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Abstract- This research paper presents a detailed modeling approach for a grid-supporting microgrid system based on
photovoltaic (PV) technology. The study encompasses the development of a comprehensive model that accurately represents
the dynamic behavior of the microgrid components, including PV arrays, DC-DC converters, DC-AC inverters, and the grid
interface. Emphasis is placed on incorporating fault ride-through control techniques to enhance the microgrid's resilience and
maintain an uninterrupted power supply during grid disturbances. The modeling process involves capturing the electrical
characteristics and interactions among various system components using suitable mathematical equations and control
algorithms. Special attention is given to accurately representing the PV arrays' output characteristics and the converter and
inverter dynamics. The resulting model provides a reliable platform for studying the system's behavior under different
operating conditions, including normal grid operation and fault scenarios. Furthermore, the study addresses the implementation
of fault ride-through control mechanisms to ensure the microgrid's stability and ability to ride through grid faults. Various
control strategies, such as voltage and current control, droop control, and active/reactive power control, are investigated and
integrated into the system model. These control techniques enable the microgrid to autonomously regulate its power output and
maintain stable voltage and frequency levels during grid disturbances, thereby enhancing the microgrid's reliability and grid-
supporting capabilities. The proposed modeling and fault ride-through control strategies are evaluated through extensive
simulations and analysis. The microgrid's performance under different fault scenarios, including voltage sags, voltage swells,
and grid disconnections, is thoroughly assessed to validate the effectiveness of the implemented control strategies. Thus, this
study provides valuable insights into a PV-based grid-supporting microgrid's modeling and control aspects, demonstrating the
feasibility and effectiveness of fault ride-through control techniques. The findings contribute to the advancement of microgrid
technologies and support the integration of renewable energy sources into the existing power grid infrastructure.
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1. Introduction

Globally, there has been a significant increase in the
adoption and integration of renewable energy (RE) based
distributed resources into electrical power networks. This
integration is facilitated by using microgrids as
intermediaries, which serve as localized systems that
generate, distribute, and store electricity. In parallel, power
electronic-based converters have emerged as a crucial
technological solution for interfacing these renewable energy
sources with the grid and providing enhanced control

flexibility. Among the various types of power electronic
converters, switch-model power electronic inverters have
become the core technology for enabling the grid integration
of RE intermittent DC power into traditional AC grids [1].
These inverters are designed to convert direct current (DC)
power generated by renewable sources such as solar panels
or wind turbines into alternating current (AC) power
compatible with the existing AC grid infrastructure.

The use of switch-model power electronic inverters
offers several advantages in grid integration. Firstly, they
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provide efficient and precise control over the conversion
process, allowing for optimal power flow management and
voltage regulation. This control flexibility enables smooth
and reliable integration of intermittent renewable energy
sources, which fluctuate in their power output due to weather
conditions or other factors. Furthermore, switch-model
power electronic inverters facilitate the seamless integration
of distributed energy resources (DERs) into the power grid.
DERs encompass various forms of decentralized renewable
energy generation, such as rooftop solar panels or small-scale
wind turbines [2]. By converting the DC power generated by
these DERs into AC power compatible with the grid, the
switch-model inverters enable the DERs to contribute to the
overall energy supply and support the grid during peak
demand periods.

In addition to their integration capabilities, switch-model
power electronic inverters offer enhanced grid stability and
resilience. They can actively respond to grid disturbances
and contribute to voltage and frequency regulation, thereby
improving the overall reliability of the power system.
Moreover, these inverters can support the grid by providing
ancillary services, such as reactive power compensation or
voltage support, further enhancing grid stability. Thus, the
utilization of switch-model power electronic inverters has
played a crucial role in enabling the integration of renewable
energy sources into traditional AC grids. This technology has
paved the way for the widespread deployment of microgrids
and the effective utilization of distributed energy resources,
ultimately contributing to the global transition towards a
more sustainable and resilient energy future [3].

Different DER architectures have been developed to
cater to specific system sizes and applications, considering
their unique qualities and requirements. In order to optimize
the operation of power electronic interface inverters within
these architectures, adequate modeling and selection of
control parameters are essential. One common application is
using DC-DC converters to interface a DC-based distributed
generation (DG) source, such as photovoltaic (PV) panels,
with the rest of the system, aiming to achieve maximum
power extraction and stabilize the DC-link voltage. For
instance, a double-stage PV system can be employed, where
a DC-DC converter with maximum power point tracking
(MPPT) control is utilized in conjunction with a DC-AC
inverter. The primary purpose of the DC-DC converter in this
configuration is to optimize the power output of the PV
panels. It achieves this by continuously tracking and
adjusting the operating point of the panels to ensure that they
operate at their maximum power point (MPP) under varying
environmental conditions. The MPPT control algorithm
employed in the DC-DC converter enables efficient power
extraction from the PV panels by dynamically adjusting the
converter's operating parameters.

The output of the DC-DC converter, now at the desired
voltage and power level, is then fed to the DC-AC inverter
for further conversion into AC suitable for integration with
the AC grid or local loads. The control of the DC-AC
inverter is slightly modified to accommodate the specific
requirements of the double-stage PV system. This modified
control scheme ensures that the inverter operates in a

coordinated manner with the DC-DC converter, allowing for
efficient power transfer and grid synchronization. The overall
system architecture, including the DC-DC converter with
MPPT control and the modified control of the DC-AC
inverter, enables effective utilization of the PV panels,
maximizes the power output, and maintains the stability of
the DC-link voltage. By employing advanced control
algorithms and appropriate parameter selection, the operation
of power electronic interface inverters in DER architectures
can be enhanced, leading to improved system performance
and increased energy efficiency [4].

Numerous studies have been conducted to investigate
and optimize the performance of these DER architectures.
These studies emphasize the importance of accurately
modeling the components involved, such as the PV panels,
DC-DC converter, and DC-AC inverter, to capture their
dynamic behavior and interactions. Additionally, selecting
appropriate control parameters and tuning them accordingly
is crucial to achieving optimal performance and ensuring the
system's reliable and stable operation. In summary, the
selection and design of DER architectures are influenced by
factors like system size and application requirements. The
operation of power electronic interface inverters within these
architectures can be enhanced through proper modeling and
control parameter selection. The utilization of DC-DC
converters in PV systems, coupled with MPPT control and
modified control schemes for DC-AC inverters, exemplifies
one approach to achieving maximum power extraction and
stable operation in such systems. Continuous research and
optimization efforts contribute to advancing the efficiency
and effectiveness of these DER architectures and their
associated control strategies [5].

Consequently, this study introduces the unique concept
of integrating active power frequency and reactive power
voltage droops for a solar-photovoltaic system to
dynamically support the power grid by participating in
frequency and voltage regulation. The paper's balance
presents the simulation results to validate the models
developed. This study adds a DC-DC converter to an
inverter-based microgrid in grid-supporting mode. This
reflects real DC source DER/DG dynamics, especially a
double-stage Solar Photovoltaic system, as countries
worldwide drive towards increasing RES use, especially in
grid-synchronous operating conditions. Furthermore, the
global capital and installation cost of PV panels continuously
declines. However, the power conversion unit is inevitable
for properly integrating the PV system. Consequently, the
control system design for power electronic converters
required for DC-DC and DC-AC conversions is critical to
enhancing durability, reliability, and efficiency [6]. This
study is not focused on solar-PV power system modeling.
Several studies already address that [7] [8] [9]. However, the
control mechanism for an inverter-based scheme with a DC-
DC converter is modeled and analyzed. Similarly, the control
implementation of a grid-supporting system for a solar-
photovoltaic system is used with the droop, and a DC-DC
converter was developed. Modeling and emulating this
system through simulation are critical to investigating how
the inverter-based microgrid responds to FRT/LVRT
technical challenges, among other issues. This is valuable for
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our analysis, design, and verification; hence, the inverter-
based microgrid with a DC-DC power converter discrete-
time model was developed.

