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Abstract: The integration of renewable resources in isolated systems can produce instability in the
electrical grid due to its intermintency. In today’s microgrids, which lack synchronous generation,
physical inertia is substituted for inertia emulation. To date, the most effective approach remains
the frequency derivative control technique. Nevertheless, within this method, the ability to provide
virtual drooping is often disregarded in its design, potentially leading to inadequate development in
systems featuring high renewable penetration and low damping. To address this issue, this paper
introduces an innovative design and analysis of virtual inertia control to simultaneously mimic
droop and inertia characteristics in microgrids. The dynamic frequency response without and with
renewable energy sources penetration is comparatively analyzed by simulation. The proposed virtual
inertia control employs a derivative technique to measure the rate of change of frequency slope during
inertia emulation. Sensitivity mapping is conducted to scrutinize its impact on dynamic frequency
response. Finally, the physical battery storage system of the University of Cuenca microgrid is used
as a case study under operating conditions.

Keywords: small-signal; virtual dropping; frequency response; load frequency control; secondary
frequency control; virtual inertia control

1. Introduction

Historically, inertia from rotating electrical machines has been a very important factor
in the power systems of any nation. The inertia present in fossil, nuclear, and mainly hy-
droelectric generators is the main source of mechanical energy storage that can contribute
to the power system for a few seconds when there are generator outages due to sudden
electrical faults [1]. However, the high penetration of renewable energy sources associated
with wind, photovoltaic, and hydroelectric generation technologies integrated into micro-
grids has caused weaknesses in the inertial system of the Electrical System, due to the high
variability of these renewable resources. Thus, the use of energy storage devices can help
with this disadvantage [2]. In [3], it is stated that the integration of renewable energy into
large-scale electric systems requires appropriate storage system designs to provide support
for the variability of renewable and variable resources.

The concept encompasses a generator’s inertia constant (H), which is the stored
energy per unit of nominal capacity. The inertia constant reflects the duration for which the
generator can produce power at its nominal capacity solely using its stored rotational kinetic
energy, and it is quantified in seconds. Generally, power plants exhibit inertia constants
between 2 and 7 s. Among these, hydroelectric plants possess the least inertia, whereas
gas plants exhibit the most inertia per capacity unit [4]. Incorporating wind and solar
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power into electrical grids, both in the United States and around the world, has sparked
discussions about the necessary amount of inertia for preserving frequency stability. This
refers to an electric system’s capacity to sustain a steady frequency following an imbalance
between power generation and consumption [5]. Key elements influencing this include the
inertia of generators and loads, the damping effect of loads, the magnitude of contingencies,
limits on under-frequency, and the speed of frequency response. These factors highlight
the reliance on inertia for maintaining stable frequency.

In [6], a novel method for applying virtual inertia in interconnected AC/DC systems
is introduced. This approach takes into account the impact of frequency measurement and
the operation of Phase Locked Loop (PLL). The research primarily examines how derivative
control gains and inertia influence the system’s efficiency. The power system’s framework
comprises two sectors: power generation companies and energy storage systems. A control
strategy for the active power of the power converter is formulated. The study delves into
the role of load frequency control and Automatic Generation Control (AGC) in maintaining
reliable frequency quality. It also investigates the dynamic implications of imitating inertia
using the derivative control technique. The dynamics of both the converter and the high-
voltage direct current (HVDC) systems are represented in the model. The design of a hybrid
AC/DC link that incorporates energy storage and imitates inertia is detailed. Moreover, the
study assesses the dynamic effects of measurement, with a particular focus on PLL impacts.

The authors Kenyon et al. [7] explain that Grid-Following Inverters (GFI) and Syn-
chronous Condensers (SC) have different functions in an electrical grid: GFIs convert Direct
Current (DC) electrical energy to Alternating Current (AC) and inject it into the grid, while
SCs regulate the voltage and frequency of the grid. However, the authors argue that GFlIs
could also act as GFI if they were given the ability to control voltage and frequency. In
the validation of the proposal, they perform a simulation in which a GFI and an SC work
together on an electrical grid. As a result, it is shown that the GFI can effectively control
the voltage and frequency of the grid in the absence of an external power source.

