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With the increasing incorporation of renewable energy sources into
modern power systems, the resulting uncertainties present significant
challenges, especially in controlling frequency fluctuations within
isolated microgrids. To address these challenges, this research
introduces an innovative approach called ONPIVIC, which combines
an optimal Nonlinear Proportional-Integral (ONPI) controller within
the virtual inertia (VI) control loop. This novel Virtual Inertia Control
(VIC) method is designed to enhance frequency control in low-inertia
microgrids with varying levels of renewable energy sources. The
proposed strategy involves an optimal design based on a nonlinear PI
controller and a virtual inertia control loop using the Arithmetic
Optimization Algorithm (AOA). This approach enables the VIC unit to
regulate the inverter-based Energy Storage System (ESS) while
simulating different inertia levels and responding effectively to
fluctuations in generation and load. To compare the performance of
the proposed controller, two alternative control methods, namely the
Optimal Virtual Inertia Controller (OVIC) and the Optimal Pl-based
Virtual Inertia Controller (PIVIC), are also considered. The
effectiveness of the proposed controller is evaluated through five
different scenarios that account for sudden changes in power demand
and generation in isolated mode. The results demonstrate that the
proposed ONPIVIC controller enhances frequency stability and
control efficiency in microgrids incorporating renewable energy
sources, facilitating a smoother transition to cleaner energy
generation.
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EXTENDED ABSTRACT

Introduction

In recent years, the attention to renewable energy sources (RESs) as an alternative to
fossil energy sources has increased dramatically in many parts of the world. These
changes in energy generation sources, especially in power distribution networks, have
brought new challenges, which are especially problematic in isolated microgrids (MGs)
due to the lack of inertia. Compared to traditional synchronous generators, the exchange
of power between inverter-based RESs and the microgrid reduces the overall system
inertia and the initial frequency regulation capability. Therefore, the high penetration of
RESs can lead to a reduction in the initial frequency regulation and the inertia response.

To improve the inertia in microgrids, virtual inertia (VI) simulation has been proposed
as an efficient technique that allows the addition of additional inertia to the microgrid.
Several studies have investigated the use of PI controllers as auxiliary controls for energy
storage systems to improve virtual inertia in microgrids. Although these methods were
able to improve the frequency response of microgrids, they proposed fixed values for the
virtual inertia gains and the associated PI controller. Unlike the classical PI controller
which has fixed gains, in the nonlinear PI controller the proportional and integral gains
are adjusted adaptively and dependent on the operating conditions of the system.

To address these challenges, this research introduces an innovative approach called
ONPIVIC, which combines an optimal Nonlinear Proportional-Integral (ONPI) controller
within the virtual inertia control loop. This novel Virtual Inertia Control (VIC) method is
designed to enhance frequency control in low-inertia microgrids with varying levels of
renewable energy sources. The proposed strategy involves an optimal design based on a
nonlinear PI controller and a virtual inertia control loop using the Arithmetic
Optimization Algorithm (AOA). This approach enables the VIC unit to regulate the
inverter-based Energy Storage System (ESS) while simulating different inertia levels and
responding effectively to fluctuations in generation and load. To compare the performance
of the proposed controller, two alternative control methods, namely the Optimal Virtual
Inertia Controller (OVIC) and the Optimal PI-based Virtual Inertia Controller (PIVIC), are
also considered. The effectiveness of the proposed controller is evaluated through five
different scenarios that account for sudden changes in power demand and generation in
isolated mode.

Methodology

In this study, a novel control method designated as ONPI is introduced and integrated
into the VIC loop. The outcome of this integration is an efficient VIC controller termed
ONPIVIC. The proposed control framework is specifically designed to emulate inertia in
islanded microgrids with high penetration of renewable energy sources, aiming to
enhance overall microgrid stability. Given the stability challenges arising from improper
selection of VIC parameters, precise tuning of these variables can serve as a practical
solution to significantly improve the frequency stability of the microgrid following
disturbances induced by generation or load fluctuations. Initially, the focus is placed on
the OVIC controller; illustrated in Figure 1, and its control parameters, namely K VI and
D_VI, are determined using the AOA algorithm.
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Figure 1. Block diagram of the proposed OVIC structure.

The Proportional-Integral controller is one of the most widely adopted control
strategies in dynamic systems. However; in systems exhibiting nonlinear behavior, linear
PI controllers may not provide adequate performance. Accordingly, nonlinear PI
controllers have been developed to enhance system response under dynamic variations,
disturbances, and uncertainties. In this paper, a nonlinear PI controller is incorporated
into the VIC loop to improve microgrid stability. This approach is designated as ONPIVIC
and is illustrated in Figure 2.
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Figure 2. Block diagram of the proposed ONPIVIC structure.

Results and discussion

This section presents the results obtained from simulating various operational
scenarios of the test system. The examined system comprises multiple renewable energy
sources alongside two distinct load types, industrial/commercial and residential, which
serve as disturbance sources. Furthermore, a comprehensive assessment of the controller
performance includes the investigation of five different scenarios that account for
unexpected variations in electricity demand and generation under islanded operating
conditions. System performance is evaluated and validated using frequency deviation,
denoted as Af. The dynamic behavior of the system is quantified through performance
indices such as IAE, ITAE, US, and OS, which are extensively utilized in power system
dynamics studies.

As an illustrative example, the fifth scenario addresses extreme operating conditions
characterized by concurrent step changes in both load demand and stochastic power
generation. This scenario is designed to evaluate the microgrid performance under the
most challenging conditions, where simultaneous random fluctuations in generation and
load, as depicted in Figure 3, are imposed. The corresponding frequency deviation
dynamics are graphically illustrated in Figure 4 for this particular scenario.
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Figure 4. Step change profiles for simultaneous load and stochastic generation variations applied to
the studied microgrid in Scenario 5.
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Figure 5. Comparative frequency response of various control strategies applied to the microgrid under

Scenario 5.

With the rising penetration of renewable energy sources, maintaining frequency
stability in low-inertia islanded microgrids has become a critical challenge. Traditional
control systems often rely on fixed-gain controllers, which are inadequate for the highly

dynamic and uncertain nature of such networks.

Improper tuning or rigid

parameterization of virtual inertia and supplementary controllers can induce unwanted
oscillations and degrade system performance. Hence, advanced virtual inertia control
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strategies are indispensable. This paper proposes a novel control framework, termed
Optimal Nonlinear PI based Virtual Inertia Control, which integrates a nonlinear PI
controller within the VIC loop for isolated microgrids. By simultaneously emulating
virtual inertia and virtual damping, the proposed method significantly enhances system
inertia, damping characteristics, and overall frequency stability. The Arithmetic
Optimization Algorithm is employed for optimal parameter tuning. For comparative
assessment, two alternative schemes, Optimal VIC and Optimal Pl-based VIC, are also
implemented. Comprehensive evaluation under various load scenarios and renewable
generation uncertainties demonstrates the clear superiority of the ONPIVIC strategy.
Quantitative results reveal that ONPIVIC achieves an average reduction of approximately
47% in IAE and ITAE indices compared to PIVIC, and about 90% improvement over the
other conventional methods across all test scenarios. These findings confirm that the
proposed control framework substantially enhances the stability and frequency
regulation of microgrids.
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