FRT is one of the critical technical issues in large-scale
PV grid integration with a less thorough study. A
methodology to limit the active power generated by the
MPPT is introduced for an inverter-based microgrid with a
DC-DC converter. A unique control scheme is implemented
to curtail the DC power produced and equip the interfacing
power converters with fault ride-through qualities, to
minimize the prospect of triggering the overvoltage
protection scheme of the DC link. This is achieved without
shutting down the voltage-boosting operation of the
converter. The DC bus voltage of the DC-DC and DC-AC
converters is controlled during the AC grid voltage sag cycle.
Consequently, the solutions proposed in this study curtailed
the usual momentous DC voltage increase in the DC bus
under transient conditions.

2. DC-DC Conversion Phase and MPPT Control

In integrating solar PV systems with the AC grid, the
DC-DC conversion phase is critical in ensuring optimal
power extraction. This phase incorporates MPPT control,
which continuously adjusts the operating point of the PV
panels to maintain operation at the MPP. By tracking and
adapting to changing environmental conditions, such as solar
irradiance and temperature variations, the MPPT control
enables the PV system to harvest the maximum available
power from the solar resource. On the other hand, the DC-
AC inverter phase is responsible for efficiently converting
the DC power output of the PV system into AC power
compatible with the AC grid. This conversion process
involves adjusting the voltage magnitude and frequency of
the solar PV source to match the AC grid requirements. The
inherent intermittencies in solar PV generation, caused by
factors like cloud cover or shading, can result in mismatches
between the PV source current and voltage and the AC grid
voltage magnitude and frequency. Power electronic-based
interfaces, such as the DC-AC inverter, are indispensable in
addressing this issue [10].

These power electronic interfaces provide essential
functions to ensure reliable, secure, and efficient energy
conversion from solar PV systems. They facilitate the
transformation of DC power from the PV panels to AC
power suitable for grid integration. Additionally, power
electronic converters enable grid synchronization and
control, ensuring that the PV system operates in harmony
with the AC grid. The power electronic converters ensure a
smooth and stable power transfer from the PV system to the
grid by controlling the voltage and frequency outputs. The
integration of power electronic-based interfaces into solar PV
systems brings several advantages. Firstly, it enhances the
reliability and security of energy conversion. Power
electronic converters allow advanced protection mechanisms,
such as fault detection and isolation, to safeguard the system
against potential failures or disturbances. Moreover, the
modular nature of power electronic systems enables the PV
system to continue operating even if a specific component or

section experiences an issue, improving overall system
reliability.

Furthermore, power electronic converters contribute to
higher energy conversion efficiency. These devices employ
advanced switching techniques and control algorithms that
minimize power losses during conversion. By efficiently
matching the PV system's output characteristics to the AC
grid requirements, power electronic interfaces maximize the
energy yield and minimize wasted energy, improving overall
system efficiency. Power electronic converters' design,
operation, and control should be carefully considered despite
their numerous benefits. Adequate design considerations
include selecting appropriate converter topologies, sizing the
components correctly, and ensuring thermal management to
handle the power levels involved. Proper operation and
control strategies must be implemented to optimize system
performance, maintain stability, and meet grid code
requirements. Thus, integrating power electronic-based
interfaces, including MPPT control in the DC-DC conversion
phase and efficient power delivery through DC-AC inverters,
is essential for reliable and efficient energy conversion from
solar PV systems to the AC grid. These interfaces address the
mismatch between PV source characteristics and grid
requirements, enabling more secure and efficient power
transfer. However, careful attention should be given to the
design, operation, and control of power electronic converters
to ensure optimal performance and successful integration of
solar PV systems with the AC grid [11].

The rating of the DC-DC converter used in a solar PV
system strongly relies on two main factors: the PV modules'
probable voltage range and the DC-AC inverter's required
input voltage. A relatively high DC link voltage, reaching up
to 1000V, is necessary for a grid-connected DC-AC inverter
system. The DC-DC converter plays a crucial role in
adjusting the voltage levels to meet these requirements. The
DC-DC converter operates in boost mode to step up the
nominal voltage when it is lower than the required reference
for the inverter. Conversely, when the voltage exceeds the
required inverter voltage, the buck mode is activated to limit
the voltage. Figure 1 illustrates the operation of the DC-DC
converter in boost mode. It consists of an IGBT (Insulated-
Gate Bipolar Transistor) block denoted as G, a
semiconductor device controlled by the gate signal. The
figure shows that an inductor (L) and a semiconductor diode
(S) are connected to the IGBT block. Additionally, two
capacitors, Cpv and Cpc, are connected to the input and
output of the DC-DC boost converter, respectively.

In this configuration, during the boost mode operation,
the IGBT block is controlled to switch on and off at specific
intervals. When the IGBT is switched on, the current flows
through L and charges up the Cpv capacitor, increasing the
voltage. At the same time, S blocks the reverse current flow.
When the IGBT is switched off, the inductor discharges its
stored energy into the output capacitor (Cpc), effectively
stepping up the voltage. The boost mode operation of the
DC-DC converter enables the adjustment of the PV module
voltage to match the requirements of the DC-AC inverter. By
increasing the voltage when needed, the converter ensures
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that the DC link voltage reaches the desired level for proper
grid integration.

The Cpv and Cpc capacitors play essential roles in the
DC-DC converter. Cpv, connected to the converter's input,
helps in smoothing out the input voltage and provides a
stable source for the boost operation. On the other hand,
CDC is connected to the converter's output and acts as a
buffer to store energy and supply a constant voltage to the
DC-AC inverter. Careful consideration of the DC-DC
converter's design and selection of its components, such as
the IGBT, inductor, diode, and capacitors, is crucial to ensure
reliable and efficient operation. Proper sizing of these
components and thermal management considerations is
essential to handle the power levels involved and ensure the
converter's performance and longevity. Thus, the rating of
the DC-DC converter used in a solar PV system depends on
the PV modules' probable voltage range and the DC-AC
inverter's input voltage requirements. The converter operates
in boost mode to step up the voltage when needed and
employs components such as the IGBT, inductor, diode, and
capacitors to facilitate the voltage conversion. The DC-DC
converter enables efficient and reliable power transfer from
the PV system to the AC grid through careful design and
component selection.
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Fig. 1. DC-DC converter schematic controlling.
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In the operation of the boost converter depicted in
Figure 1, a pulse-width modulation (PWM) signal is utilized
to control the switching of the IGBT block. This PWM signal
alternates between "on" and "off" states over a specific
period. The duty cycle (denoted as 'd") of the PWM signal
determines the voltage ratio between the input voltage (VPV)
from the solar PV source and the output voltage (Vdc) of the
DC link. Equation 1 represents this relationship [12]. The
individual circuit components shown in Figure 1 are
combined to create a model that can be used for simulation
and analysis of the boost converter. The IGBT block is
controlled by the preferred duty cycle, which is determined
based on system requirements and operating conditions. A
large capacitor is typically employed in simulation to
maintain a steady output voltage.

