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Abstract

Emulation and experimental validation of electrical systems is key to understanding their dynamics and developing
various control techniques. This article describes the creation of a prototype using Opal RT platforms, and the LD
Didactic electric machine control system, connected via fiber optic. Signals are transmitted using pulse width
modulation (PWM) to achieve complete isolation between devices and obtain information on mechanical variables of
torque and speed in both control centers. The objective is to emulate a prototype of wind generation in a microgrid and
review the power flow supplied by a synchronous machine. This machine is imposed a fixed speed, which allows the
power converter to be synchronized and power to be extracted. This gives rise to the development of a dynamic
platform that simulates various conditions of a wind generation system.
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Resumen

La emulacidn y validacion experimental de sistemas eléctricos es clave para comprender sus dindmicas y desarrollar
diversas técnicas de control. En este articulo se describe la creacion de un prototipo utilizando las plataformas Opal

RT vy el sistema de control de maquinas eléctricas de LD Didactic, conectadas a través de fibra Optica. Las sefiales se
transmiten mediante ancho de pulso (PWM) para lograr un completo aislamiento entre los dispositivos y obtener
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informacion sobre variables mecanicas de par y velocidad en ambos centros de control. EI objetivo es emular un
prototipo de generacion eélica en una microrred y revisar el flujo de potencia suministrado por una maquina sincrona.
A esta maquina se le impone una velocidad fija, lo que permite sincronizar el convertidor de potencia y realizar la
extraccién de potencia. Esto da lugar al desarrollo de una plataforma dindmica que simula diversas condiciones de un

sistema de generacion edlica.

Palabras clave: Acoplamiento, Maquina eléctrica, Microrred, Par, Potencia, Velocidad.

1. Introduction

In Colombia, different types of electricity generation are
being developed, including cogeneration, photovoltaic
energy, wind energy, small hydroelectric power plants,
biomass, and geothermal energy [1]. Currently, the
country's energy generation is mainly distributed
between hydraulic and thermal sources, with a small
proportion coming from cogenerators, solar energy, and
wind energy [2]. However, it is projected that by 2050,
solar and wind energy generation will become the main
source, while hydraulic energy will decrease and thermal
energy will represent a smaller proportion [2]. The
demand for electricity in Colombia is expected to
continue increasing in the coming years, which
necessitates the development of electric microgrids for
efficient management of renewable resources [3] [4].

Studies in the field of microgrids have taken a variety of
perspectives. [5] Provides a review of the microgrid
concept, its types and control strategies, highlighting
challenges and future directions. [6] Explores the use of
microgrids in military contexts, highlighting their
reliability and flexibility. In addition, [7] analyzes how
blockchain  technology can improve microgrid
cybersecurity by providing a decentralized transaction
ledger. [8] Highlights the usefulness of energy
management systems (EMS) for optimizing the
efficiency of microgrids. [9] Demonstrates the
implementation of an EMS in a residential microgrid,
managing the flow of energy. [10] Provides a
comprehensive overview of technical and economic
aspects of microgrids, identifying key research areas.
Finally, [11] underscores the importance of energy
management and control systems (EMCS) for reliable
operation of microgrids. Together, these works offer a
complete understanding of the evolution and applications
of microgrids.

In this field of work, it is necessary to have laboratories
where emulations of different types of energy generation
are developed. For this purpose, different electrical
devices must be used to manipulate different variables on
the overall system. This article focuses on the
development of an experimental platform for wind
turbine emulation using a synchronous machine to
emulate direct conditions on the device functioning as an

electromechanical converter. The main characteristic of
this machine is to maintain speed proportional to the
feeding frequency [12], hence the name it carries, as it
does not have a slip speed like an asynchronous machine.

The power management of this machine is carried out by
a three-phase inverter controlled by different control
loops programmed in the real-time simulation platform
Opal RT. LD Didactic devices were used for the
mechanical control of the system. In addition, the three-
phase inverter, responsible for power control, has a DC
bus powered by a bidirectional Chroma source. The
assembly of the three-phase converter includes current
and voltage sensors that are read by the Opal RT real-
time simulation platform.

