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ABSTRACT. This review paper provides a comprehensive analysis of future low inertia power
systems, focusing on the challenges posed by increased renewable energy penetration. The
impact of low inertia on frequency response and system stability is examined, along with the
critical penetration limit for renewable energy sources. The paper reviews various virtual
inertia emulation techniques, including virtual synchronous machines, virtual induction
machines, and inertia emulation in wind turbines and solar PV panels. Additionally, it explores
specific methods such as VISMA, virtual synchronous generator, synchronverter, power
synchronization control, and cascade virtual synchronous machine. The review also covers
inertia algorithms in wind turbines, encompassing droop control, hidden inertia emulation,
fast power reserve, over speed control, and pitch angle control. Furthermore, the paper
discusses inertia estimation techniques, including both model-based and measurement-based
approaches. The insights provided in this review will assist researchers and practitioners in
developing effective solutions for addressing low inertia challenges in future power systems
with high renewable energy integration.

Keywords: Future low inertia power systems, Renewable energy penetration, Frequency response, Virtual
inertia emulation, Virtual synchronous machine, Virtual induction machine, Wind turbine inertia algorithm, Inertia
estimation, Model-based techniques, Measurement-based technigque, VISMA.

1. Introduction. The motivation behind this paper is the increasing integration of renewable
energy sources and the reduction of synchronous generators in modern power systems. These
changes lead to a decrease in system inertia, which can compromise system stability and result
in operational challenges. Therefore, the paper seeks to address this issue by reviewing various
virtual inertia emulation techniques and inertia estimation methods that can be employed to
compensate for the loss of system inertia. The goal is to provide a comprehensive examination
of these techniques, evaluate their advantages and limitations, and highlight their suitability for
different system configurations. By doing so, the paper aims to contribute to the development
of reliable and efficient future low inertia power systems.
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The literature review for this paper provides an overview of research on virtual inertia emulation
techniques and inertia estimation methods in power systems. Several studies have been
conducted on these topics, which are summarized below:

Control strategies for virtual inertia emulation: Several studies have proposed control strategies
for emulating virtual inertia in power systems. For instance, [1] proposed a control strategy
based on state feedback and adaptive backstepping to emulate virtual inertia in a grid-connected
wind power system.

Energy storage systems for inertia emulation: Energy storage systems, such as batteries and
supercapacitors, have been proposed as a means of emulating virtual inertia in power systems.
[2] proposed a battery energy storage system (BESS) to emulate virtual inertia in a grid-
connected PV system.

Frequency response analysis for inertia estimation: Frequency response analysis (FRA) has
been proposed as a method for inertia estimation in power systems. For example, [3] proposed
an FRA-based method for inertia estimation in a wind power system.

Kalman filter-based inertia estimation: Kalman filter-based methods have been proposed for
inertia estimation in power systems. For instance, [4] proposed a Kalman filter-based method
for inertia estimation in a microgrid. Similarly, [5] proposed a virtual inertia control strategy
for a grid-connected photovoltaic (PV) system. [6] proposed a supercapacitor energy storage
system for virtual inertia emulation in a microgrid.

For example, [7] proposed a multi-model approach for inertia estimation in a grid-connected
wind power system. Model predictive control for virtual inertia emulation: Model predictive
control (MPC) has been proposed as a control strategy for virtual inertia emulation in power
systems [8] proposed an MPC-based control strategy for virtual inertia emulation in a grid-
connected wind power system.

Optimal control strategies for virtual inertia emulation: Some studies have focused on
developing optimal control strategies for virtual inertia emulation in power systems. For
instance [9] proposed an optimal control strategy for virtual inertia emulation in a grid-
connected PV system. Several studies have proposed advanced modelling approaches for
inertia estimation in power, while [10] proposed a state observer-based approach for inertia
estimation in microgrids.

Machine learning-based control strategies have been proposed for virtual inertia emulation in
power systems. For example, [11] proposed a deep reinforcement learning-based control
strategy for virtual inertia emulation in a wind power system. Machine learning techniques,
such as artificial neural networks and support vector machines, have been proposed for inertia
estimation in power systems. For example, [12] proposed a support vector machine-based
method for inertia estimation in a microgrid.