The research conducted in [8] analyzes the technical challenges associated with inte-
grating wind energy into the electric grid and strategies to address them. Several strategies
for implementing active power controls in wind farms are discussed, such as the use of
variable-speed wind turbines and the use of energy storage systems. Finally, the authors
highlight the importance of coordination between active power controls in wind farms
and electric grid control systems. On the other hand, reference [9] proposes that wind
power generation actively participates in the frequency response of the electric power
system. This means that wind power generation adjusts its energy production to help
stabilize the frequency of the electric power system in the event of a sudden decrease in
energy generation. Several strategies for wind power generation’s participation in the
electric power system’s frequency response are discussed, such as implementing active and
reactive power controls in wind farms and coordinating wind power generation with other
frequency response resources.

Consequently, the goal of inertia emulation is to improve the stability of the electri-
cal system by providing a quick and controlled response to sudden changes in load or
energy generation. In [10], a 100 MW wind farm in Quebec, Canada was designed and
implemented with an inertia emulation system. Electronic converters and controllers were
used to simulate the mechanical inertia of the wind farm’s rotor and turbines. Test results
showed that inertia emulation significantly improved the stability of the electrical system,
reducing frequency fluctuations in the electrical grid and improving responsiveness to
sudden changes in load or energy generation.

In the technical report by [11], a 300 MW photovoltaic solar power plant can provide
essential reliability services in the electrical system. As part of the studies, a positive-phase
equivalent electrical grid model was used to evaluate the ability of the 300 MW photovoltaic
solar power plant to provide essential reliability services. This model accounts for the
variability and uncertainty of solar energy, as well as other factors that affect the stability of
the electrical system, such as load and generation from other energy sources. Similarly, the
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model proposed by [12] offers the possibility of using synchronous condensers as a solution
to maintain the stability of the electrical system under conditions of significant changes in
the energy resource portfolio, with the ability to manage energy flows and changes in the
energy resource portfolio, including the integration of renewable energies.

According to the literature review provided in [13], it can be stated that the ability of
wind power plants to provide frequency response depends on a series of factors, including
the type of technology used, the configuration of the wind power system, and the plant’s
control capability. The role of grid inverters is analyzed in [14]. This research demonstrates
that grid-forming inverters are capable of generating a voltage and frequency reference
signal that can be used to synchronize renewable energy sources with the electrical grid.
Additionally, it is indicated that grid-forming inverters allow renewable energy sources to
operate in island mode, which can increase the resilience of the electrical system against
possible grid disruptions.

In [15], a research roadmap for grid-forming inverters is presented. Some of the
findings highlight that grid-forming inverters present significant technical challenges,
including the need to develop new control and communication methods to maintain
system stability. The authors also propose key areas of research, including the integration
of grid-forming inverter technology into existing power systems, the development of new
control and communication methods, and the evaluation of the technical and economic
impacts of grid-forming inverter technology.

In their work, Van et al. [16] investigate the application of Phase Locked Loops in man-
aging power and developing a control system that emulates inertia. The study emphasizes
the utilization of distributed power generation as a substitute for traditional, hierarchical
power systems. It centers on deploying a control algorithm designed to improve the sta-
bility of the rotor angle across the system. This algorithm operates by leveraging a minor
energy storage unit linked to a converter, simulating power transfers between an imaginary
synchronous generator and the electrical grid.

According to study [17], the implementation of a real hardware Virtual Synchronous
Generator (VSG) effectively mitigated frequency deviations induced by load fluctuations
within power systems. Through laboratory experiments using a simulated power system,
the VSG demonstrated a noteworthy reduction in frequency deviation amplitudes and an
enhancement in both steady-state and dynamic frequency errors. The paper underscores
the VSG’s efficacy validated via Matlab/Simulink simulations and raises concerns about
signal scalability in simulated power systems, highlighting potential system instability
stemming from diminishing inertia constants due to dispersed generation.

