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The frequency stability of a power grid is effectively managed through the
inertia and power reserves supplied by synchronous generators. Due to
increasing concerns about the greenhouse effect and global warming,
renewable energy sources (or microgrids) are increasingly replacing
traditional fossil fuel-based methods of electricity generation. As microgrid
deployment proliferates, power systems' inherent complexity and non-linear
dynamics have escalated, rendering conventional controllers inadequate
across diverse operating conditions. Factors such as reduced energy inertia,
heightened penetration of renewable energy sources, and significant power
fluctuations within confined transmission systems have heightened the
vulnerability of microgrid frequencies to instability. This paper elucidates the
concept of microgrids, examines frequency fluctuations in the presence of
solar and diesel generators alongside load variations, and presents simulation-
based analyses. Moreover, it provides a succinct overview of frequency

control methodologies. Validation outcomes demonstrate the efficacy of the
proposed controller in maintaining system frequency amidst fluctuating load
demands and renewable energy inputs.
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1. INTRODUCTION

In recent years, there has been a growing imperative to transition towards generating electrical power
from renewable energy resources (RESSs), propelled by the depletion of traditional fossil fuel reserves [1]. This
transition has led to an increasing integration of RESs into conventional electricity grids, thereby decentralizing
bulk power production. However, this integration introduces challenges associated with variability and
disturbances stemming from the inherent unpredictability of RESs and distributed generators (DGs). Moreover,
the expansion of electrical networks and transmission lines to serve remote electrical loads escalates the costs
of electricity production and transmission, exacerbated by increasing demand. To address the constraints
associated with integrating RESs/DGs into the grid, the concept of a microgrid (MG) has emerged as a viable
solution [2]. A microgrid is characterized as a low-voltage network integrating numerous small-scale
distributed energy generation and storage units [3], [4]. It functions in dual modes: interconnected with the
primary grid and independently isolated from it. Typically, the microgrid is linked to the national grid, yet
during emergencies marked by significant disruptions, it autonomously disconnects from the main grid. This
enables it to exclusively supply power to critical local loads, ensuring their continued operation [5], [6].
Introducing this concept into power systems aims to enhance reliability, flexibility, and adaptability while
addressing economic and environmental challenges inherent in conventional power systems.
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According to the International Energy Agency (IEA), global energy demand continues to rise with
economic and technological advancements [7]. Currently, conventional energy generators constitute the
primary source of meeting this global energy demand. However, the finite nature of non-renewable fossil fuels
leads to their gradual depletion, with well-documented adverse environmental consequences [8].

Figure 1(a) demonstrates the worldwide new installation of RES for the years 2013-2019 [9]. System
operators worldwide are exploring various renewable energy sources (RES), including solar, wind, biomass,
hydro, geothermal, and ocean power, to meet the energy demands stipulated by respective regulatory bodies.
Wind power plants and grid-connected solar photovoltaic (PV) have emerged as up-and-coming options.
Moreover, renewable energy sources (RES) have the potential to meet the growing global power demand. It is
projected that within the next 30 years, Denmark's power system will achieve 100% RES penetration. The
European Union, The United States, and China have also established ambitious targets for integrating RES into
their power systems. Current renewable penetration levels and future targets for several countries are illustrated
in Figure 1(b) [9]. This figure indicates that Ireland, China, Spain, India, and Europe plan to incorporate more
than 90% renewable resources into their power systems by 2050.