The power and control part of this plant is functioning
correctly. However, when attempting to integrate the
electrical power part with the mechanical part, an
electromagnetic interference problem arises due to the
unification of the grounding systems of LD Didactic and
the control ports of Opal RT. This is due to a potential
difference in the grounds of these devices.

When creating an isolated three-phase network, the
problem arises of not having synchronization with the
three-phase network that supplies power to the
laboratory, along with a difference in potential between
their grounds. Due to this issue, when connecting the
control module of the pendulum machine (LD Didactic)
to send the speed signal and receive the mechanical
torque signal, an electrical failure occurs, resulting in the
blocking of devices connected to the laboratory's three-
phase network and posing an electrical risk if left
connected for an extended period. The described
phenomenon occurred within the human reaction time to
perceive the error and turn off the system to prevent an
accident.

This article discusses the proposed solution for managing
variables between both devices and creating a broader
prototype for emulating different generation systems and
machine control. The main idea is to transmit data
through a simple communication system, in this case, a
PWM (Pulse Width Modulation) was implemented using
an optical fiber channel. Pulse Width Modulation is a
technique used to encode information or control the
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output of a power system. In this application, it is used
for a simultaneous wireless transfer of information and
energy using a laser [13].

Taking into account the main variables required,
conditioning of the analog speed signal is performed,
which originates from the mechanical part module. This
signal is then read by an ADC (Analog-to-Digital
Converter) on the Raspberry Pi Pico microcontroller. The
microcontroller performs PWM and sends the signal
through an optical fiber transmitter module. The
transmitted signal is then read by a receiver module
connected to the Opal RT, and the duty cycle is retrieved
to manipulate the signal. Similarly, the mechanical
torque signal is sent from the power control to the
mechanical control.

Finally, this article will address two types of experiments
on the platform to verify the operation of the
communication board designed for this system. The first
test conducted is to manipulate the synchronous machine
as a motor and vary the torque to measure the power it
supplies or demands. The second experiment involves
requesting power from the synchronous machine, which
will have a fixed speed imposed by the pendulum
machine to emulate the behavior of a wind generation
system.

Furthermore, it is expected that with this type of
platform, different control strategies and manipulation of
converters focused on renewable energy can be tested, as
seen in various articles published in the cloud. For
example, in the article [14], it may transition from
emulating the synchronous machine to directly working
with one. Similarly, in the article [15], different control
strategies for the conversion of wind energy to electrical
energy using the back-to-back configuration are
discussed. These platforms provide opportunities for
experimentation and implementation of innovative
control techniques in the field of renewable energy.

The development of the experimental platform to
emulate wind turbines involved the implementation of a
series of steps and techniques to integrate electrical and
mechanical components. These steps included selecting
and configuring appropriate devices, programming
specific  controllers, interconnecting components,
resolving electromagnetic interference, implementing
communication through PWM with optical fiber, and
validating the controllers through testing. This
methodology overcame technical challenges and
successfully emulated wind turbines. It also lays the
foundation for experimentation in control strategies and
converter manipulation in the context of renewable
energies, and for replicating this type of platforms.
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2. General structure of a wind turbine

Current wind turbines essentially consist of two parts: a
mechanical part and an electrical part. The first
subsystem extracts wind energy and converts it into
kinetic energy on a rotating shaft, while the second
subsystem transforms that electrical energy to make it
suitable for the power grid. Both subsystems are
connected through an electric generator that converts
mechanical energy into electrical energy [16].

The electrical part of the system is the back-to-back
converter configuration. These converters can be seen as
an extension of the electric generator in a wind turbine.
They convert the electrical energy produced by the wind
turbine into a form that can be easily exchanged with the
main grid. This allows wind turbines to be connected to
the main grid and contribute to the overall power supply.
This platform generally has a back-to-back
configuration, as shown in Figure 1. This configuration
enables bidirectional energy exchange between the
microgrid and the main grid, and it is used to isolate the
microgrid from the main grid [17].
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Figure 1: Representation of the back-to-back system
connected to the synchronous machine (General
Prototype).