MPPT (maximum power point tracking) control
algorithms are essential to achieve maximum power
extraction from the solar PV system. These algorithms

consider the intermittent nature of PV generation caused by
factors such as solar irradiance, temperature variations, and
shading. Numerous MPPT control algorithms have been
developed and implemented to achieve optimum system
performance. The MPPT control algorithm senses the PV
modules' current and voltage to evaluate the boost converter's
duty ratio ('d'). By adjusting the duty cycle, the MPPT
control algorithm ensures that the converter operates at the
PV system's maximum power point (MPP), where the output
power is maximized. The duty cycle information is then used
to generate the appropriate PWM signal for the gate driver,
which controls the IGBT switching.

Through the coordinated operation of the MPPT control
algorithm, the PWM signal controller, and the IGBT, the
boost converter maintains efficient power conversion by
continuously adapting to changes in PV module
characteristics and environmental conditions. This dynamic
control enables the system to harvest the maximum available
power from the PV modules and enhance overall system
performance. The design and selection of MPPT control
algorithms and the PWM signal controller and gate driver are
important considerations for achieving accurate and
responsive control of the boost converter. The entire system's
performance and reliability depend on these control
components' effectiveness.

Thus, the boost converter's operation is controlled by a
PWM signal, with the duty cycle determining the voltage
ratio between the input voltage from the solar PV source and
the output voltage of the DC link. Considering the
intermittent nature of PV generation, MPPT control
algorithms are crucial for maximum power extraction. These
algorithms evaluate the duty ratio based on PV module
current and voltage measurements, and the resulting PWM
signal controls the IGBT switching through the gate driver.
Effective control strategies and components ensure optimal
system performance and efficient power conversion from the
solar PV system.
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Fig. 2. Feedback loop model PV voltage control.
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In this work, the extremum-seeking maximum power
point tracking (MPPT) technique known as incremental
conductance (IC) was implemented. The IC technique is a
well-established method that aims to match incremental
conductance with the instantaneous conductance of the
photovoltaic (PV) system. The IC algorithm drives the PV
system towards the maximum power point (MPP) by
continuously adjusting the voltage based on the comparison
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results. Unlike the perturb and observe (P&O) procedure,
where the voltage is perturbed, and the resulting power is
observed, the IC algorithm eliminates the continuous
perturbation once the MPP is reached. Instead, it relies on
observing and interpreting the slope of the power-voltage (P-
V) curve to regulate the modelled DC-DC converter and
maintain operation at the MPP.

The IC algorithm is based on the observation and
interpretation of the slope of the P-V curve. At the MPP, the
slope is zero (dPPV/dVPV = 0), indicating that the power
(PPV) is maximized with respect to the voltage (VPV). On
the left side of the MPP, the slope is positive (IPPV/dVPV =
+ve), while on the right side, it is negative (dPPV/dVPV = -
ve). These slope characteristics serve as key indicators for
the IC algorithm to adjust the voltage and seek the MPP. The
IC algorithm continuously monitors the slope of the P-V
curve and adjusts the voltage accordingly to maintain or
approach the zero slope condition. If the slope is positive,
indicating that the system is on the left side of the MPP, the
algorithm reduces the voltage to approach the MPP.
Conversely, if the slope is negative, indicating that the
system is on the right side of the MPP, the algorithm
increases the voltage to drive toward the MPP.

It is important to note that the IC algorithm operates
based on the principle that instantaneous conductance can be
estimated by observing the variations in power and voltage.
By closely monitoring the slope and employing appropriate
control actions, the algorithm ensures that the PV system
operates as close as possible to the MPP. Implementing the
IC algorithm in this work involves integrating it with the
modelled DC-DC converter. The IC algorithm adjusts the
converter's control parameters to enable efficient and
accurate tracking of the MPP. By dynamically regulating the
voltage, the IC algorithm allows the PV system to adapt
continuously to changing environmental conditions and
maintain operation at the MPP, thereby maximizing power
extraction.

Thus, this work utilized the incremental conductance
(IC) algorithm as an extremum-seeking MPPT technique.
The IC algorithm matches incremental conductance with
instantaneous conductance and adjusts the voltage to
approach the maximum power point (MPP). The algorithm
operates based on observing and interpreting the slope of the
power-voltage curve, aiming for a zero slope at the MPP. By
integrating the IC algorithm with the DC-DC converter, the
system achieves accurate MPP tracking and enhances the
overall performance of the PV system.

The boost converter utilizes an inner control loop to
regulate the converter to a specified reference, with the
MPPT algorithms responsible for setting this reference. This
control loop ensures that the converter's input voltage
matches the desired output voltage. Figure 2 illustrates the
configuration of the boost converter, and Equation 2
expresses the VPV input voltage. In order to achieve the
desired input PV voltage, feedback control is implemented.
The feedback loop model, as shown in Figure 2, involves
sampling the converter voltage and feeding it back to the
controller through a summing block to extract the error. The
controller then generates the appropriate duty cycle,

attenuating the error and adjusting the input voltage to
maintain it at the specified reference.

The feedback loop operates as follows: the input PV
voltage (VPV) is compared to the reference voltage within
the summing block. The resulting error, which represents the
difference between the actual input voltage and the desired
reference, is then passed to the controller. The controller
processes the error and generates a corresponding duty cycle
that will bring the input voltage closer to the reference. By
adjusting the duty cycle, the controller effectively regulates
the converter's operation, ensuring that the input voltage
matches the desired reference voltage [13]. This feedback
control loop enables the system to respond to changes in
operating conditions and maintain the desired voltage output.

It is important to note that the configuration of the boost
converter and the feedback control loop can vary depending
on the specific implementation and control strategy.
Different control techniques and algorithms can be employed
to achieve optimal performance and accurate converter
regulation. Consequently, the boost converter incorporates an
inner control loop to regulate the converter to a specified
reference, with the MPPT algorithms determining this
reference. As illustrated in Figure 2, the feedback control
loop utilizes a summing block to extract the error by
comparing the input PV voltage to the reference voltage. The
controller processes this error and generates a duty cycle that
adjusts the input voltage to match the desired reference. This
feedback control mechanism ensures that the converter
operates at the desired voltage output, enhancing the overall
performance and efficiency of the system [14].

In inverter-based microgrids where a DC-DC power
converter is used for grid integration of solar photovoltaic
(PV) systems, the VPV (PV voltage) is regulated through the
control of the duty ratio. To improve the dynamics of the DC
bus voltage, a feed-forward scheme is employed, assuming
there is no conversion loss from DC to AC power. This
implies that the power on the DC side of the PV system is
equivalent to the power transmitted to the AC grid on the AC
side, as expressed in Equation 3. In this equation, P DC
represents the power on the system's DC side (PV side),
while P_AC represents the power on the AC side (grid side).
By ensuring that the DC power is equal to the AC power, the
feed-forward scheme aims to maintain efficient power
transfer and minimize losses.

In addition, the quadrature-axis component voltage (Vq)
is forced to zero value by the proportional-integral (PI)
controller of the phase-locked loop (PLL). The PLL
synchronizes the inverter with the grid and maintains a
constant frequency and phase relationship. By setting Vq to
zero, the focus is primarily on controlling the direct-axis
component of the current. With this setup, the estimated
direct-axis current component, which is a function of the PV
variable, can be obtained using Equation 3 [15]. This
equation allows for the estimation of the direct-axis current
component based on the PV system's operating conditions
and characteristics.