Hybrid energy storage systems for virtual inertia emulation: Hybrid energy storage systems,
such as batteries and supercapacitors, have been proposed for virtual inertia emulation in power
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systems. For example, [13] proposed a hybrid energy storage system for virtual inertia
emulation in a wind power system. Hybrid approaches: Some studies have proposed hybrid
approaches that combine multiple techniques for virtual inertia emulation and inertia
estimation. For instance, [14] proposed a hybrid approach that combines a proportional-
integral-derivative (PID) controller and MPC for virtual inertia emulation in a grid-connected
PV system.

Data-driven approaches for inertia estimation: Data-driven approaches, such as data clustering
and pattern recognition, have been proposed for inertia estimation in power systems. For
example, [15] proposed a data-driven approach for inertia estimation in a microgrid.

Adaptive control strategies for virtual inertia emulation: Adaptive control strategies, which can
adjust the control parameters in real-time, have been proposed for virtual inertia emulation in
power systems. For example, [16] proposed an adaptive control strategy for virtual inertia
emulation in a grid-connected wind power system.

Now, we give some potential study gaps to consider:

Limited research on specific virtual inertia emulation techniques: While the concept of virtual
inertia emulation is gaining attention, there may be a gap in specific studies comparing and
evaluating different techniques. Further research could focus on the effectiveness, efficiency,
and scalability of various virtual inertia emulation techniques in different power system
scenarios.

Lack of comparative analysis: It may be beneficial to have more studies that compare the
performance of different inertia estimation methods. Comparative analysis can help identify the
strengths, limitations, and applicability of different methods in varying system conditions.

Need for practical implementation studies: Many studies focus on theoretical aspects of virtual
inertia emulation and inertia estimation methods. However, there may be a gap in practical
implementation studies that explore the challenges, limitations, and best practices for
implementing these techniques in real-world power systems.

Limited consideration of economic aspects: While virtual inertia emulation and inertia
estimation methods have the potential to improve power system operations, there may be gaps
in research concerning the cost-effectiveness and economic viability of these approaches.
Studies could explore the economic benefits and trade-offs associated with the adoption of such
techniques.

Environmental impact assessment: Given the increasing importance of sustainability in power
systems, research gaps may exist in assessing the environmental impact of virtual inertia
emulation techniques and inertia estimation methods. Studies could incorporate environmental
factors, such as carbon footprint reduction, into the evaluation of these approaches.

Integration challenges with renewable energy sources: As renewable energy penetration
increases, there may be gaps in research addressing the specific challenges and opportunities
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associated with integrating virtual inertia emulation techniques and inertia estimation methods
in renewable energy-rich power systems.

2. FUTURE-LOW INERTIA POWER SYSTEM BACKGROUND

A. Power system inertia and renewable energy

Power system inertia refers to the ability of a power system to maintain its frequency in response
to disturbances. Inertia is typically provided by synchronous generators, which are commonly
used in conventional power systems. Synchronous generators are designed to operate at a
constant speed and are connected to the power system through a mechanical shaft. When there
is a disturbance in the system, the kinetic energy stored in the rotating mass of the generator
provides a damping effect that helps to stabilize the system frequency.

Renewable energy sources, such as wind and solar, do not have the same inherent inertia as
synchronous generators. This can make it more challenging to maintain system stability and
prevent frequency fluctuations, particularly as the share of renewable energy in the power
system increases.

Inverter-based generation, which includes solar PV and wind turbines with power electronics,
operates differently from synchronous generators. Inverter-based systems convert DC power
from the renewable energy source into AC power that can be integrated into the grid. Inverter-
based systems can provide some level of synthetic inertia by adjusting their output in response
to changes in system frequency. This can help to stabilize the system, but it is not as effective
as the natural inertia provided by synchronous generators.

