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Abstract: This paper presents a new grid-forming strategy for hybrid AC/DC microgrids using
bidirectional virtual inertia support designed to address weak grid conditions. The stability of hybrid
AC/DC microgrids heavily relies on the AC mains frequency and the DC-link voltage, and deviations
in these factors can lead to undesirable outcomes such as load curtailments and power system
congestions and blackouts. This paper introduces a unique approach that leverages bidirectional
virtual inertia support to enhance the stability and reliability of hybrid AC/DC microgrids under
weak grid conditions. The proposed strategy employs virtual inertia as a buffer to mitigate rapid
changes in DC-link voltage and AC frequency, thereby enhancing system stability margins. This
strategy significantly contributes to a more stable and reliable grid operation by reducing voltage and
frequency fluctuations. A standard hybrid AC/DC microgrid configuration is used to implement
the bidirectional virtual inertia support, where a bidirectional interlinking converter control is
adjusted to deliver inertia support to both the AC and DC subgrids. This converter utilizes the
DC grid voltage and AC grid frequency as inputs, effectively managing active power balance and
implementing auxiliary functions. Extensive simulations are conducted under weak grid conditions
and standalone mode to validate the effectiveness of the proposed strategy. The simulation results
demonstrate a remarkable improvement in frequency nadir, rate-of-change-of-frequency (RoCoF),
and DC bus voltage deviation in the hybrid AC/DC microgrids. The bidirectional virtual inertia
support substantially reduces voltage and frequency fluctuations, enhancing the microgrid stability
and resilience. There is an improvement of over 45% and 25% in the frequency deviation and voltage
deviation, respectively, achieved through implementing the proposed control strategy.

Keywords: hybrid AC/DC microgrids; virtual inertia control; grid-forming converters; virtual
synchronous machine

1. Introduction

The increasing global concern about climate change and the rapid depletion of fossil
fuel reserves have necessitated a swift transition toward renewable energy resources in
modern power systems [1]. This transition responds to environmental and sustainability
concerns and strategically moves society toward energy independence and security. Dis-
tributed energy resources (DERs), such as photovoltaic (PV), wind turbines (WTs), and
energy storage systems (ESSs), are progressively integrated into microgrids (MGs). This
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integration aims to achieve higher penetration levels of renewable energy and enhance
power system reliability, resilience, and efficiency [2].

In conventional power systems, synchronous generators interact and operate at the
same angular speed, known as the synchronous speed, defining the grid frequency. They
mainly act as the primary source of forming the grid. These generators play a crucial role
in maintaining the stability of the power system. Any frequency alteration due to a power
imbalance between supply and demand causes these generators to autonomously adjust
their speed, causing the grid frequency variations [3]. This adjustment allows generators
to release or absorb energy into or from the power grid, thereby partially compensating
for transient power mismatches. The quantification of these phenomena can be expressed
in units of kinetic energy of the synchronous generators, commonly referred to as power
system inertia [4].

However, the dynamics of power systems are changing with the increasing integration
of renewable energy sources (RESs). Most RESs, like wind and PV energy sources, are
connected to the power grid through power electronic converters. Unlike synchronous
generators, these grid-tied power converters typically operate at the maximum power
point tracking (MPPT) mode to maximize the output energy, contributing no inertia to the
system. These power conversion systems do not possess any kinetic energy that can be
utilized as rotational inertia [5,6].

As more synchronous generators are phased out and replaced with power converters,
the overall power system becomes increasingly inertia-less. The decrease in the power
system inertia deteriorates the stability and controllability of the power grid. Without
adequate inertia, the grid frequency or rate-of-change-of-frequency (RoCoF) may surpass
acceptable limits during severe grid disturbances. This can result in generation tripping,
unscheduled load shedding, or even complete system failures [7].