It is important to note that the specific implementation of
the feed-forward scheme and the equations and control
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strategies used may vary depending on the system
requirements and design. This approach aims to optimize the
grid integration of the solar PV system, enhance the power
transfer dynamics, and maintain a stable and reliable
operation of the microgrid. Thus, for inverter-based
microgrids utilizing a DC-DC power converter for solar PV
grid integration, the VPV is regulated through the control of
the duty ratio. A feed-forward scheme is implemented to
improve the dynamics of the DC bus voltage by assuming no
conversion losses from DC to AC power. This scheme
ensures that the power on the DC side is equivalent to the
power transmitted to the AC grid. The PLL's PI controller
sets the quadrature-axis component voltage to zero, allowing
for the estimation of the direct-axis current component based
on the PV system's characteristics. The overall aim is to
achieve efficient and reliable grid integration of the solar PV
system within the microgrid.

3. DC-AC Inverter and Modified Grid-Supporting

In inverter-based microgrids employing a boost
converter, the grid-tied inverter plays a crucial role in
synchronizing with the AC grid frequency and delivering the
available power generated by the solar PV system to the
electric power network. The purpose of the grid-tied inverter
is to convert the DC power from the PV system into AC
power that can be seamlessly integrated with the AC grid. To
ensure proper operation, the voltage of the DC link, which
connects the boost converter to the inverter, needs to be
maintained at a level higher than the magnitude of the grid
voltage. This voltage requirement ensures that the inverter
can effectively transfer power to the AC network and
maintain a stable connection.

The inverter controller is a key component that enables
the efficient delivery of DC power from the PV system to the
AC network and provides high-level functionality for grid
interaction. One of the primary functions of the inverter
controller is to synchronize the AC grid voltage with the
output of the inverter. This synchronization is achieved
through the use of a phase-locked loop (PLL), which detects
the frequency and phase of the AC grid voltage and adjusts
the inverter's output accordingly [16]. The primary control of
the inverter controller calculates and supplies a
corresponding duty cycle to the pulse width modulator
(PWM). The duty cycle determines the duration of time
during each switching cycle that the inverter's IGBT-Diode
switches are turned on or off. The PWM generates the
necessary control signals for the IGBT-Diode switches,
enabling them to produce appropriate output waveforms that
match the desired AC grid voltage and frequency.

By effectively controlling the duty cycle and switch
operation, the inverter controller ensures that the power
delivered from the PV system is synchronized with the AC
grid, maintaining a stable and reliable connection. This
control mechanism enables the grid-tied inverter to deliver
the maximum available power from the PV system to the
electric power network while complying with grid
requirements and regulations. Thus, in inverter-based
microgrids utilizing a boost converter, the grid-tied inverter
is responsible for synchronizing with the AC grid frequency

and delivering the power generated by the solar PV system to
the electric power network. With its PLL and primary
control, the inverter controller ensures synchronization,
regulates the duty cycle, and operates the IGBT-Diode
switches to produce appropriate output waveforms. This
enables efficient power transfer from the PV system to the

AC grid and facilitates high-level grid interaction
functionality.

iac
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Fig. 3. DC-link bus voltage loop applying power balance
equation.

Several fundamental control requirements must be
addressed in grid-connected inverter-based microgrids
utilizing a DC-DC interface power converter to ensure
efficient and high-quality operation. These requirements
include maximum power point tracking (MPPT) for optimal
power extraction, high-quality power injection with low total
harmonic distortion (THD) in voltage and current waveforms
[17]. To fulfill these demands, the primary controller is
typically divided into two cascading control loops: an outer
loop for power or voltage control and an inner loop for
current control. The outer loop, as shown in Figure 3,
generates the reference current that the inner control loop
will use. The objective of the outer loop is to regulate the
power or voltage at the point of the grid connection. By
accurately tracking the solar PV system's maximum power
point (MPP), the MPPT algorithm determines the reference
current required for maximum power extraction from the PV
panels. This reference current is then passed on to the inner
control loop for further regulation.

The inner loop, known as the current control loop, plays a
crucial role in regulating the currents and, consequently, the
power injected into the grid. Its primary function is to ensure
that the currents flowing through the inverter and injected
into the grid are precisely controlled and meet the required
quality standards. By maintaining accurate and stable current
control, the inner loop helps to minimize harmonic
distortions and maintain the desired power quality. By
combining the outer power or voltage control loop and the
inner current control loop, the primary controller in the
microgrid ensures effective power injection into the grid
while meeting the specific control objectives. The cascading
control structure enables precise power flow regulation and
maintains the desired voltage and current waveforms within
the grid-connected system.

It is worth noting that the control strategies and
algorithms employed in the outer and inner loops can vary
depending on the specific microgrid requirements and system
design. Various control techniques, such as proportional-
integral (PI) control or model predictive control (MPC), can
be utilized to achieve accurate and efficient control
performance. Thus, grid-connected inverter-based microgrids
with a DC-DC interface power converter need to fulfill
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essential control demands such as MPPT and high-quality
power injection with low THD voltage and current
waveforms. The primary controller is typically divided into
two cascading control loops: an outer loop for power or
voltage control and an inner loop for current control. The
outer loop generates the reference current based on MPPT
algorithms, while the inner loop regulates the currents and
ensures accurate and high-quality power injection into the
grid. Combining these control loops allows the microgrid to
achieve efficient and reliable operation while adhering to the
specific control objectives.

3.1. Outer Control Loop

In an inverter system with a DC-DC power converter, a
capacitor with a significant capacity is installed at the DC-
link to ensure the balance of power between the DC and AC
sides. This capacitor plays a crucial role in regulating and
smoothing the DC input power before it is transmitted into
the AC side through the inverter. Its purpose is to maintain a
stable and controlled DC-link voltage, directly affecting the
amount of power injected into the AC grid. The DC-link
voltage regulation is essential for controlling the active
power injected into the AC grid. As depicted in Figure 3, the
DC-link voltage is controlled to regulate the power flow. The
outer loop control of the system ensures that the DC-link
voltage remains constant, thereby maintaining the PV
source's grid connection. However, it is important to note
that the magnitude of the DC-link voltage is relatively higher
than the magnitude of the AC grid voltage to ensure the
appropriate power injection into the AC side.

The power at the DC side can be expressed using
Equation 4, which considers the DC-link voltage and the
current flowing through the DC side. Similarly, the active
power injected into the AC grid is given by Equation 5. The
power balance principle dictates that the input power on the
DC side should be equal to the output power on the AC side,
assuming negligible power losses in the DC-AC inverter.

