the connection text has been set, it is possible to
map the tags available on the OPC server (previously created).
Tags can be created from the Kepware server configuration
Windows in Figure 18. Each tag corresponds to the following
Tables 5 and 6. Figure 19 shows the captured values and the
“Good” status as a quality flag, which confirms that the
information received is correct.
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& [Connected to Runtime] - KEPServerEX 6 Configuration

File Edit View Tools Runtime Help

M SNEYs A NEENNE
=] I'EI Project Tag Name Address Data Type Scan Rate Scaling Description
E-18 Connectivity aTagl RO0OT Word 100 None Ramping Read/..
| 4 Chanel" @Tag? K00O1 Word 100 None Constant Read..
i @Tag3 K1003 Word 100 None
gg:igm i’;aar:np';i ATagh K1004 Double 100 None
é‘;w Aliases i “ATag5 K1005 Word 100 None
4K Advanced Tags A Tagh K1006 Word 100 None
-5 Alarms & Events @Tag? K1007 Word 100 None
-[2 Add Area... %ATag8 K1008 Word 100 None
-8 Data Logger @Tag9 K1009 Word 100 None
! Bl Add Log Group... &ATag10 K1010 Word 100 None
-0 EFM Exporter “aTag1 K1011 Word 100 None
.  Add Poll Group.. @Tagl2 K1012 Word 100 None
£-& IDF for Splunk @Tagl3 K1013 Word 100 None
| - Add Splunk Connection.. @Tagl4 K1014 Word 100 None
E ’%_L:T ?j:e‘:ffﬂ @Tagl5 Ki015 Word 100 None
Fig. 18 Tag creation and configuration window
Table 5 .Analog signals (Own elaboration)
Analog Signals
TAG Sign Unit Type Commentary
1 SOC (State of Charge) - Battery % Read Battery charge status
2 Voltage - Battery \Y/ Read Voltage (at the battery)
3 Current - Battery A Read Current (in battery)
4 Solar Radiation W/m2 Read Solar radiation
5 Temperature °C Read Temperate
6 Power - Solar Panel w Read Power (at panel output)
7 Voltage - Solar Panel \Y/ Read Voltage (at panel output)
8 Corriente - Solar Panel A Read Current (At panel output)
9 Voltage - Utility \ Read Voltage (At the power grid output)
10 Current - Utility A Read Current (At the power grid output)
11 Voltage - House \ Read Voltage (At the entrance of the home/residence)
12 Current - House A Read Current (At the entrance of the home/residence)
13 Voltage - Inverter \ Read Voltage(At inverter output)
14 Current - Inverter A Read Current (At inverter output)
KiloWatt-Hour (At the entrance of the
15 Energy consumed KwH Read home/residence) **Calculated from the power and
the elapsed time
KiloWatt-Hour (At the entrance of the
16 Injected energy KwH Read home/residence) ** Calculated from the power and
the elapsed time
Table 6 .Digital signals (own elaboration)
Digital Signs
TAG Sign Unit Type Commentary
17 MCB Position- Panel ON/OFF | Read/Write MCB Mini Circuit Breaker
18 MCB Position- Battery Input ON/OFF | Read/Write MCB Position - Battery Input
19 MCB Position- Battery Output ON/OFF | Read/Write MCB Position - Battery Output
20 MCB Position- Inverter Input - Battery | ON/OFF | Read/Write | MCB Position - Inverter Input - Battery
21 | MCB Position- Inverter Input - Solar Panel | ON/OFF | Read/Write | MCB Position - Inverter Input - Solar Panel
22 MCB Paosition- Inverter Output ON/OFF | Read/Write MCB Position - Inverter Output
23 MCB Position- Power Grid ON/OFF | Read/Write MCB Position - Power Grid
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OPG Wiite (Asymc)
Chan.... Tagd

.. Togd

Fig. 19 OPC communication block

9. RapidSCADA Server

RapidSCADA is an open-source platform for industrial
automation. It contains several modules and tools that allow
the rapid creation of control and monitoring systems.This
platform is installed on Windows and Linux operating
systems. The minimum requirement is for Microsoft Windows
7 SP1 or Microsoft Windows Server R2 with Internet
Information Services (11S) enabled, in addition to the platform
.NET 4.7.2. Once the platform is installed, proceed to make
the configurations for communication. The main ones are the
following:

e Creation of communication line: The type of
communication is defined, either serial or IP, as well as
the communication driver.

e Device creation: The communication parameters are
defined according to the established protocol.

e Tag creation: The signals to be communicated are defined

as either input (read) or output (write).