The authors from Imperial College London [18] explored inverter-based microgrid
autonomy. Their study introduced a small-signal state-space model encompassing inverter,
network, and load dynamics, accurately predicting microgrid behavior across frequency
ranges. This model aids in designing stable microgrids, with low-frequency modes af-
fected by grid configuration and power controller settings, while high-frequency modes
are influenced by inverter and grid dynamics. Small-signal modeling, widely used in
traditional power systems, proves applicable and essential for microgrid stability analysis
and model design.

The cutting-edge small-signal and state-space models present novel perspectives on
the dynamics of virtual synchronous generators and droop control. These models could
pave the way for innovative techniques to boost the dynamic efficacy of these control
methods [19]. Similarly, a groundbreaking method is proposed in [20] for the inertial
emulation of Wind Turbine Generators (WTGs). This approach aims to positively influence
the system’s frequency, prevent unstable WTG operations, and minimize the adverse effects
of rotor speed recovery on secondary frequency drops.

The study presented in [21] highlights the economic advantages of two options: uti-
lizing the rotational mass connected to the shaft of a doubly fed induction generator or
employing a super-capacitor linked via a DC/DC converter to a back-to-back inverter
DC-link. On the other hand, ref. [22] introduces a Model Predictive Control (MPC) strategy,
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which has been tested for stabilizing the frequency in microgrids affected by Renewable
Energy Sources (RES) and load fluctuations. This MPC-based virtual inertia control method
effectively reduces and stabilizes frequency variations, thereby enhancing the stability of
microgrids. Further, the study plans to assess the sizes and costs of energy storage for
optimizing microgrid investments. It also notes that the integration of RES in microgrids
can decrease system inertia, potentially leading to stability challenges.

In [23], a frequency controller based on a frequency deadband has been suggested
for grid-connected power converters. This controller is designed to create virtual inertia
and assist in frequency regulation during frequency-related events. It has been noted that
with this approach, the frequency nadir—the lowest point of frequency drop—is enhanced
by 10% using the same parameter settings. This improvement effectively reduces the
likelihood of incidents such as generator tripping or load shedding.

In study [24], a hierarchical virtual inertia control method is introduced for a bidirec-
tional DC-DC converter, aimed at boosting the inertia within a DC microgrid. This control
system is designed to not only enhance the DC bus voltage profile but also to diminish
disturbances. Simulation outcomes indicate that this controller significantly increases the
microgrid’s inertia and effectively maintains a smooth DC bus voltage trajectory. Moreover,
the controller is equipped to minimize the steady-state error in the DC bus voltage. To
determine the appropriate parameters for this proposed controller, a small signal model of
the bidirectional DC-DC converter, along with its control mechanism, has been developed.

The research in [25] investigates how energy storage systems, like battery energy
storage, can aid in managing frequency and voltage in grid-connected setups. The study
proposes a multi-area coordinated control strategy, incorporating virtual inertia, to tackle
the asynchronous nature of voltage and frequency issues in storage systems. A robust
control method is used to design the secondary coordination controller, which is effective in
stabilizing grid fluctuations. Simulation tests have confirmed the controller’s effectiveness.
Furthermore, energy storage systems are also found to be useful in mitigating power
fluctuations in grids heavily reliant on renewable energy. The Model Predictive Control
(MPC) techniques are shown to improve the capability of energy storage units in managing
power fluctuation control. Likewise, the authors of [26] propose the use of supercapacitors
to provide frequency support to an isolated microgrid considering the solar-diesel hybrid
system and fast response energy storage systems, thus achieving a reduction of up to 30%
in fluctuations of frequency.

The integration of battery energy storage systems with photovoltaic systems to form
renewable microgrids has become more practical and reliable, but designing these systems
involves complexity and relies on connection standards and operational requirements for re-
liable and safe grid-connected operations. In Ref. [27], the voltage sag limits recommended
in the IEEE 1453 standard for the stable and resilient operation of battery energy storage
systems are verified by performing an islanding operation and black start sequence on a
grid-connected MG system at the Florida International University’s engineering campus.