The proliferation of microgrids within power systems has fundamentally altered operational
dynamics. Consequently, this has induced heightened complexity and non-linearity within power networks.
Managing microgrid (MG) operations in islanded mode presents greater complexity compared to network-
connected mode. Moreover, within islanded microgrids incorporating renewable sources like wind and solar
energy, fluctuations in wind speed and variations in solar radiation intensity present substantial energy
perturbations to the microgrid. Hence, addressing frequency deviations within islanded microgrids stands out
as a paramount control challenge in microgrid research.
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Figure 1. The global installation and future target installation of RES: (a) worldwide year-wise installation
of RES and (b) current and future targets of renewable penetration level
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Numerous references have investigated and presented diverse methodologies for microgrid frequency
control, focusing on optimizing controller parameters through metaheuristic algorithms. Previous studies
[10], [11] employ PI control and proportional-integral-derivative (PID) controllers, respectively. In [12], the
particle swarm optimization (PSO) algorithm is employed, whereas in [13], the spider social behavior (SSO)
algorithm is utilized for the optimization of PID control parameters. Additionally, it employs the harmonic
search (HS) algorithm for load-frequency control. Abazari et al. [14] introduces a fuzzy controller with
coefficients optimized using the PSO algorithm. Furthermore, model predictive control (MPC) is explored for
load-frequency control in [15], [16], while Abazari et al. [17] utilizes a fuzzy controller to regulate the
frequency of a multi-microgrid system. Leng et al. [18] introduces a two-level model predictive control (MPC)
approach, as well as multiple MPC control strategies in [19], while Zhang et al. [20] presents an MPC-based
method for coordinated control of wind turbine blades and electric hybrid vehicles aimed at mitigating power
fluctuations and enhancing microgrid frequency stability. Conversely, Khodja et al. [21] delves into the
Ziegler-Nichols-based PID method (ZN-PID), while Zaheeruddin [22] scrutinizes the fractional-order-based
PID method (FOPID), and Oshnoei et al. [23] suggests the implementation of fuzzy control-based fractional-
order PID (fuzzy FOPID). Additionally, Khosravi et al. [24] utilizes a kriging-based surrogate fractional-order
PID method for control system design. To enhance the set point of active power and bolster frequency stability
in islanded microgrids (MGs), virtual inertia control is implemented, leveraging the rate of change of frequency
(RoCoF) function [25], [26]. Investigation into the frequency stability of an autonomous microgrid (MG)
system, as documented in [27], employed a coefficient diagram approach alongside a PID accelerator
controller. A comparative analysis of published PID and 2DoF-PID controllers was conducted to evaluate
performance. Gheisarnejad and Khooban [28] deliberated on designing a fuzzy PID controller for a multi-
microgrid system as a secondary control mechanism. Additionally, Patel et al. [29] implemented a fuzzy tilt
integral derivative controller to enhance frequency stability within a hybrid microgrid (MG), demonstrating
superior performance through comparative analysis against classical PID controllers. Moreover, Khokhar et
al. [30] introduced the slap swarm optimization (SSO) technique-adjusted cascade (PI-PD) controller, tailored
for regulating system frequency in an MG integrated with an electric vehicle, showcasing innovative
advancements in control strategy. Zand et al. [31] and Baldinelli et al. [32] introduce a novel approach to multi-
objective optimization for scheduling distributed energy resources (DERs) within microgrids. Similarly, in
[33], the focus shifts to energy management within an isolated microgrid, emphasizing maximizing DER
utilization while minimizing operational costs. Nonetheless, these references overlook the substantial impacts
of abrupt load fluctuations or unpredictable changes in renewable energy sources (RES) power output during
microgrid resource planning.

2. RESEARCH OBJECTIVE (INTELLECTUAL CONTRIBUTION)

The extensive integration of renewable energy sources (RES) worldwide has significantly altered
power system dynamics. Traditionally, the kinetic energy stored in the rotating mass of synchronous generators
(SGs) has been relied upon to compensate for generation deficits. However, with the widespread adoption of
RES, conventional SGs are being displaced. RES installations typically lack inherent system inertia,
necessitating additional control mechanisms to ensure stability. Consequently, the overall system inertia is
diminishing, rendering low-inertia power systems more susceptible to various disturbances and uncertainties
inherent in modern power grids. Challenges associated with low inertia grids include heightened rates of
frequency change, increased frequency deviation, and distributed photovoltaic (PV) trip events, among others.
The objective of this paper is to counter these challenges and to regulate the frequency of the system by
controlling the active power of the battery.

The rest of the manuscript is organized as follows: the second section outlines the microgrid's
architecture and its corresponding model, along with the modelling of the battery. Following this, section 3
offers insight into the simulation implementation and presents the results of frequency control within the
microgrid under investigation. Lastly, the conclusion and future recommendations are provided in the fourth
section of the article.