In the first presented figure, two main power converters
can be observed in the configuration, where the first
inverter (from left to right) is capable of regulating the
power flow from the generator, and the second inverter is
responsible for regulating the DC bus, synchronizing
with the power grid, and enabling bidirectional power
flow between the system and the power grid.

In this experimental platform, we will be working with a
synchronous machine that has a wide operating range,
and with this system, we can observe its qualities and
shortcomings when manipulated in four quadrants.
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Figure 2: Equivalent circuit of the synchronous machine
for dq reference.

The synchronous machine is a rotating electrical machine
that converts mechanical power into electrical power or
vice versa. It is a key component It is a key component in
this paper, and its operation is governed by a set of
equations. The equations of the synchronous machine can
be divided into two groups: the d-axis equations and the
g-axis equations. The d-axis equations describe the
dynamics of the armature current and field current in the
d-axis, while the g-axis equations describe the dynamics
of the armature current and field current in the g-axis.
[18]

The d-axis and g-axis equations are coupled by the
mutual inductance between the d-axis and g-axis
windings. The equations are also coupled by the damper
windings, which are used to stabilize the machine's
operation (This can be complemented with the equivalent
circuit of the machine in the dq domain, presented in
Figure 2). The equations of the synchronous machine are
nonlinear and can be difficult to solve analytically.
However, they can be solved numerically using computer
simulations. The equations of the synchronous machine
are an important tool for understanding the operation of
the machine and for designing and controlling
synchronous machines.

3. Experimental platform

The left inverter represented in Figure 1 is connected to
a synchronous machine, which is mechanically coupled
to a pendulum machine capable of establishing a fixed
torque or a fixed speed depending on the test being
conducted.

The left inverter was implemented with Semikron
hardware, which consists of three branches of two IGBTs
along with a branch for the DC bus, complying with the
topology of a three-phase six-pulse inverter. It has
respective current and voltage sensors for each phase and
is controlled by the Opal RT. The inverter has a power of
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10 kW. Further explanation of the control of this device
will be provided in Section 3.2.

Regarding the right inverter in the diagram shown in
Figure 1, the connection to the power grid is implicit in
the operation of the bidirectional Chroma source. This
source acts both as a load and a generator and is
responsible for power injection into the grid. The
referenced article [19] addresses the theory and
management of this power injection, as well as the
different controls of the converters. These controls,
similar to those presented later in this article, are
specifically designed for their application in the
conventional grid. The stabilizing effects of frequency
and voltage control loops in islanded and grid-connected
operation scenarios are explored, along with stability
requirements and inverter control adjustment strategies
based on different types of loads, which the equipment
used autonomously handles.

This bidirectional DC power supply can be used to
supply or absorb power from the grid. It is ideal for a
variety of applications, including, AC to DC power
conversion, this can be used to charge batteries, power
electronic devices, or perform laboratory tests.
Absorption of power from renewable energy sources:
This can be used to feed power back into the grid
(objective of this paper) or to balance the load on a
battery system and regulation of the DC bus of the back-
to-back configuration. This source is capable of handling
a power of 18 kW, which is more than sufficient for this
300 W generation application.

Figure 3: Photograph of the prototype implemented in
the microgrid laboratory.

In Figure 3, three items are observed:
1. Reference is made to the mechanical part of the
system, which will be addressed in more detail
in section 3.2.
2. Shelf where the sensory part of the system is
located, including the inverter, bidirectional
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power source, control signal decoupling, and
additional power sources required by the
system.

3. System monitoring center.

3.1. Mechanical Section

Figure 4: Specific photograph of the mechanical sygtem,
representation No. 1 of Figure 2*3.

In Figure 4, the hardware used in the mechanical system
is shown, which consists of the following components:

Pendulum machine control module.
Pendulum machine.