Designing protection systems for microgrids poses challenges owing to the dynamic
nature of operating conditions and the variability in system topology. The fault current
magnitudes and directions differ between grid-connected and island modes, further compli-
cating the task. Reference [28] reported a case study of a protection scheme for a real-world
microgrid, showing how fault current magnitude can change depending on operating
conditions and system topology. The paper also discusses the challenges faced by micro-
grid protection engineers and the need for synchronism checks and proper relay settings.
Testing is important to verify the effectiveness of relay protection settings.

Shahidehpour et al. reported the ability of networked microgrids to self-organize and
protect local power services in case of disruptions in the utility grid [29]. The implemen-
tation of hierarchical control strategies and the role of primary, secondary, and tertiary
controls in optimizing the power exchange benefits the networking microgrids in terms of
reliability, resilience, economics, security, and sustainability.
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The studies conducted by [30] reported the use of VSG and proposed an improved
virtual inertia algorithm to eliminate regulation contradictions between steady-state power
deviation and dynamic impact. The algorithm integrates a differential link at various stages
within the first-order virtual inertia forwarding channel. This enhancement in the virtual
inertia algorithm enhances the dynamic power feature while preserving the steady-state
characteristic.

In [31], the study underscores the crucial role of battery energy storage systems (BESS)
in preserving frequency stability in power systems with low inertia. It emphasizes the use
of a mixed input signal for controlling BESS and demonstrates its effectiveness through
simulations conducted on a two-area interconnected power system, thereby confirming the
system’s capabilities.

The authors in [32] introduce a Coordinated Virtual Inertia Control (CVIC) approach
for a photovoltaic (PV) system connected to the grid with battery energy storage. This
CVIC method is designed to manage power reserve control and counteract fluctuations
in PV power by effectively utilizing the battery energy storage system (BESS). It enhances
frequency stability during significant disturbances and ensures that the grid frequency
remains within acceptable limits during minor disturbances.

In [33], the focus was on calculating the appropriate size for an Energy Storage System
(ESS) equipped with a Virtual Synchronous Generator (VSG) in a microgrid that includes
various Distributed Energy Resources (DERs). The sizing of the ESS is based on the peak
power needs during system disruptions, which are influenced by the choice of Tvsg and
Dvsg parameters in the VSG. Integrating the ESS-VSG leads to a reduction in the Rate of
Change of Frequency (RoCoF) by 38% and decreases the overall RoCoF by 41%.

In Ref. [34], a novel control strategy called extended virtual inertia VSG (VSG-EVI) is
introduced, aimed at reducing power and frequency oscillations in Virtual Synchronous
Generators (VSGs) while retaining their effectiveness. This VSG-EVI strategy enhances the
system’s phase margin and minimizes active power overshoot. Importantly, it stabilizes
the initial Rate of Change of Frequency (RoCoF) without compromising the inertia support
capability. The paper also notes that while photovoltaic and wind power are promising
renewable energy sources, relying solely on one source to meet power demands is challeng-
ing. It highlights the critical role of inverters in power systems and microgrids, pointing
out that voltage-controlled inverters have more extensive applications compared to their
current-controlled counterparts.

The research in [35] introduces an innovative method for managing frequency devia-
tions in weak or isolated power systems, specifically those affected by wind turbines. This
approach combines various frequency control techniques with the adjustment of blade pitch
angles. This strategy aims to diminish the need for turbine deloading and to enhance the
amount of kinetic energy available. As a result, it achieves a more efficient fast-frequency
response while minimizing the amount of wind energy that is not dispatched.

However, a significant portion of the research published in this field overlooks the
design of virtual dropping characteristics and virtual inertia control, both of which are
crucial for ensuring frequency stability during inertia emulation. The lack of virtual drop-
ping characteristics might result in underdeveloped virtual inertia control, especially in
microgrids with low inertia and damping capacities. This challenge could become more
acute in microgrids that exhibit a low damping factor, particularly in situations where the
power demand is low.