3. MODELLING OF THE STORAGE SYSTEM WITH METHODOLOGY TO CONTROL
FREQUENCY

The modeling process enhances understanding of battery behavior and plays a crucial role in
improving overall system performance and efficiency. Batteries are crucial as versatile energy storage
solutions, catering to various applications with varying power demands. These devices are indispensable across
numerous industries, utilized in both series and parallel setups to accommodate specific load requirements.
Battery modeling is a potent technique for predicting and enhancing key parameters, such as state of charge,
battery longevity, and charge/discharge behavior. Lithium-ion batteries hold particular prominence among
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battery types due to their lightweight design, high-energy density, and minimal self-discharge rates, offering
significant advantages in various contexts. A precise electrical equivalent model, such as the resistor-capacitor
(RC) circuit battery block illustrated in Figure 2, becomes essential for conducting thorough analyses and
making informed decisions regarding system design and operation. To calculate the combined voltage of the
battery network:

Vr = Ep — lpaeeRo — X1Va 1)
tdpa Vn
Vo= J et - paldt O]
S0C = —— [‘ g dt ©)
Chatt 0 batt
A 4)
batt Np
Vour = NgVr )
2 nV‘n2
Pgattross = Ipare” Ro + le (6)
2 nVn2
Prosspatt = —Upate” Ro + Z1E (7
Pstorepatt = Prosspatt + Ppatt (8)
t
LdAmpHr = fO Ibatt dt (9)

where SOC is a state of charge; E,, is battery open-circuit voltage; I, is per module battery current; I, is
the total current flowing from the battery network; R, is series resistance; N,, is no. of parallel branches; V,,;,
V- is a combined voltage of the battery network; 1}, is a voltage of nth RC pair; R,, is the resistance of the nth
RC pair; C, is the capacitance of nth RC pair; Cp,;; 1S battery capacity; Py, iS battery power; Pgattross 1S
battery network power 10sS; P, sspate 1S NEgative of battery network power 10SS; Ps;orepate 1S Dattery network
power stored; and T is battery temperature. Positive current indicates battery discharge and negative current
indicates battery charge. The (1) to (9) has been used for the modeling of the battery.

Waveforms for battery state of charge (SOC), current, and voltage are shown in Figure 3.
In Figure 3(a), the state of charge (SOC) of the battery is depicted at 50% initially, with a charging process
initiated at 3 seconds into the simulation. Throughout the duration of the simulation, the battery's SOC increases
marginally from 47.9% to 48.02%. Figure 3(b) illustrates the battery's current profile, indicating a state of zero
current prior to 3 seconds. Subsequently, post the 3-second mark, the battery begins charging at a rate of
30 kW, corresponding to a current of -200 A. Figure 3(c) demonstrates a voltage increase occurring precisely
at 3 seconds, stabilizing at 262 V for the duration of the simulation.
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Figure 2. Equivalent model of battery
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Figure 3. Battery waveforms: (a) battery SOC, (b) battery current, and (c) battery voltage

The proposed system's numerous components are represented to create a full model. The control
scheme depicted in Figure 4 is primarily utilized to derive reference source currents, which are then employed
in the battery energy storage system (BESS) VSI's pulse width modulation (PWM) current controller. There
are two components to the reference source currents: an in-phase component and a quadrature component. The
in-phase component of the reference source currents is required to charge the battery of BESS and/or to feed
active power to the load. This active power component may be kept constant to generate constant power at the
point of common coupling (PCC). The surplus power is absorbed by the BESS and during peaking load BESS
replenishes the increased requirement of load resulting in frequency regulation. Here, the active component of
the source current remains fixed, whereas the reactive power component depends upon the requirement of AC
terminal voltage control. Such controllers based on BESS, in addition, perform the tasks of frequency and
voltage control in case of unbalanced and non-linear loads. This has been shown in (10) to (24).

They are estimated in the following order: the unit vectors in phase with Va, Vb, and Vc are derived
asin (10).

Vb

oy, = (10)

V
Uaz—a;sz =
Vm Vm

Vm

Where V,, is the amplitude of the AC terminal voltage at the PCC and can be calculated as (11).

V=2 ‘/<Va2 +V,? + V?) (11)

Where V,, Vb, and V. are the instantaneous voltages at PCC and can be derived as:

Va = Vsan - Rsisa - LsPisa: Vb = Vsbn - Rsisb - Lspisb! V; = V;cn - Rsisc - LsPisc
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where P represents the time differential operator (d/dt) and L, and R, are per phase source inductance and
resistance, respectively. V;q,., Vipn, and V.., are the three-phase instantaneous input supply voltages at PCC
and are expressed as (12).