Synchronous machine.
Communication module.

el NS

The control module is powered by a two-phase source of
220 V, with the speed variable as the output and the
mechanical torque imposed by the pendulum machine as
the input. Therefore, it is necessary to create a
communication module, which will be explained in the
following section. Within this module, there are different
types of protections, such as temperature protection for
the machine and a bidirectional power flow control. This
control involves the torque-speed relationship at any
given moment, which protects the power supply of the
synchronous machine if it only operates as a source and
not as a load. In the case of the experimental platform, it
is prepared to work in all four quadrants. However, this
protection needs to be deactivated from the module's
startup in order to do so.

The synchronous machine being studied in this article has
a rated power of 0.3 kW from the same company as the
control module of the pendulum machine. The
parameters of this machine are developed in another
article [20], from which the armature resistance and field
resistance: R, = 41.647 Q,R; = 223.77 Q. The field
and armature resistances can be calculated using the volt-
ampere method, which consists of applying a series of
different voltages to the synchronous machine and
measuring the current that flows through it. The
resistance is calculated by dividing the voltage by the
current. Five attempts are performed for each resistance
around the rated current. The values of Ra and Rf are
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used in the mathematical models of the machines
(mentioned at the end of section 2) to calculate their
dynamic behavior.

The linear magnetizing inductance, denoted as Lm, is
expressed as

Ly = K/ ws (11)

H
Where K; = 1260 m,Lm = 4.01 H. They also

have the machine losses, and with these, they calculate
the relative core loss resistance using the equation:

_ Vs (12)

Given: B,.. = 16.95W,U, = 400V,
P.ore = 17.51W, Rc =~ 9.14 kQ.

In addition, the article [20] describes other important

parameters such as the synchronous reactances of the d-
axis and g-axis.

3.2. Three-phase Inverter

." P 15)
Figure 5: Specific photograph of the power system,
representing No. 2 of Figure 2*3.

In the Figure 5, the following components of the power
system are shown:

1. Opal RT: A device used for real-time control
and simulation.

2. DC power supply: Used to bias the optocouplers
of the inverter.

3. Bidirectional power supply: Provides DC power
to the bus and is synchronized with the electrical
grid.

4. System sensors and galvanic decoupling of
control signals: Used for acquiring system



information and electrically isolating control
signals.

5. Inverters and LC output filter: The inverter is
connected to the synchronous machine and acts
as a bidirectional converter. The LC filter is
used to improve the quality of the output signal.

Regarding the inverter, it operates with pulse width
modulation (PWM) generated by comparing a set of
three-phase sinusoidal signals. This technique allows for
control of the generation of the six pulses used in the
inverter. A control model based on this modulation is
developed.

The sensors located at the output of the inverter are used
to perform the dqg transformation, which is a
mathematical transformation to work in an appropriate
reference frame and perform the necessary controls. In
the described case, current and voltage controls are
implemented, as shown in Figure 6.

DC/AC Bidirectional Synchronous
Converter machine
DC Bus "’
Hierarchical I>
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control.
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b
Q Power «—
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Figure 6: Block diagram representation of the
hierarchical control of the inverter, voltage-current.

Regardless of the operating mode of the inverter,
synchronization is programmed using a Phase-Locked
Loop (PLL). The PLL is a widely used control system in
electrical and electronic engineering. Its main function is
to generate an output signal that is synchronized in phase
and frequency with a reference input signal, in a
mathematical way, the operation of the PLL is described
in the block diagram presented in Figure 7. The PLL is
employed in various applications, such as
communication systems, control systems, among others.
In power controllers with current control, the PLL is used
to accurately extract the phase of the grid voltages [21]
or in this case, the power of the synchronous machine.

v =0 wo

Vo . o ~ _x
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b ]ttt | A5
Transformation L0 om o ] -| we
L . LA Contral ‘\_t/ &_J’"J

. J

5: 1 abe - aff o
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Figure 7: Block diagram representation of the Phase-
Locked Loop (PLL).
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There is a operating mode where the inverter operates
solely as a current controller to control the active power
flow delivered or received by the synchronous machine,
as seen in Figure 8. In this case, the use of the PLL is
necessary for the inverter to synchronize with the
machine and perform the control.
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Figure 8: Block diagram representation of the current
control of the inverter for active power extraction from
the synchronous machine.