A PI (proportional-integral) controller is typically
implemented to regulate the voltage at the DC link. The PI
controller generates a corresponding direct-axis reference
current, as shown in Equation 6, to achieve the desired DC-
link voltage. This reference current aligns the direct-axis
voltage component (Vd) with the AC grid voltage, ensuring
the power balance between the DC and AC sides. The
transfer function representing the DC-link voltage plant is
derived, enabling small-signal analysis and system
linearization. Therefore, the capacitor installed at the DC-
link in an inverter system with a DC-DC power converter
balances and regulates the power between the DC and AC
sides. By controlling the DC-link voltage, the capacitor
ensures that the injected power into the AC grid remains
stable and within desired limits. The PI controller regulates
the voltage at the DC-link, generating the appropriate direct-
axis reference current. This control mechanism enables
efficient power transfer and maintains the power balance
between the DC and AC sides of the system.:

d
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To achieve precise control of the DC-link voltage and
current in the inverter system with a DC-DC power
converter, PI  (proportional-integral) controllers are
commonly employed. These controllers are crucial in
regulating the system's behavior and maintaining the desired
operating conditions. The PI controller for the DC-link
voltage control is applied to the transfer function of the DC-
link voltage plant, denoted as GDC(s). The controller
parameters include kp-dc (proportional gain), ki-dc (integral
gain), and Ti-dc (integral gain time constant). The
proportional gain determines the immediate response of the
controller to deviations in the DC-link voltage, while the
integral gain accounts for the accumulated error over time.
The integral gain time constant, Ti-dc, determines the rate at
which the integral term responds to the error.

Similarly, the current control loop is designed using a PI
controller. The current control loop aims to regulate the
currents flowing through the inverter and ensures accurate
and precise power injection into the AC grid. The PI
controller parameters for the current control loop are kp-cl
(proportional gain), ki-cl (integral gain), and Ti-cl (integral
gain time constant). These parameters determine how the
controller responds to deviations in the current and how it
accumulates and adjusts for the error over time. By
incorporating these PI controllers into the system, the overall
control of the DC voltage open-loop is modeled. The PI
controllers continuously monitor and adjust the system's
behavior to maintain the desired DC-link voltage and current
levels. Through proportional and integral control actions, the
controllers effectively regulate the plant transfer functions
and provide the necessary control signals to achieve stable
and accurate control performance.

It is important to note that the specific values for the
proportional and integral gains and the time constants are
typically determined through system analysis, simulation,
and tuning processes. The selection of these parameters
depends on the system requirements, performance objectives,
and stability considerations. Proper tuning of the PI
controllers is crucial to ensure optimal and robust control
performance in the inverter system with a DC-DC power
converter.

3.2. Inner Current Loop Control

In the control system of the inverter-based microgrid
with a DC-DC power converter, the direct-axis (d-axis) and
quadrature-axis (gq-axis) components are interrelated, which
introduces some complexities in their independent control.
Additionally, the AC grid voltage influences the control
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system's dynamics. To address these challenges,
improvements can be made to the dq references of the output
voltage by incorporating feed-forward dq voltage and
decoupling components. By subtracting the feed-forward dq
voltage from the references, the control system achieves
better accuracy and performance in regulating the output
voltage.

Furthermore, the dq output currents that are injected into
the grid can be decoupled to align with the desired
modulation signal. This decoupling ensures that the control
system operates efficiently and independently for each axis,
reducing the influence of one axis on the other. To analyze
and model the system's behavior in the frequency domain,
the Laplace Transform is applied to derive the s-domain
equivalent representation. This transformation allows for a
comprehensive understanding of the system dynamics and
enables the design of appropriate control strategies in the
frequency domain.

By considering the interdependence of the d-axis and g-
axis components, incorporating feed-forward techniques, and
decoupling the output currents, the control system can
achieve improved performance and enhanced regulation of
the inverter-based microgrid. These measures help mitigate
the complexities arising from the interrelationships between
the components and the influence of the AC grid voltage,
resulting in more precise control and reliable operation.

3.3. Grid Supporting Control

In the overall control scheme of an inverter-based
microgrid with a DC-DC power converter, achieving control
over grid frequency and voltage regulation is a crucial
objective. Figure 7 illustrates the layout of the entire system
and demonstrates how this objective can be accomplished by
implementing concurrent active power and reactive power
control using droop control techniques. In the case of a solar-
photovoltaic system, the active power output of the inverter
is determined using Pw droop control. This control scheme
emulates the inertial response exhibited by synchronous
generators. The P droop control adjusts the active power
output of the inverter based on the deviation between the
actual grid frequency (w) and the reference frequency. By
incorporating this droop control, the inverter actively
contributes to regulating the grid frequency, maintaining it
within the desired range [18].

Additionally, the reactive power output of the voltage-
source inverter is determined using Q-E droop control. The
Q-E droop control adjusts the reactive power output based on
the deviation between the actual grid voltage magnitude (E)
and the reference voltage. This control scheme ensures that
the inverter actively regulates the grid voltage, enabling
effective voltage support and stability. By implementing
concurrent active power and reactive power control using
droop control techniques, the overall control scheme of the
inverter-based microgrid with a DC-DC power converter can
effectively regulate both the grid frequency and voltage. This
control strategy enables the system to mimic the behavior of
synchronous generators and contribute to grid stability and

reliability. The specific parameters and characteristics of the
droop control, such as the droop coefficients, need to be
carefully determined and tuned based on the system
requirements and operational conditions. Proper tuning
ensures optimal performance and coordination between the
different control objectives, allowing the system to respond
accurately and efficiently to variations in grid conditions.
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Fig. 4. Grid Supporting Control with Droop for Inverter-
based.

Microgrid with a DC-DC Converter for Solar-PV integration
3.4. Delayed Signal Cancellation

In order to ensure that the microgrid and main grid
system voltage remain within the specified limits set by the
grid code (such as the maximum allowable voltage) and the
required voltage range (typically 90-110% of the nominal
voltage), voltage control mechanisms are implemented. To
address unbalanced grid voltage conditions, the symmetrical
component equivalent is extracted. This involves
decomposing the grid voltage into positive, negative, and
zero sequence components. By identifying these symmetrical
components,  appropriate  unbalanced = compensation
techniques can be applied to regulate the grid voltage.

In Part 2 of the system implementation, a Digital Signal
Controller (DSC) interface is utilized to identify the
symmetrical components of the grid voltage. The DSC
interface employs algorithms and calculations to analyze the
grid voltage waveform and extract the positive, negative, and
zero sequence components. Each component is evaluated
separately to determine its respective values. To ensure
accurate analysis and response to grid variations, a time of
Sms is chosen as the sampling time for a grid frequency of

76



INTERNATIONAL JOURNAL of SMART GRID
I. E.Davidson and E. Buraimoh, Vol.7, No.2, June, 2023

50 Hz. This sampling time is calculated using the formula:
Nd = fs / (4f1), where fs is the sampling frequency and f1 is
the fundamental frequency of 50 Hz, representing the grid
frequency in this specific study example.

By accurately identifying and evaluating the
symmetrical components of the grid voltage using the DSC
interface, appropriate control strategies can be implemented
to compensate for unbalanced voltage conditions. This
enables the microgrid and main grid system to maintain
voltage levels within the prescribed limits, ensuring
compliance with grid code requirements and safeguarding
the stability and reliability of the overall electrical power
system.

The DSC algorithm relies on evaluating the three-phase
voltage and its subsequent decomposition into equivalent
symmetrical components [19]. In the stationary reference
frame, the voltages measured in the three phases can be
represented using the Clarke (abc-of) transformation, as
given by Equation 7. In this equation, [a b ¢]T represents the
vector of three-phase voltages, and [a B y]T represents the
vector of transformed voltages in the stationary reference
frame. The transformation is performed using a scaling factor
of \/(2/3) to maintain the magnitude of the transformed
voltages.