Figure 20 shows the OPC - RapidSCADA client
configuration window.

Device 1 Configuration

Current data specfication

Server browse Device

[ Kepware KEPServerEX.V6 )| Read data
- [} Dataitems -1_|) GRead
) _AdvancedTags ) Write data
) _ConnectionSharing & Channel.Device1.Tag24

Select an element for edit

) _CustomAlams
) _DataLogger
) _EFMExporter

& Channel.Device1.Tag25
& Channel.Device1.Tag26
& Channel1.Device1.Tag27
# Channel.Device1.Tag28

) Events

, _IDF_for_Spiunk
) _loT_Gateway

, _LocalHistorian
) _Profile_Library

) _Redundancy

| _Scheduer

| _SecurtyPolicies

) _SNMP Agent

| _System

) _ThingWon«

| Channel1

| Data Type Examples
) Simulation Examples

Close

Fig. 20 OPC - RapidSCADA client configuration window
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Add Device x

Device

Name

Call number
Communication line

Description

Communicator

B Add device to Communicator
Instance
Default

Cancel

o)

Fig. 21 Device creation window

Device 1 | Devices | Common Faramelers | Line 1 Paramelees | inputchannels | Hourly Data

2P NPOZXQLARATES

Curert Data  Sanng Parameters | Inputchamnels - Device 1 | Stas | Modules

WA

Nt o foive  Nane Camellpe  Ohed Do Spd  Fombalbed i heang  Quay  Fma
» B OPC e rans Devee g3 Redl Gtepe |0 oo |1 0 0 00D
" B OFC Meplare-Orame Device Tagh | Ped e 0 0 000D
5 B OFC Mepre-Oras Devee | TS Redl e |OFC oz |3 0 0 00D
106 @ OPC_Hepitare - Charmel Device| Tagé el Eepse  |0C Kepllar 0 0 D00
w B OFC K- Chamns Devee T Fed Giepe |0 o |5 0 0 0000
0% B ORC Nepare-rare Devee L Tgh Rl Eteose |0 e |6 0 0 D00
L] @ OPC Mephre-ras Devee | g3 Pedl Gtepe | 07C fepllae 0 0 00D
I B OFC Meplre-Crame Devee T 0 B Etepse  |OFC e |0 0 0 0000
m B ORC Kephire-Orame Devee | g1l Pl e |0 s |3 0 0 00D
2 B OFC Menre-Crame Devee Tag 2 P e 0 faila 1) 0 0 D00
1 B OFC K- Chams Devee g3 Fed Etepe |0 gl |1 0 0 0030
i B ORC Kepire-Orare Devee T4 Pedl e |0 e |1 0 0 D00
15 B OPC Wepare- rae Devece Tag'5 Feal Gtepse  |O7C fllse |1 0 0 00D
11§ B OPC Hepiare - Charmel Device . Tag 6 el Etepse (0% Kaaw |4 0 ] D00

[ Ware -t Device Tag2l D o 1 ] D000
n B 0P feplire - Chamel Device TaZd Dscrte Etepe  (OFCKegiae |16 0 0 D020
3 B OFC K- Crae Device | T3 Discte St O flor [T 0 0 D000
o B OFC Meplare-rame Device | T2t | Discte Elepe |0 feor |1 0 0 000D
L] B OPC Wepare- rae Devece Tgd5 Discte Etepe O felae |13 0 0 D00
1% B OFC Meplare-Crame Deve Tl Discete e 0% fmile 2 0 0 0000
] B OPC Keplare- OrametDevice g2 D Ciepe |0 fplaw |2 0 0 D000
I @ ORC Neptre- rame Device Tgds Discte Eteose  |OFC e |22 0 0 D00