Wind generation is a significant source of renewable energy, and wind turbines are commonly
used in power systems around the world. Wind turbines operate by converting the kinetic
energy of the wind into mechanical energy that is used to drive a generator. The output of wind
turbines can vary depending on the wind speed and direction, which can affect system
frequency. To address this, wind turbines are typically equipped with power electronics that
allow them to adjust their output in response to changes in system frequency. This can help to
stabilize the system, but it is not as effective as the natural inertia provided by synchronous
generators.

B. Frequency indices and critical RES

Frequency indices are measurements or parameters used to assess the stability and performance
of a power system in terms of frequency deviation. These indices provide an indication of the
system's ability to maintain a stable frequency under various operating conditions. Renewable
Energy Sources (RES) play a crucial role in the power system, and their integration has an
impact on frequency-related aspects. Some frequency indices and the criticality of RES
integration are as follows:

Frequency Deviation: Frequency deviation is the difference between the actual frequency and
the nominal frequency of the power system. This index is used to monitor the system stability.
The integration of RES, especially large-scale wind and solar power plants, can affect frequency
deviation due to their intermittent nature and variability in generation.
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Rate of Change of Frequency (RoCoF): RoCoF measures the rate at which the system frequency
IS changing. It indicates the dynamic response of the system to disturbances. The integration of
RES can impact RoCoF, particularly during sudden changes in renewable generation output or
during the occurrence of faults in the system. RES with fast ramp rates can lead to significant
RoCoF deviations.

Frequency Nadir: Frequency nadir represents the lowest frequency reached during a disturbance
or event. It is an important indicator of the system's stability and the available margin for
frequency control. The integration of RES can affect the frequency nadir, especially during high
renewable penetration scenarios or when there is a lack of appropriate control measures.

Frequency Response: Frequency response refers to the ability of the power system to recover
and return to its nominal frequency following a disturbance. The integration of RES can impact
frequency response due to their limited or lack of inherent inertia. In systems with high RES
penetration, additional measures such as grid-forming inverters or energy storage systems may
be required to provide frequency response support. The criticality of RES integration lies in the
need to maintain system stability and reliability while accommodating the variability and
intermittency of renewable generation. As the share of RES in the power system increases, the
challenges associated with frequency control and stability become more significant. Proper grid
integration measures, advanced control strategies, and the deployment of energy storage
systems can help mitigate these challenges and ensure the reliable and stable operation of the
power system with a higher penetration of RES. It's important to note that the criticality and
impact of RES integration on frequency indices may vary depending on the specific
characteristics of the renewable technologies, their penetration levels, grid conditions, and the
availability of appropriate control and mitigation measures.

3. REVIEW OF VIRTUAL INERTIA EMULATION METHODS
A. Virtual Synchronous Generator (VSG):

The Virtual Synchronous Generator (VSG) is a control strategy used to emulate the behaviour
of synchronous generators in inverter-based systems, enabling the provision of synthetic inertia.
Several implementations of VSG have been proposed and studied. Here are the key methods as
shown in figure (1) [37]:
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FIGURE 1. VSG concept

a. VISMA (Virtual Impedance and Synchronous Machine Algorithm):

VISMA combines virtual impedance control and synchronous machine emulation algorithms.
It employs a virtual impedance loop to regulate the active and reactive power output of the
inverter and a synchronous machine emulation algorithm to replicate the inertia and damping
characteristics of a synchronous generator. VISMA has demonstrated stable frequency response
and improved system stability as shown in figure (2). [38]

AC microgrid

w, Droop control

Inertia emulation

FIGURE 2. Current source based VISMA

b. Virtual Synchronous Generator:

The Virtual Synchronous Generator is a basic implementation that involves adjusting the
inverter's control parameters to mimic a synchronous generator. By manipulating active and
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reactive power setpoints, frequency and voltage droop characteristics, and phase-locked loop
(PLL) parameters, the inverter can respond to changes in system frequency and voltage similar
to a synchronous generator. This method has been widely investigated and applied in various
studies. [18-19]