The Clarke transformation enables the conversion of
three-phase voltages from the abc (phase) reference frame to
the off reference frame. The resulting aff components
represent the positive and negative sequence components of
the three-phase voltage, which are essential for analyzing and
controlling the voltage asymmetry in the system. By
applying the Clarke transformation, the DSC algorithm can
accurately evaluate the symmetrical components of the
voltage, allowing for effective analysis and control strategies
to address voltage imbalances and ensure proper voltage
regulation within the microgrid and main grid system.

The DSC algorithm involves additional steps beyond the
Clarke transformation to extract and evaluate the
symmetrical components. These steps may include further
calculations, such as Park transformation, to obtain the
positive, negative, and zero sequence components. The DSC
algorithm combines these components to assess the voltage
quality and implement appropriate control measures for
maintaining stable and balanced operation within the
electrical power system.
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In conjunction with the stationary reference frame
obtained in Equation 8, two opposite sequence rotations are
implemented using the calculated phase angle of the AC grid
voltage (0 and -6). The angle 0 is the same as the angle 6
obtained from the output of the phase-locked loop (PLL).
Equation 8 represents the positive sequence component,
while Equation 9 represents the negative sequence
component [20] [21]. In these equations, [a B]T represents
the transformed voltage components in the stationary

reference frame obtained through the Clarke transformation.
The complex exponential term exp(j0) performs a positive
sequence rotation, while exp(-j0) represents a negative
sequence rotation. By applying these sequence rotations, the
positive sequence components [as Ps]T and negative
sequence components [an Bn]T can be determined.

The positive sequence components [as Bs]T correspond
to the symmetrical components of the voltage waveform that
contribute to the positive sequence, while the negative
sequence components [on Pn]T represent the symmetrical
components associated with the negative sequence. These
sequence rotations are integral to the DSC algorithm as they
allow for the separation and analysis of the voltage's positive
and negative sequence components. By evaluating these
components, the algorithm can detect and address any
imbalances or deviations from the desired voltage profile,
facilitating effective microgrid and main grid system control.

The phase angle 6 used in the sequence rotations is
typically obtained from the output of the phase-locked loop
(PLL). The PLL ensures synchronization of the inverter
output with the AC grid voltage, providing the necessary
reference for the sequence rotations and enabling accurate
assessment of the positive and negative sequence
components. By utilizing Equations 8 and 9 in conjunction
with the calculated phase angle, the DSC algorithm can
effectively extract and evaluate the positive and negative
sequence components, enabling comprehensive analysis and
control of the system's voltage characteristics.

The estimated values for vqp (positive sequence
component) and vqn (negative sequence component) are
stored in two separate data buffers for a duration equal to
half a cycle, representing a half-life period. The purpose of
these buffers is to collect and retain the final samples of the
positive and negative components within this duration.
Equations 10 to 13 outline the specific components and their
additions involved in this process.For the positive sequence
component, Equations 10 and 11 are used. In these
equations, vgp(i) represents the estimated positive sequence
component at the current time step (i), while vqgp(i-1)
represents the previous estimated value. The term vgp new
represents the newly calculated value for the positive
sequence component based on the current input samples. The
coefficient o determines the weighting between the previous
and new values, allowing for gradual updates and smoothing
of the estimated component.

Similarly, for the negative sequence component,
Equations 12 and 13 are used: In these equations, vqn(i)
represents the estimated negative sequence component at the
current time step (i), while vqn(i-1) represents the previous
estimated value. The term vqn new represents the newly
calculated value for the negative sequence component based
on the current input samples. Similar to the positive sequence
component, the coefficient o determines the weighting
between the previous and new values.

The second term samples in Equations 10 to 13 refer to
the components of the first term but shifted by a duration of
one-fourth of a cycle. This shift is expressed as a multiple of
the second term, indicating a time delay in the calculations.
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By employing these equations and the corresponding
buffering scheme, the DSC algorithm can -effectively
estimate and update the positive and negative sequence
components of the voltage waveform. This information is
crucial for assessing and compensating for any imbalances or
asymmetries in the grid voltage, allowing for improved
control and regulation of the microgrid and main grid
system.

The DSC algorithm proposed in this work is visually
depicted in Figure 5. In Figure 5(a), two components, t1 and
t2, of vdp(k), vqp(k), vdn(k), and vqn(k) are rotated counter-
clockwise. This rotation is represented by the arrows
indicating the direction of the rotation. Subsequently, in
Figure 5(b), a fundamental delay cycle is applied to the
components vdp(k), vgp(k), vdn(k), and vqn(k). This delay
cycle is equal to k minus fs/(4.fg), where fs is the sampling
frequency and fg is the fundamental frequency of the grid.
This delay introduces a phase shift delay of -m to the
component tl and a phase shift delay of -2m to the
component t2.

To compensate for the phase shift introduced in Figure
5(b), a backward rotation clock responds by adding a phase
shift of +m to the two components' phases. This brings tl
back to its initial position and reduces t2 to zero. As a result
of these rotations and compensations, t1 is doubled in length,
while t2 is eliminated. By superimposing Figures 5(a) and
5(b), the resulting waveform is shown in Figure 5(c). This
waveform represents the outcome of the DSC algorithm,
where the desired symmetrical components have been
extracted and the phase shifts have been compensated for.
The waveform in Figure 5(c) reflects the improved
estimation and separation of the symmetrical components,
which is essential for subsequent analysis and control in the
overall system.

During grid failure, the voltage sequence components at
the Point of Common Coupling (PCC) can be obtained in the
d-q coordinates using Equations 10 to 13. The PCC-
independent voltage control systems are then employed to
restore the standard sequence references. The positive
sequence control aims to bring the positive sequence level of
the PCC voltage back to its rated value. By regulating the
positive sequence component, the voltage at the PCC can be
restored to its desired level, mitigating any deviation caused
by the grid failure.

Similarly, the negative sequence regulation focuses on
restoring the quadrature component of the PCC voltage to a
zero standard condition. This means that the negative
sequence control ensures that the quadrature component,
which represents the unbalanced portion of the voltage, is
reduced to zero. By controlling both the positive and
negative sequence components of the PCC voltage, the
unbalance in voltage created by injecting reactive power into
the grid can be effectively checked and buffered. This helps
in maintaining the stability and quality of the voltage at the
PCC, even during grid disturbances or failures.
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Fig. 5. Delayed Signal Cancellation Demonstration.
4. Results and Discussions

The grid in the system operates at a phase-to-phase RMS
voltage of 11 kV. A step-up transformer with a voltage ratio
of 400/11000 V is installed to interface the microgrid with
the grid. This transformer converts the voltage from the
microgrid to the grid voltage level, allowing proper
integration of the DC power generated by the microgrid into
the AC grid. The DC-AC inverter control system is crucial in
efficiently delivering the extracted DC power to the AC grid.
The control system employs a two-loop current control
strategy. The outer loop, the power loop, controls the DC-
link voltage. This loop generates the dq references for the
current used by the internal current control loop, as shown in
Figure 8. The purpose of the power loop is to regulate the
DC-link voltage at the desired level, ensuring stable
operation of the inverter.
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On the other hand, the inner loop generates the reference
dq voltage that serves as the input for the pulse width
modulation (PWM) control of the inverter. This inner loop
regulates the inverter's output voltage, ensuring that it
follows the desired waveform and meets the requirements of
the AC grid. By employing these two current control loops,
the DC-AC inverter effectively manages the power flow
between the microgrid and the AC grid, ensuring efficient
and reliable operation of the system [22].