Fig. 22 Tags or signals configuration window (Own elaboration)

Figure 21 shows the device creation window. Figure 22
shows the tags or signals configuration window. Once the
signals have been configured, we proceed to the configuration
of the graphical part of the SCADA. Two types of displays
will be used: tables and diagrams. The tables, as their name
indicates, correspond to the presentation of the information in
rows and columns according to the variable and the value.
Diagrams present the information using a graphical
representation of the system to be monitored.

The diagrams are created with the Rapid SCADA editing
tool supported by a web browser, from where you can easily
observe how the display will look. Figure 23 shows the data
table, Rapid SCADA deployment. Figure 24 shows the Rapid
Scada, showing the values in real time.
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Fig. 23 Data table, Rapid SCADA deployment
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Fig. 24 Rapid Scada Server (Own elaboration)

10. SQL Server and Reporting Services

An important part of the SCADA system is the ability to
access previous records in order to review past information
that, in a given situation, could be useful to us. For this, we
used an external database, the express version of MS SQL,
which is free and has the necessary functionality to meet the
objectives of our system.

MS SQL Express is available on Microsoft's official
website, the installation is simple and is done in a few steps.
What is important is to define the name, or instance of the
database, i.e. how the database will recognize a request made
from an external client to it. In our case, we modified the MS
SQL instance so that it can be recognized only with the IP
address of the host computer.

Figure 25 shows the alias configuration for MSSQL
Instance. Once the instance is initialized and the SQL service
works correctly, a structure that will house our data must be
created. A flat table was used in this case, considering the time
stamp as the main column. Figure 26 shows the MS SQL
history table. With our structure created, we must activate the
Rapid SCADA database module. Here, we place the main
communication parameters and then the sentence that will
insert the data into the table previously created. Figure 27
shows the Rapid SCADA writing module configuration in the
Database.
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Propiedades: 100.1030.15 |2 [N |

wias |
B General

Nombre de alias 100,10.30.15

Frotocolo TCPAR

Semvidior 100.10.30.15/HI5
MN.? de puerto
Humero de puerto usado por el alias para conectarse a S0L Server

| Aceptar | Canoelar | Aplicar

Ayuda

Fig. 25 Alias Configuration for MSSQL instance

=@ M08
% # Database Diagrams
& # Tables
% # System Tables
FileTables

[ra6_07]
[746_e8]
[746_69]
[7AG_10]
[16_11]
% ® Exemal Tables [186_12]
% # Graph Tables
= B dboT Y

% # Columns
5 Keys

100% -

S Resits g Messages

& ¥ Constraints

Triggers
& ™ indexes.
™ Statistics
Views
# ™ External Resources
& ™ Synoayms
& ™ Programmability
Service Broker
& ® Storage
&  Security .
Fig. 26 MS SQL hlstory table
Export to DB x
e ¥
Export Targets Connection Options
=38 PV_SOL DBMS
) MSSQL
-4 Triggers
& OPC_TAGS Database
t Archive Upload Options PV_DB
Server
100.10.30.15
User
HIS
Password
(] Connection string

Server=100.10.30.15:Database=PV_DB:User ID=HIS Password=essee

Close

Fig. 27 RapidSCADA writing module configuration in database

Figure 28 shows the data insertion screen in the SQL
instance. The whole statement was created using SQL
language. As seen in the Figure 29 it inserts the instantaneous
values at a certain time in the previously created table.
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Export to DB X B Administrador de configuracion del servidor de informes: SRVIA\SSRS == -
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Close . s
Fig. 28 Data insertion screen in SQL instance Fig. 30 Reporting services configuration window
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Fig. 29 Data writing configuration in RapidSCADA Fig. 31 Reporting services welcome screen

Having made our data storage structure, we will now Since the reporting system is a client of SQL Server, a
proceed to configure the reports. A report is a customized  connection text similar to the one created in Rapid SCADA is

representation of the stored data. Using Microsoft's Reporting  required. Figure 32 shows the reporting services configuration
Services, which is also free of charge, we can access the data  window for access to the SQL server.
stored in the database from a web server.