The novelty of this research lies in the following points of interest: An analysis of dy-
namic performance and frequency characteristics in an isolated microgrid is established by
developing virtual inertia control and virtual droop simultaneously. A sensitivity analysis
is presented with the parameters of the proposed model in comparison with the classic
models from the existing literature. The parameters implemented for virtual inertia control
based on the characteristics of the microgrid are described. In addition, the experimental
values for modeling the transfer functions of the proposed generation systems are pre-
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sented. Finally, the controller model is applied with real data obtained from the microgrid
with a solar photovoltaic system, a wind turbine, and batteries as an energy storage system.

The current paper is structured as follows: Section 2 provides a concise overview of
frequency regulation concerning inertia control, essentially addressing microgrid behavior
in the presence of renewable energy source disturbances. Section 3 presents an innovative
model that utilizes a derivative method for virtual drooping and inertia control. The
frequency response of a off-grid microgrid is examined through a case study focusing on
the University of Cuenca’s microgrid in Section 4, In Section 5 the study evaluates the
impacts of virtual drooping and virtual inertia in the behavior of the microgrid. Finally, the
conclusions are presented in Section 6.

2. Fundamental Concept and Structure of Virtual Inertia Control

Primary Frequency Regulation (PFR) is the very fast acting regulation in the system
(2 to 30 s). This triggers the activation of a short-term rolling reserve in situations where
imbalances between power generation and demand might lead to frequency fluctuations in
the electrical grid. These imbalances are mainly produced by variations in demand when
the electrical system is in normal operating conditions and by sudden disconnections of
electrical generation or demand. On the other hand, Secondary Frequency Regulation (SFR)
refers to the method of reinstating the balance of active power between generation and
demand, through the activation of the secondary reserve. In Figure 1a, you can see the
periods of action of the PFR and SFR, where a drop in the nominal value (60 Hz) has been
caused at 58.85.

The power reserve intended for frequency regulation is defined seasonally by the
energy control centers, and its compliance is mandatory for all generators, as is the reserve
for the secondary regulation for generators that meet the necessary technical characteristics
for this purpose. Figure 1b shows the classification of the times required for the different
types of control depending on the established time [36].

(a)
60.00 gyt A
\
E “*‘M 2 #ﬂ‘*ﬁ*f
\5 :‘. " M‘:‘n’v o)
5 1WA
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| H \ Secondary
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5 Primary Secondary . Tertiary
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A Control Control : Control
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Time after deviation

Figure 1. (a) Periods of action of the PRF and SFR. (b) Classification of frequency reserves.

The fundamental architecture of virtual inertia control, as illustrated in Figure 2,
primarily includes an energy storage system (ESS), an inverter, and a mechanism for
inertial control. In this setup, inertia is artificially created by modulating the active power
(W) via the inverter, which corresponds to the emulated speed of the rotor [37].
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Figure 2. Virtual inertia control structure in a microgrid.

The principle of virtual inertia emulation Equation (1) implies that the nominal State
of Charge (SOC) of the batteries is maintained around 50%. The emulated power by the
virtual inertia control unit Py can be simplified as:

A
Py = Ky (ad{) +Dyr+ P, (1)
where,
2H - P
Ky = — WV )
fo

Af

It is important to note that 0 —- represents the Rate of Change of Frequency (RoCoF),

fo denotes the nominal frequency of the system, Ky refers to the constant or characteristics
of virtual inertia, Dy indicates the constant or coefficient of virtual damping, H is the
inertia constant, Pryy is the apparent power output of the inverter, and P, is the primary
power transferred to the inverter. It is worth noting that, in a real synchronous machine,
the resistance of the damping windings dissipates the energy of the damping term. When
virtual inertial control is applied, this energy is consumed by the ESS to compensate for the
system power.