Synchronous generators are frequently subjected to various assumptions in order to cater to
diverse research requirements, thereby rendering analysis and design more manageable. In light
of the fact that the present article is solely concerned with the external features of synchronous
generator inertia and damping characteristics, the second-order transient model of synchronous
generators appears to be the most appropriate choice. This is evident from the Eq. (1) presented
below, which is in conformity with the aforementioned model and is therefore deemed to be
more suitable for the current research investigation. Consequently, it can be surmised that the
adoption of this model would yield the most promising and efficacious results.
Ty — T, =P—m—&=]M—Dpa)—a)o
0w w 1)
do

w=—
dt
where ] is the moment of inertia, D,, is the damping coefficient, w is the angular frequency,

and @ is the electrical angle; T, is the mechanical torque and T is the electromagnetic torque
as shown Figure (3). [39]
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FIGURE 3. Virtual Synchronous Generator (VSG)

c. Synchronverter:

Synchronverter is another VSG implementation that relies on a combination of PLL and current
control loops to synchronize the inverter output with the grid. By employing appropriate control
algorithms, the Synchronverter can provide synthetic inertia and enhance system stability. This
method has been examined in different research works as shown Figure (4). [36]
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FIGURE 4. Synchronverter control

d. Power Synchronization Control:

Power Synchronization Control (PSC) focuses on achieving synchronization between the
inverter output and the grid. It features a synchronization controller that adjusts the inverter's
output frequency and phase angle based on the grid's frequency and voltage. PSC has been
studied for its ability to provide virtual inertia and improve system stability. [22-23]

There is currently a proposed power-synchronization control law for VVSCs.

dAf

W - kp (fref - P’) (2)

where P..s is used as a reference for the active power, P is the measured active power output
from the VSC, k,is the controller gain, and A6 is the output of the controller. A8, as was already
mentioned, directly supplies the synchronization for the VSC. During normal operation, a
second PLL is obviously not needed. Similar to connected SMs, a VSC that uses power-
synchronization control has a dynamic process. By moving the VSC's output voltage phasor
forward or backward, the transmitted power can be increased or decreased. Section IV gives a
thorough explanation of the power-synchronization loop's design as shown Figure (5). [22-23]
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FIGURE 5. Power synchronization control

e. Cascade Virtual Synchronous Machine:

Cascade Virtual Synchronous Machine (VSM) uses a cascade control structure to emulate
synchronous machine dynamics. It comprises an inner current control loop and an outer power
control loop. The inner loop regulates inverter currents to emulate synchronous machine
behaviour, while the outer loop adjusts active and reactive power setpoints based on system
frequency deviation. Cascade VSM has been evaluated in various studies as shown Figure (6).
[24-25]
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FIGURE 6. Cascade Virtual Synchronous Machine
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These different implementations of VSG and virtual inertia emulation methods represent
ongoing research and development efforts to enhance the integration of renewable energy
sources (RES) into power systems. Each method has specific control algorithms and
characteristics aimed at achieving stable frequency response, system stability, and improved
RES grid integration. Continued advancements in these techniques are expected to optimize
their performance and enable higher RES penetration.

Figure 7 summarizes the various methods discussed in literature for frequency regulation in the

presence of RESs. [35]
L J

FIGURE 7. An overview of the frequency support techniques using RESs.

B. Induction emulation

Induction emulation, also known as virtual induction or virtual synchronous generator (VSG)
emulation, is a control strategy used in grid-connected power electronic systems to provide
dynamic response characteristics similar to those of a traditional synchronous generator or an
induction machine. In power systems, synchronous generators with large rotating masses
provide inertia, which helps stabilize the system during disturbances. However, in grid-
connected power electronic systems such as renewable energy systems or microgrids, there may
not be physical rotating machines with significant inertia. In such cases, induction emulation
techniques are employed to mimic the behaviour of synchronous generators and provide virtual
or synthetic inertia.