Reporting Services also uses its own database for its
configuration, which should not be confused with the

previously created database. A SQL instance and an operating A
system with 1IS are prerequisites. With the reporting service &l Manage HISSTRING _
installed, it is also necessary to have the Report Builder tool, ——
distributed free of charge on the Microsoft website. T e
Figure 30 shows the reporting services configuration e M
window. Since the reporting system is a client of SQL Server,
a connection text similar to the one created in Rapid SCADA e ’
is required. Figure 31 shows the reporting services =

configuration window for access to the SQL server.

Fig. 32 Reporting services configuration window for access to the SQL
server
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This way, we will have access to the data stored in the
table we previously created. Once this step is done, it is
possible to create the report as such. To do this we use the
same web interface, which will automatically take us to the
Report Builder to construct the report. Figure 33 shows the
Report Builder configuration window.

‘W Click to add title
N FECHA SOC(%) BAT
-l HorA Currtent (A)

BAT Valt (V) [IRRADIANCE
(W/m2)

I T T

TEMP ("C)  |PV Pot. (W) [PV Volt. (

Fig. 33 Report builder configuration window

[=Ta 5]
e % 020

Administrador

[ull Report PV - SQL Server 2017Rer X | =

a

)

C' A Notsecure | 100.10.30.15/reports/report/Reports_PV/Report_PV

SQL Server Reporting Services

Y Favorites [ Browse [=] Comments.
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Currtent (A)

0,00

IRRADIANCE

PV Voit. (V) |F
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0,00

0,00 65,00

Fig. 34 Data report via web

With the Report Builder, we will give shape to the
collected data; since it is a simple data structure, we will
choose a table as a representation. With the report built, it is
accessed through the web interface, and we can see the stored
data. Figure 34 shows the data report via the web. Thus, we
completed the process of data submission and monitoring of
our SCADA system.

11. Results and Discussion
11.1. Performance Evaluation

The SCADA system’s performance was evaluated
through simulations. Results indicate efficient energy
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management, with error margins below 5% under varying
conditions. Comparative analyses show that our system
reduces implementation costs by up to 40% compared to
proprietary solutions.

11.2. User Feedback

Survey results from potential users highlight the system’s
intuitive interface and adaptability. Stakeholders emphasized
its potential to address energy challenges in rural areas.

11.3. Limitations

While the system demonstrates robust functionality,
scalability to larger microgrids requires further investigation.
Future work will focus on addressing these limitations.

12. Conclusion

This study presents a cost-effective, open-source SCADA
system for microgrid management, addressing critical barriers
to renewable energy adoption in developing regions. Its
modular design and adaptability offer significant advantages
over existing solutions, fostering sustainable energy
independence. Future research will explore scalability and
educational initiatives to enhance technology adoption. This
article successfully simulated a microgrid using the
environment Matlab Simulink, considering the data capture
subsystems' energy, storage, and connection to the electrical
grid.

The SCADA system was developed in an open-source
environment, without resulting in cost, which encourages
using these solutions for applications where the economic
factor is determining to carry out the cape. The systems
licensed in their express version were sufficient to complete
the application; since the microgrid information does not
require more robust solutions, they are presented as reliable
alternatives and viable for real applications. The auxiliary
history and reporting systems were configured correctly,
managing to store the information generated by the microgrid
for later reference. It was possible to correctly integrate the
various systems that make up the final application,
demonstrating that it is possible to use SCADA applications
to monitor and control microgrids without incurring additional
costs and stimulating its use and massification. The home
consumption was characterized, and it was shown that the
investment in solar energy can be recovered between 1 and 2
years, depending on the power acquired. The RapidSCADA
solution complements these systems by providing a fast and
effective monitoring method without representing an
additional cost.
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