3. Frequency Analysis for Virtual Inertia Control and Virtual Dropping

The dynamic representation of the suggested method is depicted in Figure 3. The main
novelty of our proposal is the R%/z component as depicted in Equation (3), which allows
us to measure the responsiveness of virtual inertia to minor frequency variations. This
component is not included in the model of [38], where only the low damping regime is
considered. In this sense, the equation representing the dynamics of virtual inertia model

is expressed as:
sKvi + Dyp [ Af(s)
AP =
vi(s) = =7 STivy \ Ry ®)

In order to simulate our concept alongside virtual inertia control, the method utilized
a schematic diagram depicting the integration of renewable energy into the electrical grid.
Through this approach, the signal indicating the system frequency deviation is acquired
as follows:
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Af(s) = ﬁ(APm(s) + APw(s) + APpy(s) + .. “

=+... APV[(S) - APL(S))

In which, )

APy (s) = m(APg(S)) 5)
APg(S) = m (APC(S) - % : Af(5)> (6)
APC(s) = *2 (B Af(5)) 7)
AP (S) = g (BPaind(5) ®
APPV(S) = ﬁ(APsolur(s)) (9)

where AP¢ is the secondary control’s Area Control Error (ACE) signal, APp represents
the signal from primary control, APyt indicates the power change produced by the wind
system, AP,;,4 refers to the initial disturbance in wind generation, AP, is associated with the
power output of the turbine system, AP,,,, signifies the initial disturbance in photovoltaic
generation, APpy mirrors the power variation arising from the photovoltaic system, APp;.
is the electrical load fluctuation within the system, and APy captures the change in the
system’s virtual inertia.
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Figure 3. Dynamic frequency response structure for virtual inertia control.

The energy storage systems’ capacity is a key factor, defined as the maximum energy
that can be discharged in a single cycle by the cell. The State of Charge (SoC) of the battery
is expressed as the proportion of the remaining capacity to the battery’s total rated capacity.
Equation (10) illustrates the change in SoC (dSoC), which varies based on time and the
capacity C; [39].

idt

idt

dSOCrgss = o SOCgss — C (10)
i i
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The SOC of the storage systems is regulated based on the charge energy as Ec and the
discharge energy Ep, where the reference power is established by the positive or negative
reference power Prgg at two instants of time f1 and 2. This characteristic is described in
the following Equations (11) and (12):

2
Ec = | IPess(t)lat ay

If the power is negative, it implies the discharge of the ESS according to the following;:

02
Ep = B Pss(t)dt (12)

4. Case Study Modeling

In an interconnected electrical system, sufficient power reserve is required for reliable
operation, in order to maintain the system frequency at its nominal value (60.0 Hz) or,
failing that, vary around that value, maintaining the generation-load balance. Table 1
shows the power reserve percentages obtained for the Primary Frequency Regulation (PFR),
in the period October 2023-March 2024: [36].

Table 1. Power reserve percentages for PFR.

Condition % Reserve under the Effective Power of the Generators
Interconnected Ecuador 2.0
Isolated Ecuador 3.0

On the other hand, the restoration of the frequency to the nominal value depends on
other characteristics of the system components, such as the dynamic response of the load;
therefore, the Energy Markets methodology is included in the analysis, which considers
these concepts. In this sense, the reserve for Secondary Frequency Regulation (SFR) must
maintain the generation-load balance during demand variation under normal operating
conditions [36]. Table 2 presents these results:

Table 2. Reserve required for secondary frequency regulation.

DEMAND Above Reserve Required for SFR (MW) Below Reserve Required for SFR (MW)