Vean = Vi sin (wt); Vgpn = Vi sin (wt — 21/3); Vse, = Vi sin (wt + 2m/3) (12)

The peak value, denoted as V,,,, and the angular frequency (w=2zf) of the power supply are established
parameters in this context. The derivation of unit vectors orthogonal to V,, V},, and V. involves implementing
a quadrature transformation on the in-phase unit vectors U,, Uy, and U, as (13)-(15).

Wa:'Ub/\/?'l'Uc/‘/?v (13)
W, = V33U, 12+ U, —U.)(2V3), (14)
W, =-v3U, 12+ U, —U.)I(2V3) (15)

The quadrature component of the reference source currents is computed as follows. The voltage error V,, at
PCC at the nth sampling instant is as (16).

Ver(n) = Vref(n) - Vm(n) (16)
3.1. Modelling of BESS

The BESS is operated in current-controlled mode, and the volt-current equations are calculated as
illustrated in Figure 4.

Vap = Reicg + LcPicq + €qp — Relep — LePig 17)

Voe = Reiep + LcPicy + epe — Relee — LePlce (18)
Further:

icq+ iep +ic=0 (19)

to calculate Pi., and Pi_,, use (17) to (19).

Picqg = {(Voec = €nc) + 2(Vap = €qp) = 3Reqica}/3Le =0 (20)

Pigy = {(Voe — epc) = (Vap — €ap) = 3Reqicp}/3Lc =0 (21)
From (19), i.. can be expressed as (22).

lee = =(leq + lcp) (22)
The DC bus voltage derivation can be expressed as:

PVye = lca Sa+ lep Sp+ lce Sc = pp )/ Cac (23)
where i, is the battery's charging/discharging current. SA, SB, and SC are switching functions that specify

the ON/OFF states of the BESS VSI bridge switches S;-Sg. The inverter's AC output voltages are represented
in the three-phase PWM AC voltages e,, e, and e, of the BESS. AC line voltages of BESS are:

eap = Ve (Sa— Sg)s re = Vipe (Sg = S¢)s eca = Ve (Sc — Sa) (24)
for the ON and OFF conditions of the upper and lower switches of the phase 'a' leg of the VSI bridge, the

switching function SA has values of 0 and 1, respectively. The other phase lags follow a similar rationale. The
battery is modelled by using Thevenin’s equivalent circuit model.
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Figure 4. Principle of control

4. RESULTS AND DISCUSSION

In Figure 5, following a 12-second simulation, the frequency exhibits drop to 59.68 Hz, 59.80 Hz, and
59.77 Hz at 0.5 seconds, 3 seconds, and 4.5 seconds, respectively. These reductions are attributed to additional
loads of 50 kW, 30 kW, and 50 kW, respectively, in addition to the existing load of 100 kW. At 4.5 seconds,
the battery begins discharging at a rate of 50 kW to meet the heightened demand, resulting in a frequency
decline to 59.75 Hz.

In Figure 6, following a 12-second simulation, there is an initial decrease in frequency to 59.68 Hz at
0.5 seconds, attributed to an additional load of 50 kW. A subsequent drop occurs at 3 seconds, resulting in a
further load increase of 30 kW. At the 3-second mark, the battery begins charging at a rate of 30 kW, causing
the frequency to decline to 59.92 Hz. Subsequently, the frequency stabilizes at 59.92 Hz
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Figure 5. Frequency at load bus without any controller
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Figure 6. Frequency at load bus with controller
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5. CONCLUSION

Maintaining a balance between active power production and consumption stands as a pivotal factor
in guaranteeing frequency stability within microgrid systems. This paper delves into the concept of microgrids
and examines the frequency fluctuation dynamics under the influence of solar, diesel generators, and load
variations, subsequently simulating these scenarios. Brief discussions on frequency control methodologies are
provided, showcasing the suitability and precision of the proposed controller. Finally, the simulation outcomes
under various perturbations demonstrate the effective performance of the proposed control system.
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