Induction emulation typically involves the implementation of control algorithms that regulate
the power flow and dynamics of the power electronic converter by emulating the characteristics
of an induction machine or a synchronous generator. These algorithms aim to replicate the
inertial response and frequency stability of conventional generators, enhancing the stability and
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reliability of the grid-connected system. The control algorithms used in induction emulation
often incorporate virtual impedance and droop control methods. Virtual impedance control
adjusts the output impedance of the power electronic converter to mimic the behaviour of an
induction machine or synchronous generator. Droop control adjusts the power output in
response to changes in system frequency, simulating the droop characteristics of synchronous
generators. By implementing induction emulation techniques, grid-connected power electronic
systems can provide stability support to the grid, enhance the system's ability to handle sudden
changes in power demand or supply, and improve overall grid reliability and resilience.

C. Inertia emulation in wind technologies

The inertia emulation in wind technologies, including droop control, hidden inertia emulation,
fast power reserve, over speed control, and pitch angle control:

a. Droop Control:

Droop control is a common method used in wind technologies for inertia emulation. It involves
adjusting the output power of wind turbines based on changes in grid frequency. The control
strategy is inspired by the droop characteristic of synchronous generators, where the output
power is reduced as the grid frequency increases. By implementing droop control, wind turbines
can contribute to grid stability by responding to frequency deviations. This control strategy
allows wind turbines to emulate the inertial response of traditional generators, enhancing the
system's ability to handle frequency variations.[26]

b. Hidden Inertia Emulation:

Hidden inertia emulation is a technique used in advanced wind turbine control systems to
provide virtual inertia to the grid. It involves the use of advanced control algorithms to emulate
the inertial response of conventional generators. The control system continuously monitors the
grid frequency and adjusts the power output of the wind turbine accordingly, imitating the
behaviour of synchronous generators. Hidden inertia emulation helps stabilize the grid during
disturbances by providing an additional source of inertia.[27]

c. Fast Power Reserve:

Fast power reserve is a feature implemented in wind turbines to provide a quick response to
frequency deviations in the grid. It involves the capability of wind turbines to rapidly increase
or decrease their power output to support grid stability. Fast power reserve helps in maintaining
grid frequency within acceptable limits during sudden changes in power demand or supply. By
quickly adjusting their power output, wind turbines with fast power reserve contribute to inertia
emulation and assist in grid stability.[28]

d. Over Speed Control:

Over speed control is a safety feature in wind turbines that limits the rotational speed of the
turbine rotor. It is designed to prevent the turbine from operating at excessively high speeds,
which can cause mechanical stress and damage to the turbine components. Over speed control
systems monitor the rotational speed and adjust the pitch angle or break the turbine to limit the
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speed within safe operating limits. By controlling the rotor speed, over speed control ensures
the safe and reliable operation of wind turbines.[29]

e. Pitch Angle Control:

Pitch angle control is a commonly used control strategy in wind turbines to regulate the power
output and maintain stable operation. It involves adjusting the angle of the turbine blades to
optimize the capture of wind energy. By changing the pitch angle, wind turbines can control
the aerodynamic forces acting on the blades and adjust the power output. Pitch angle control is
essential for maintaining the turbine's power output within safe limits and optimizing the
turbine's performance under varying wind conditions.[30]

4. REVIEW OF INERTIA ESTIMATION ALGORITHMS

Inertia estimation algorithms are used to estimate the inertia of power systems. Accurate
estimation of inertia is important for system stability and control. There are several methods for
inertia estimation, including model-based algorithms, data-driven algorithms, and hybrid
algorithms. This review focuses on model-based algorithms for inertia estimation, which
involve the use of mathematical models of the power system to estimate inertia. Model-based
algorithms can be classified into two categories: single machine model and multi-machine
model.