Minimum 187.50 105
Half 187.50 105
Maximum 187.50 105

In the case study, a dynamic analysis of the solar-wind-diesel system is proposed with
support in energy storage systems operated in island mode, considering the disturbances
of renewable energies, in which the two perspectives are mainly analyzed regarding the
response of the system without RES penetration and with RES penetration. The mathemati-
cal modeling and the parameters of the virtual inertia control were developed based on the
characteristics of the renewable generation equipment and systems of the Centro Cientifico,
Tecnolodgico y de Investigacion Balzay (CCTI-B) of the University of Cuenca [26,40]; they
are presented in the following Figure 4. The laboratory mainly consists of a photovoltaic
generation system (35 kW), a mini wind farm (15 kW), a diesel generator (40 kVA), storage
systems with Valve-Regulated Lead-Acid (VRLA) Gel battery bank (15 kWh), and a pro-
grammable electrical load that allows for the creation of step scenarios every 5 kW. The
microgrid systems are connected at a Point Common Connection (PCC) on the bus in island
mode as described below.
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Solar Power Generation: The photovoltaic generation consists of three systems of
15 kWp, 15 kWp, and 5 kWp, as shown in Figure 4; this component has a nominal power
of 35 kWp. The PV systems are connected independently to the inverters, which inte-
grate Maximum Power Point Tracking control (MPPT). The bus configuration allows for
operation in grid-connected mode or island mode.

;.m |
Power Generation

Virtual Inertia Control

Energy storage

Figure 4. Micro-grid laboratory—case study (CCTI-B).

Wind Power Generation: The laboratory is equipped with three wind turbines. Two
of the wind turbines are systems with three horizontal axis blades with a nominal power
of 5.5 kW each and one with a vertical axis. These correspond to the E70Pro series that
integrates a permanent magnet synchronous generator. They are coupled through an
AC/DC converter and subsequently a DC/AC inverter that contains an MPPT control
algorithm with an efficiency greater than 97%.

Energy Storage System: A lead battery bank composed of 84 cells placed in series,
A600/Solar (1130 Ah), each connected to a double flow inverter, allows for the charging and
discharging of energy with the electrical grid. This system is responsible for maintaining
the VIC within the established parameters. Likewise, the results are analyzed in the next
section through the configuration with the drooping constant virtual controller.

Thermal Power Station: The microgrid integrates a Himoinsa diesel generator with a
capacity of 40 kVA. This unit is equipped with an internal combustion engine coupled to
synchronous generators. It has an Automatic Voltage Regulator (AVR) to manipulate the
rotor excitation in response to load variations to ensure a constant voltage output [40].

Table 3, presented below, outlines the parameters used for virtual inertia control,
tailored to the microgrid’s features as defined by Equations (1)—(9). These parameters were
determined in line with the inertia emulation technology, employing the derivative method
as introduced in [37]. The configuration of the parameters in the transfer function of each
of the blocks was used for the simulation using the MATLAB/Simulink R2023b software.
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Table 3. System and control parameter values.

Description Symbol Parameter Value
Thermal Power Station (Governor) Tg 0.07
Thermal Power Station (Turbine) T; 0.37

Wind Generation Unit TwT 14

Solar Generation Unit Tpy 1.9
Primary control loop—droop 1/R 1/2.6
Secondary control loop—bias B 0.98

Area control error Ksg 0.1
Proporcional compoment VIC Ry; 2.7
Virtual damping coefficient Dy 0.016
Inertia constant H 0.083
Virtual inertia characteristics Ky —0.6

5. Simulation Results and Discussion

The simulation explores the dynamic influence of the inertia constant H on a system’s
frequency response, conducted in the absence of disturbances from renewable generation
sources like AP,;,; and APs,,. In this specific scenario, a gradual reduction in the inertia
constant’s value is carried out, scaling down from 100% to 40%.

General considerations:

¢ Under operating conditions, the contributions of wind generation, solar generation,
and electrical loads are treated as uncertainties or disturbances of the system.

*  The dynamic effects of generation-load interaction are smoothed out, while primary,
secondary, and virtual inertia control blocks are implemented. This is developed
without compromising the results according to the literature collected in each corre-
sponding block.

¢  The virtual inertia control utilizing Energy Storage Systems (ESS) is tasked with
providing power that includes the necessary inertia within a timeframe of 1to 5 s,
coinciding with the onset of disturbances caused by the integration of renewable
generation into the electrical system.

*  The primary control unit’s governor is tasked with restoring the frequency system to a
new stable state within the first 10 to 40 s as established by regulations.