3.3.  Optical communication

Figure 9 depicts a block diagram showing the
components involved in optical communication. The
blue arrows represent the channels of the optical fiber.
Additionally, there are two predominant colors in the
system: gray and orange. The gray color indicates that the
blocks are connected to the ground of the mechanical
module, while the orange color indicates that they are
connected to the ground of the power control module.

rasvery e
1If Speed RPM
Speed Conditioning 1 * Apc  Gpio peed > 2500
(Analog Signal) — Speed
PWM—> cee —
= Tx Rx — S
t J N OPAL-RT
L') LD DIDACTIC TESHNOLAGIES
Filter Torque

Torque Conditioning 2 €—

< -~ <
e re T Rx Tx <

(PWM)

Figure 9: Representation of the systems involved in the
designed optical communication.

This communication board was developed using the
Raspberry Pi Pico microcontroller, which utilizes the
RP2040 chip. Following the signal flow depicted in
Figure 9, an analog signal needs to be conditioned before
it can be sent to the microcontroller's analog-to-digital
converter (ADC). The ADC employed is a Successive
Approximation Register (SAR) ADC, which is designed
to convert an analog signal into its digital equivalent. It
utilizes the binary search algorithm to determine the
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digital representation of the input signal. The SAR ADC
consists of three main components: a digital-to-analog
converter (DAC) that generates a comparison voltage, a
SAR logic that configures the DAC, and a comparator
that performs the comparison. During the conversion
process, a sampling phase is conducted to capture the
input signal, followed by a conversion phase where
multiple comparisons are made to determine the digital
bits. [22].

Once the internal reading is performed by this
microcontroller, a PWM is applied to the data. Pulse
Width Modulation (PWM) is a technique used in digital
data transmission. It involves varying the duration of
pulses in a digital signal to represent information. In the
case of PWM generation, a modulating input signal and
a sawtooth waveform are used for comparison to obtain
a PWM output signal. The width of the pulses in the
PWM signal represents the digital data to be transmitted.
This technique is commonly used for transmitting digital
data in communication systems, such as audio signal
transmission or digital device control. [23].

However, other types of modulation such as PAM (Pulse
Amplitude Modulation) or PPM (Pulse Position
Modulation) can also be used. PAM modulates the
amplitude of the pulses in a signal, while PPM modulates
the temporal position of the pulses. Both types of
modulation have specific characteristics and applications
in signal transmission [24] [25].

The aforementioned aims to send the speed signal from
the pendulum machine module to the Opal RT. Once the
signal has been modulated into PWM, it is transmitted
through optical fiber. This technology has the advantage
of avoiding electrical problems and failures that were
described at the beginning of this article. The optical fiber
receiver is connected to the Opal RT, which is capable of
detecting the frequency and instantaneous duty cycle of
the signal. Using the duty cycle, the characteristic
equation of the speed as a function of the duty cycle is
obtained.

Similarly, the mechanical torque signal is sent from the
Opal RT as a digital signal. Upon receiving it on the
communication board through the optical fiber receiver,
it is converted into an analog signal using an RC filter to
be sent to the control module within the specific range of
the pendulum machine. This prevents exceeding the
machine's torque and avoiding potential failures.

Additionally, the module is equipped with a Wi-Fi device
that allows sending the speed signal to an Internet
database for future 10T applications of the prototype. A
buzzer is also included on the board, indicating when the
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mechanical system is in an overload state, providing
additional control over the system. This communication
module can be seen in Figure 10.

Figure 10: Specific photograph of the communication
board designed for this emulation system.

4, Test and results

Once the prototype is completed, the first step is to verify
the controls in the inverter and ensure that the DC power
supply is functioning correctly. This can be observed in
Figure 11, which shows the generation of a three-phase
signal along with its triangular reference signal. In this
case, a frequency of 60 Hz was used.

Three-phase inverter veitage

am 002

Figure 11: Three-phase output voltage of the inverter
along with the triangular reference signal.

The first experiment aimed to use the machine as both a
motor and generator simultaneously, with a varying
torque during the test.