A. Model-Based Algorithms:

Model-based algorithms involve the use of mathematical models of the power system to
estimate inertia. These algorithms are based on the fundamental physical principles of the power
system and are generally more accurate than data-driven algorithms. Model-based algorithms
can be further classified into two categories: single machine model and multi-machine model.

a. Single Machine Model:

Single machine model-based algorithms estimate the inertia of a power system using a
mathematical model of a single machine. The algorithm estimates the inertia by measuring the
response of the machine to a disturbance. The response is then used to calculate the machine's
inertia. Single machine model-based algorithms are relatively simple and easy to implement,
but they are limited to small power systems where the dynamics of the entire system can be
approximated by a single machine.[31]

b. Multi-Machine Model:

Multi-machine model-based algorithms estimate the inertia of a power system using a
mathematical model of multiple machines. The algorithm estimates the inertia by measuring
the response of the machines to a disturbance. The response is then used to calculate the inertia
of the entire system. Multi-machine model-based algorithms are more accurate than single
machine model-based algorithms and can be used for larger power systems. However, they are
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more complex and require detailed information about the system's topology and
parameters.[32]

B. Measurement based algorithms

Measurement-based algorithms are used to estimate the inertia of power systems based on
measurements from the system. These algorithms are based on the analysis of the system's
response to disturbances or ambient data. Measurement-based algorithms can be further
classified into two categories: ambient data-based estimation and large disturbance-based
estimation.

a. Ambient Data-Based Estimation:

Ambient data-based estimation involves the use of measurements from the system under normal
operating conditions to estimate the inertia. The algorithm analyses the frequency response of
the system to ambient disturbances and uses this information to estimate the inertia. Ambient
data-based estimation algorithms are relatively simple and do not require any additional
disturbances to be introduced to the system. However, they are generally less accurate than
large disturbance-based estimation algorithms.[33]

b. Large Disturbance-Based Estimation:

Large disturbance-based estimation involves the use of measurements from the system during
large disturbances to estimate the inertia. The algorithm analyses the frequency response of the
system to large disturbances and uses this information to estimate the inertia. Large disturbance-
based estimation algorithms are more accurate than ambient data-based estimation algorithms
but require the introduction of large disturbances to the system, which may not be practical in
some cases.[34]

5. CONCLUSION

Inertia emulation is an important aspect of wind technologies that helps in stabilizing the grid
during disturbances. Droop control, hidden inertia emulation, fast power reserve, over speed
control, and pitch angle control are some of the common methods used for inertia emulation in
wind turbines. These control strategies allow wind turbines to emulate the inertial response of
traditional generators, enhancing the system's ability to handle frequency variations.

Inertia estimation algorithms are used to estimate the inertia of power systems, which is
important for system stability and control. Model-based algorithms and measurement-based
algorithms are two categories of inertia estimation algorithms. Model-based algorithms involve
the use of mathematical models of the power system to estimate inertia, while measurement-
based algorithms use measurements from the system to estimate inertia. Single machine model-
based algorithms and multi-machine model-based algorithms are two types of model-based
algorithms. Ambient data-based estimation and large disturbance-based estimation are two
types of measurement-based algorithms.
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In conclusion, the above topics highlight the importance of inertia emulation and estimation in
power systems. The control strategies and algorithms discussed in the above topics play a
crucial role in maintaining grid stability and ensuring reliable operation of power systems.
These topics demonstrate the continuous efforts being made in the field of power systems to
improve system stability and control.

There are some potential future works as follows:

1. Development of advanced control strategies for inertia emulation that can handle a wide
range of operating conditions and disturbances.

2. Investigation of the impact of wind turbine control strategies on the stability and
reliability of the grid.

3. Development of innovative methods for integrating wind power into power systems
with increased reliability and stability.

4. Study of the influence of wind turbine parameters such as rotor size, blade pitch angle,
and generator rating on the effectiveness of inertia emulation strategies.

5. Exploration of the potential for using renewable energy sources other than wind, such
as solar and hydropower, for inertia emulation.

6. Development of hybrid algorithms that combine the strengths of both model-based and
measurement-based algorithms for more accurate inertia estimation.

7. Investigation of the impact of communication delays and measurement errors on the
accuracy of inertia estimation algorithms.

8. Exploration of the use of machine learning techniques for inertia estimation, such as
deep learning and reinforcement learning.

9. Study of the impact of increasing renewable energy penetration on the accuracy of
inertia estimation algorithms.

10. Development of real-time inertia estimation algorithms that can provide accurate
estimates of inertia for fast-acting control strategies.
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