*  The secondary frequency control’s objective is to return the system frequency to its
nominal value in a set range of up to 30 min.

5.1. Dynamic Simulation of Frequency Response without RES Penetration

Initially, the scheme presented in the Figure 5 is analyzed without considering the
penetration of RES into the electrical system.

The following Figure 6 shows the response of the system as a contribution of inertia
in isolated systems without presenting disturbances in distributed generation. It can be
seen that during the disturbance presented in the load, the effect of the participation of
the primary and secondary controllers allows the frequency to be stabilized under normal
operating conditions when the value of the inertia constant H remains at 100%.

To investigate inertia compensation in an isolated system, the inertia constant H was
reduced to a value of 50%. Due to the decreased inertia, a high RoCoF value is observed,
along with a larger overshoot, and ultimately, the nadir frequency increases, destabilizing
the system. This is demonstrated in Figure 7.
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5.2. Dynamic Simulation of Frequency Response with RES Penetration

The following Figure 8 represents a scenario with penetration of wind and solar
distributed generation, without considering virtual inertia emulation control. This model
was developed to demonstrate a disturbance scenario of wind and solar penetration into
the isolated grid.

Finally, the Simulink modeling is presented in Figure 3, showcasing the results of our
novel method. By incorporating the virtual dropping block into the derivative frequency
model, it is evident that the RoCoF has decreased even in the worst cases of inertia con-
tribution to the system. An important indicator is that the Nadir frequency drops from
—0.1 to —0.4 in the worst-case scenario of a constant inertia value of 40% (See Figure 9).

The following Figures 10 and 11 present the response to the system by entering solar
and wind power data with the use of energy storage for electrical demand with variable
steps. A rapid response by the storage system can be observed when a disturbance is
generated on the damage side as a generation, which significantly improves the behavior of
the system in the face of possible disturbances caused in the isolated grid. The values in p.u.
can reach up to 50% of their nominal power, which generates relief in the generation system.

As the Figure shows, the contribution of inertia control in response to the penetration
of the RES with the storage systems where a positive and negative reference power is
generated depends on the electrical grid requirement. Pggg charging and discharging
values are handled by the controller. In the same way;, it generates a contribution against
changes in the load profile. The values in p.u. Maximum generated are between 3-0.3.
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Figure 10. System response with wind and solar penetration through variation of electrical demand
in steps.

According to Equations (10)—(12), the reference power for the Prsg storage systems and
the variation of their SOCggg can be seen in the following Figures 12 and 13. In this context,
the contribution of ESS in the grid is required only in the penetration of RES with high
intermittency values, thus improving network stability. The reference values for the ESS
are controlled by the connection/disconnection of RES and the connection/disconnection
of electrical loads. This generates positive and negative values that allow one to maintain
adequate SOC levels.
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Figure 11. System response with wind and solar penetration through variation of electrical demand
in steps (section).
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6. Conclusions

In this paper, a novel approach to Frequency Response Modeling for Virtual Inertia
Control has been proposed. This approach aims to simultaneously emulate virtual drooping
and inertia, enhancing system inertia, damping, and frequency stability during severe
disturbances and contingencies.

After conducting simulations, it has been observed that the inertia constant of thermal
units exhibits a higher value of H compared to the inertia constants of hydroelectric
generation plants. This is evident in the initial simulations where the overshooting is lower
when working with thermal transfer functions as opposed to hydraulic ones.

The high penetration of distributed generation through wind and solar generation has
been shown to cause significant frequency instability in the system. Simulations indicate
that as synchronous generation is displaced, the Rate of Change of Frequency and nadir
frequency disproportionately increase.

In the case study presented, the value of 0.3 p.u. made it possible to significantly
improve the behavior of the isolated grid when disturbances occurred in generation or
demand, which made it possible to maintain stable levels in frequency regulation.
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The emulation of virtual inertia control substantially reduces the RoCoF slope and
maintains the nadir frequency. However, when the virtual drooping constant is added, the
system stabilizes more rapidly due to its static characteristics.
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