The voltage of the photovoltaic (PV) system, VPV, is
controlled by adjusting the duty cycle, denoted as d, of the
power converter. The duty cycle represents the ratio of time
during which the power converter is "on" compared to the
total switching period. The power converter can regulate the
voltage output by varying the duty cycle. To achieve
maximum power point tracking (MPPT), a controller is
employed to determine the optimal duty cycle for the given
PV conditions. The MPPT controller continuously monitors
the PV system's voltage and current, and based on this
information, it calculates the appropriate duty cycle that
maximizes the power output of the PV system.

The calculated duty cycle from the MPPT controller is
then supplied as the pulse width modulation (PWM) input to
the DC-DC converter. The controller generates the PWM
signals to control the switching of the DC-DC converter's
switches. These switches are operated according to the PWM
signals, allowing the converter to produce the desired output
waveforms. The PV system can effectively regulate its
voltage and optimize power extraction from the solar panels
by adjusting the duty cycle through the MPPT controller and
controlling the DC-DC converter's switches with PWM
signals. This enables efficient operation and maximum power
generation from the PV system.

In Figure 9, the DC link voltage, denoted as VDC,
exhibits a relatively stable fluctuation within a certain range.
At steady-state operation, around 0.5 seconds, VDC becomes
relatively constant at 1000 V. This constant voltage is
maintained with respect to the PWM switching frequency of
5000 Hz, which corresponds to a period of 0.0002 seconds.
The duty cycle, denoted as d, is precisely adjusted to regulate
the input voltage VPV from the PV arrays. By fine-tuning
the duty cycle, the system ensures that the input voltage VPV
operates at the maximum power point voltage (VMPP) of the
PV arrays. This means that the duty cycle is adjusted to
match the PV arrays' optimal operating voltage.

The constant output voltage, VDC, shown in Figure 9,
serves as the input voltage for the inverter. An inverse
proportion relationship exists between the duty cycle and the
voltage VPV. Increasing the duty cycle, d, decreases the
voltage input (VPV), while decreasing the duty cycle
increases the voltage input. This relationship allows for
precise control over the voltage input to the system. To
achieve the desired voltage input, feedback control is
employed. The feedback control system continuously
monitors the input voltage VPV and adjusts the duty cycle
accordingly to maintain the desired voltage level. This
feedback loop ensures that the PV system operates at the
preferred voltage input, optimizing its performance and
power generation capabilities.

The MPPT (Maximum Power Point Tracking) algorithm
plays a crucial role in regulating the activities of the DC-DC
converter to ensure that the photovoltaic (PV) strings operate
at their maximum power point (MPP). Figure 10 depicts the
implementation of the incremental conductance method for
MPPT. The MPP is continuously monitored by comparing
the instantaneous conductance (I/V) with the incremental
conductance (AI/AV). This comparison allows the MPPT
algorithm to track the optimal operating point of the PV
system. The goal is to find a reference voltage, denoted as
V*, at which the MPPT condition is achieved. In other
words, the MPPT algorithm adjusts the reference voltage
(V*) so that it matches the VMPP (maximum power point
voltage).

By continuously analyzing the PV system's I/V and
AU/AV  characteristics, the MPPT algorithm dynamically
adjusts the reference voltage to maintain its operation at or
near its MPP. This enables the PV system to maximize its
power output by operating at the voltage where the power
generation is most efficient. The incremental conductance
MPPT algorithm is widely used due to its effectiveness in
tracking the MPP of the PV system under varying
environmental conditions such as solar irradiance and
temperature. It allows the system to adapt and optimize its
performance in real-time, ensuring the PV system operates at
its highest power output potential.

In the overall conversion scheme, the DC-DC converter
plays a crucial role in regulating the maximum power
extraction from the photovoltaic (PV) modules and
transferring it to the DC link. Simultaneously, the DC-AC
inverter actively transmits power synchronously to the AC
grid. The reference for voltage/power control is determined
based on the maximum power generated by the droop
control. The modelled DC-DC converter accepts the
reference power P* as its input. It processes this power and
converts it to another DC voltage level in the DC link, which
serves as the output. This output power from the DC-DC
converter is then used as the input to the DC-AC inverter,
where it is transformed into calculated DC power.

Figure 11 illustrates the different current values for the
PV arrays and the DC link in the conversion process. The PV
arrays generate varying levels of current based on factors
such as solar irradiance and temperature, while the DC link
carries the current from the PV arrays to the DC-AC inverter.
Figure 11 also shows the current flowing through the diode
in the circuit [23]. The diode allows current flow in one
direction while blocking it in the opposite direction, ensuring
the proper flow of power through the conversion system. The
combination of the DC-DC converter and the DC-AC
inverter allows for efficient power transfer from the PV
modules to the AC grid, enabling the integration of solar
power into the electric power network. The control and
regulation of currents and voltages at various stages ensure
optimal power extraction and transmission, contributing to
the overall performance and stability of the system.

The maximum power point (MPP) of the photovoltaic
(PV) system is subject to change based on variations in solar
irradiance, while maintaining a constant temperature of
25°C. The control system implemented in the PV system,
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specifically the MPPT algorithm, ensures that it tracks and
operates the PV system at its MPP. This enables the system
to consistently extract the maximum available power from
the PV modules under varying environmental conditions. By
employing MPPT control, the PV system continuously
adjusts its operating parameters, such as the duty cycle of the
DC-DC converter, to maintain the PV modules' output power
at the MPP. This dynamic response to changing
environmental circumstances guarantees that the PV system
operates at its highest efficiency and power output potential.

The output power of the PV system, which is optimized
through MPPT control, is then injected into the AC grid
system. This power output corresponds to the DC power
generated by the PV modules and undergoes conversion and
synchronization processes through the DC-DC converter and
the DC-AC inverter, respectively. By tracking the MPP and
maximizing power extraction, the PV system ensures that the
injected power into the AC grid system remains as close as
possible to the maximum available power from the PV
modules. Implementing MPPT algorithms and control
mechanisms in the PV system enables it to adapt to varying
environmental conditions and consistently operate at its
maximum power point. This enhances the system's overall
efficiency and ensures that the AC grid system receives the
highest possible power output from the PV system.

The DC-AC inverter plays a crucial role in the operation
of an inverter-based microgrid with a DC-DC converter. Its
primary function is to synchronize with the AC grid
frequency and voltage, allowing the transfer of the available
solar PV power to the electric power network. In this
configuration, the DC-DC converter optimizes the power
generated by the solar PV system, while the DC-AC inverter
efficiently injects the DC power equivalent into the AC
system. The control system developed for the inverter
focuses on power control, aiming to achieve stable and
effective power transfer.

The control mechanism ensures that the generated power
is optimized and transmitted efficiently to the AC power grid
while maintaining low noise and low total harmonic
distortion (THD). By regulating the inverter's output, the
control system ensures that the injected power is
synchronized with the AC grid and meets the required
quality standards. Figure 12 illustrates the main grid voltages
at the point of common coupling (PCC) and within the main
network. These voltages represent the AC grid's voltage
levels, which the inverter needs to synchronize with and
inject power into.

Similarly, Figures 13 depict the microgrid voltages at the
PCC and within the main network. These voltages represent
the microgrid's voltage levels, including the interconnected
renewable energy sources, storage systems, and local loads.
The control system ensures that the microgrid voltages are
regulated and coordinated with the main grid voltages to
maintain a stable and reliable power supply. Thus, , the
control system of the DC-AC inverter in the inverter-based
microgrid with a DC-DC converter plays a vital role in
optimizing power generation, efficiently transferring power
to the AC grid, and ensuring stable and high-quality power
delivery to both the main grid and the microgrid [24].