In the second experiment, a constant speed was imposed
on the synchronous machine to operate it solely as a
generator. In this case, current control was implemented
to extract power.



The purpose of the first experiment was to explore the
behavior of the machine when operating as both a motor
and generator at the same time. The applied torque was
varied during the test to observe its impact on
performance and electrical characteristics. This variation
allowed for valuable data collection on the machine's
response under different load conditions.

In the second experiment, a constant speed was set for the
synchronous machine. This specific configuration
enabled the device to operate exclusively as a generator.
Additionally, current control was applied to optimize
power extraction from the machine.

The focus of the second experiment was to understand
how the synchronous machine could generate stable and
consistent current at a constant speed, and how current
control could affect the device's power extraction
capability. The results obtained provided valuable
insights into the efficiency and performance of the
synchronous machine under these specific operating
conditions.

In summary, these two experiments allowed for the
analysis and evaluation of various aspects of the
machine's behavior, both in its motor-generator function
and its ability to generate stable current and extract power
in a controlled manner. The findings contribute to the
advancement and understanding of the characteristics
and applications of this specific platform.

4.1. Two-Quadrant Testing of the Synchronous
Machine

In this section, the results and analysis of the test
conducted on the synchronous machine operating in two
quadrants (moving the requested torque from negative to
positive values, transitioning from generator to motor,
with the machine previously started) are presented. To
facilitate the understanding of the collected data, various
graphs have been generated illustrating the output signals
from the Opal RT and the DC bus, as well as the active
and reactive powers at the output of the inverter.

Figure 12 shows the Opal RT output signals in four
quadrants. Quadrant | shows the requested torque, which
ranges from -1 Nm to 1 Nm. Quadrant Il shows the
machine speed, which was fixed at 1800 RPM for this
test. Quadrant I11 shows the active power output from the
inverter, which shows the machine mode change (from
generator to motor) from -300 W to 450 W. Quadrant IV
shows the reactive power output from the inverter, which
depends on the absolute magnitude of the torque. This is
why it exhibits second-order behavior. These signals
provide an integral view of the machine's behavior during
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the test. They allow the analysis of its performance under
different conditions.

Velocity Graph Tormus Grapn

Rasctive Powss Gragh

Figure 12: Output signals from the Opal RT. Requested
Torque (Quadrant I), Machine Speed (Quadrant 11),
Active Power at the output of the inverter (Quadrant

I11), Reactive Power at the output of the inverter
(Quadrant 1V).

In addition, Figure 13 provides captures of the DC bus
signals, including voltage (which is regulated to 500 V
for this test), current, and power. These signals depend
on the torque applied to the shaft. The data are
specifically for the first operating mode (voltage and
current control). The bidirectional source provides these
data with a relatively low sampling rate of 1 second.
However, they provide us with the information needed to
analyze the losses in the inverter.

[

Figure 13: DC bus signals, clgbtures by the bidirectional
source, Voltage, Current, Power (For the first operating
mode).

On the other hand, Figure 14 shows the power signals at
both the DC bus and the three-phase point between the
inverter and the machine. In addition, the requested
torque is included in the graph. These signals are
essential for understanding how the energy is distributed
in different points of the system and evaluating the
overall performance of the machine. The losses in the
inverter for this voltage-current control mode are
approximately 150 W. This is because the machine is
operating in two quadrants and the voltage is controlled.
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Power and Torqun Grogh

Figure 14: Power signals in the DC bus and three-phase
point (Inverter-machine), along with requested torque.

In addition to the above, Figure 15 shows the active
power graphs at the DC bus and three-phase point, as
well as the reactive power as a function of mechanical
torque. These graphs allow us to analyze the relationship
between power and requested torque. They also allow us
to check the losses between the input and output of the
inverter, and to analyze the behavior of reactive power
according to the torque.

Powes va. Tergun Graph

Figure 15: Active power graphs (DC bus and three-
phase point) and reactive power as a function of
mechanical torque.