Figure 14 presents the voltage's total harmonic distortion
(THD) at the point of common coupling (PCC). The THD
measurement reflects the extent of distortion or harmonic
content present in the three-phase voltage waveforms. A
lower THD value indicates a higher quality of power and
demonstrates that the developed model satisfies one of the
requirements for grid-supporting operation. The quality of
power injected into both the main grid and the local
microgrid load is represented by Figure 14. The low THD
measurement in the three-phase waveforms confirms that the
control system and the inverter model effectively mitigate
harmonics and ensure a clean and stable power supply.

In the three-phase grid-connected inverter-based
microgrid, the grid voltage Vabc and the current Iabc are
crucial AC variables used for control purposes. These
variables are continuously monitored and regulated to
maintain proper synchronization with the grid and provide
reliable and high-quality power. Therefore, the performance
and results of the inverter AC output model are evaluated
based on parameters such as the grid voltage, current
waveforms, and the level of THD. By effectively managing
these parameters, the control system ensures optimal power
injection into the main grid and the local microgrid, meeting
the desired power quality standards and supporting the
reliable operation of the microgrid system.

The Control System Toolbox™, power analysis
functionality, is employed to compute the equivalent state-
space model of the system's electrical models, built using
Simscape™. This allows for the characterization of the
system in terms of its state-space representation. The
resulting state-space matrices are evaluated, namely A, B, C,
and D. The discrete-time state-space A matrix is determined
to have dimensions of 26 states by 26 states, representing the
dynamics and interconnections between the system's internal
states. The B matrix, representing the inputs to the system,
has dimensions of 26 states by 13 inputs, indicating the
control inputs and external influences on the system.

The C matrix, with dimensions of 72 outputs by 26
states, relates the system's internal states to the measured or
observable outputs. Lastly, the D matrix, with dimensions of
72 outputs by 13 inputs, captures any direct feedthrough
relationships between the inputs and outputs. The A matrix's
eigenvalues are computed using the command A = eig(A) to
analyze the system's stability. The eigenvalues represent the
characteristic roots of the system and provide insight into its
stability and behavior.

The system's eigenvalues are presented in Table 2, which
lists the individual eigenvalues and their corresponding
values. Additionally, Figure 15 displays a plot of the
eigenvalues, visually illustrating their distribution in the
complex plane. By examining the eigenvalues, one can
understand the system's stability and dynamic response. The
Control System Toolbox™ and Simscape™ integration
enable the evaluation of the system's state-space
representation and facilitate the microgrid system's analysis
and control design processes.

The Control System Toolbox™, power analysis feature,
is employed to compute the equivalent state-space model of
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the "Proposed Secondary Control" electrical models, which
are built using Simscapel™. This allows for the
characterization of the system in terms of its state-space
representation. The resulting state-space matrices are
evaluated, namely A, B, C, and D. The discrete-time state-
space A matrix is determined to have dimensions of 26 states
by 26 states. This matrix represents the dynamics and
interconnections between the system's internal states. The B
matrix, with dimensions of 26 states by 13 inputs, represents
the inputs to the system, including control inputs and
external influences.

The C matrix, with dimensions of 72 outputs by 26
states, relates the system's internal states to the measured or
observable outputs. Finally, the D matrix, with dimensions of
72 outputs by 13 inputs, captures any direct feedthrough
relationships between the inputs and outputs. The A matrix's
eigenvalues are computed using the command A = eig(A) to
analyze the system's stability. The eigenvalues represent the
characteristic roots of the system and provide insight into its
stability and dynamic behavior.

The resulting eigenvalues of the system are presented in
Table 2. This table lists the individual eigenvalues and their
corresponding values, allowing for further analysis and
interpretation of the system's stability characteristics. One
can better understand the system's stability, performance, and
dynamic response by evaluating the eigenvalues and
analyzing their properties. The utilization of the Control
System Toolbox™ and Simscapel™ enables the evaluation
and analysis of the system's state-space representation,
facilitating the design and optimization of the proposed
secondary control system.
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Fig. 6. The d-q current reference.
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Fig. 13. DSC sag detection compared to FFT, SRREF,
PEAK and RMS methods at fault inception
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Fig. 14. DSC sag detection compared to FFT, SRREF,
PEAK, and RMS methods at fault clearance

TABLE L. SAG DETECTION

Techn Detection Time of Detection Time of
iques Fault Fault

Inception (seconds) Clearance (seconds)

DSC 1.3001522 1.80015210

FFT 1.3167960 1.82308800

PEAK 1.3169960 1.82274000

RMS 1.3169840 1.82309200

SRRF 1.3012721 1.81606000

TABLE II. EIGENVALUES OF THE

DEVELOPED MODEL
Mode Model Mode Model
M -0.6256 +0.0000i A4 -0.9863 + 0.0000i
! -0.4110 + 0.0000i Ais -0.9863 + 0.0000i
A3 -0.4110 + 0.0000i A6 -1.0000 + 0.0000i
! -0.2678 + 0.0000i M7 -0.9999 + 0.0000i
As -0.9991 + 0.0000i Ais -0.9999 + 0.0000i
Ao -0.9743 +0.1131i A9 -1.0000 + 0.0000i
A -0.9743 - 0.11311 A20 -1.0000 + 0.0000i
As -0.9743 +0.1131i A1 -1.0000 + 0.0000i
Ao -0.9743 - 0.11311 A2z -1.0000 + 0.0000i
Ao -0.8018 + 0.0000i A23 -1.0000 + 0.0000i
A -0.8018 + 0.0000i Aaa -1.0000 + 0.0000i
A2 -0.9512 + 0.0000i Aa2s -1.0000 + 0.0000i
i3 -0.9863 + 0.0000i A26 -1.0000 + 0.0000i

5. Conclusion

This study aimed to implement an active and reactive
power control system based on droop control, which is

suitable for an inverter-based microgrid with a DC-DC
power converter. This control scheme is particularly relevant
for solar-photovoltaic systems operating in grid-supporting
modes where voltage and frequency regulation is required.
The droop control approach was integrated into the overall
control scheme of the grid-connected PV system without
compromising its design and effectiveness. The droop
control was applied between the outer control loop for DC
link voltage and the inner control loop for current, ensuring
coordinated power control. The variation in grid frequency,
represented by the difference between the actual frequency ®
and the reference frequency o*, was utilized to regulate the
output power. The maximum power point (Pmpp) estimation
was achieved using maximum power point tracking (MPPT)
control, allowing for efficient power extraction from the PV
system. In terms of active power control, the inverter's output
power was determined using P-@ droop control, which
mimics the inertial response of synchronous generators. This
control mechanism ensures that the inverter responds to
changes in grid frequency and adjusts its active power output
accordingly. For reactive power control, the output of the
voltage source inverter was determined using Q-E droop
control. This control scheme enables the inverter to regulate
its reactive power output based on the difference between
actual and reference voltage. By implementing this active
and reactive power control strategy based on droop control,
the study successfully achieved the desired voltage and
frequency regulation in the grid-supporting mode of the
inverter-based microgrid. The droop control approach
effectively maintained grid stability and provided the
necessary power support.
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