The detailed analysis of the signals and results obtained
in this two-quadrant test of the synchronous machine
provides valuable information about its electrical
behavior and power generation (Mechanical and
electrical)  capability under different operating
conditions. These data enhance our understanding of the
machine's characteristics and performance, laying the
foundation for future studies and improvements in its
operation.

test on the

4.2. Power control

generator.

synchronous

In this section, we present the results and analysis of the
power control test conducted on the synchronous
generator. To facilitate the understanding of the obtained
data, various graphs have been generated, illustrating the
three-phase voltage generated by the synchronous
machine, the synchronization provided by the PLL, the
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three-phase voltage of the inverter and generator
operating at the same point, as well as the power
delivered by the generator requested through the current
control of the inverter.

Figure 16 shows the three-phase voltage generated by the
synchronous machine at a speed of 1500 RPM, along
with the synchronization graph provided by the PLL.
These signals are fundamental to evaluate the quality and
stability of the voltage generated by the machine, as well
as its proper synchronization.

These-Fihase Voliage of the Genersior 31599 REW

LLLLLLLL

Figure 16: Three—phaseuvoltage generated by the
synchronous machine at a speed of 1500 RPM, along
with the synchronization graph provided by the PLL.

On the other hand, Figure 17 presents the three-phase
voltage of the inverter and generator operating at the
same point. This graph allows evaluating the power
control capability to maintain the voltage generated by
the generator within the desired range and ensure proper
synchronization.

Figure 17: Three-phase voltage of the inverter
and generator operating at the same point.

Figure 18 shows the graph of the power delivered by the
generator, requested through the current control of the
inverter. This signal reflects how the current control
directly affects the power generated by the synchronous
generator and allows us to evaluate the efficiency and
precision of the control in energy extraction. It is
observed that the control has an error of approximately
3%, which is clear in the case of the null power request
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(0 W), where there is a small consumption of 10 W. This
error is present in all the steps.

Irwerter Power Graph

Figure 18: Graph of power delivered by the generator,
requested through the current control of the inverter.

In addition, Figure 19 provides captures of the signals
from the DC bus, including voltage, current, and power,
specifically for the second setup. These data provide
detailed information about the electrical behavior of the
system in terms of power supply and flow in the DC bus.

J. Ontibon-Velasquez, N. Diaz-Aldana, J. Guacaneme-Moreno

Figure 20: Power signals, at the DC bus and three-phase
point (Inverter-machine).

Finally, Figure 21 presents the graphs of active power at
the DC bus and at the three-phase point as a function of
the requested power. These graphs allow analyzing the
relationship between the requested power and the power
delivered by the generator, providing essential
information to evaluate the performance of the power
control and its ability to meet power requirements.

Power Graph

Figure 19: Signals from theDC bus, captured by the
bidirectional source, Voltage, Current, Power (For this
test).

Figure 20 shows the power signals at both the DC bus
and the three-phase point between the inverter and the
machine. These signals allow us to analyze how the
energy is distributed in different points of the system and
to evaluate the overall performance of the synchronous
generator in terms of its generation and supply capacity.
For the case of current control only, losses are observed
between these two points of approximately 75 W. This is
half the losses that are obtained when compared with the
test that adds voltage control.

Figure 21: Graphs of Ac{ril\f;éwlsziwer (DC bus and Three-
phase point) as a function of the requested power.

5. Conclusions

The experimental platform described in the article offers
a working tool for the emulation of wind power systems
using synchronous generators. The platform operates at a
scale of 300 W, which limits it to academic use. This is
due to the significant power losses in the three-phase
inverter, which is 10 kW. These losses translate to a
power loss of approximately 75 W. However, the
platform works correctly as a tool for testing different
controllers. In the case of current control for power
extraction, there is an error of 3%, which is equivalent to
approximately 10 W not extracted.

This platform provides the opportunity to conduct tests
and experiments to test different control strategies in
micro-grid-managed power generation systems. Future
work is the implementation of a dynamic PLL and the
application of different speed profiles on the pendulum
machine. This will allow the analysis of power
generation performance under different wind dynamics
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in specific areas. The platform is capable of performing
this type of task, as the work is handled in the models and
not in the hardware.
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