Virtual synchronous machines (VSMs) have emerged as an effective method for adding
virtual inertia to the power system by controlling the power electronic converters [8].
The concept of VSMs is particularly relevant in the smart grid, where power electronic
converters play a dominant role, but strict requirements are imposed on their control
strategies to preserve stability and controllability [9]. The VSM concept offers decentralized
control schemes for power converters, providing grid support and allowing for a seamless
transition between grid-connected or islanded operations [10,11]. This enables power
electronic converters to operate with features similar to synchronous generators. A specific
VSM implementation and its mathematical model are presented in detail in [12].

The control strategy of VSM includes (1) enhanced frequency regulation suitable for
microgrids, (2) improved dual droop control between the AC frequency and the DC side
energy storages, and (3) provisions for large-signal system stability [13]. Microgrids can
incorporate distributed generation, loads, and energy storage. Our utility grids predomi-
nantly employ AC, so AC microgrids have attracted substantial interest [14]. Since most
DERs and common loads such as lighting and electric vehicles connect with DC, adopting a
DC microgrid could improve energy conversion efficiency. Consequently, a hybrid AC/DC
MG has been proposed, amalgamating the benefits of both AC and DC systems [15,16].

Hybrid AC/DC MG provides more dependable power from AC and DC subgrids,
especially for suburban regions. Supported by bidirectional interlinking converters (BICs),
distributed subgrids are interconnected to form a comprehensive small-scale electrical
system [17]. Microgrids can operate in grid-connected and islanded modes, providing the
end users flexibility, energy supply security, and improved power quality [18,19]. During
normal operation, energy can flow flexibly via the BIC between the two subgrids [20]. The
surplus energy in the AC or DC sectors is adequately utilized for system operation [21,22].
Owing to its inherent advantages, a hybrid system includes AC and DC grid characteristics,
which can cater to the demands of various loads and serve as a source of inertia provision.

Various frequency regulation strategies have been derived to improve the inertia of
hybrid MGs. Since the rotational mechanism of synchronous generators directly provides
inertia, these generators can be run in parallel on the generation side to augment system
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inertia. However, deploying multiple generators is expensive, and maintaining a substantial
spinning reserve is inefficient [23]. A key challenge in controlling hybrid AC/DC MGs
is maintaining the stability and power sharing among DERs, especially under transient
conditions, such as load variations, fault scenarios, and fluctuations in the output of
renewable energy sources [24]. One approach to address this challenge is through virtual
inertia support (VIS), which can enhance the dynamic response of an MG and improve
its stability [25]. VIS emulates the behavior of synchronous generators by providing a
transient power injection proportional to the RoCoF, thereby mitigating the frequency and
voltage deviations caused by disturbances in the system.

In the context of generators, it is essential to note that inertia is not readily available
when in cold reserve mode, and additional time for restarting is necessary. From both
economic and efficiency standpoints, bolstering inertia through generators is not pru-
dent [26,27]. Several studies have proposed the utilization of ESSs like ultracapacitors or
batteries for inertia compensation to overcome this limitation [28]. Current approaches to
VIS predominantly focus on either AC or DC grids. Moreover, these methods often employ
additional energy storage units to emulate inertia, but the high cost of installing such units
penalizes their wider adoption [29,30]. In [31], DC capacitors of power converters are
utilized to provide limited inertia emulation capability. Consequently, the existing VIS
characteristics in hybrid AC/DC grids are addressed inadequately. In order to provide
a clearer understanding of the differences among the various research studies that were
examined, Table 1 presents a comprehensive comparison of these investigations.

Table 1. Summary of the existing work.

Main Concept of VSG

Refs RESs ESSs Methodology Main Controller Contributions
-The transient performance of
. - frequency is enhanced when the
The concept of virtual inertia for a rate-of-change-of-frequency
[22] Not defined Battery storage Eéitiitgnal interlinking Droop control. (RoCoF) is reduced.
’ -It is capable of offering inertia
support and voltage regulation.
. Mitigating the changes in system
[30] Wind and PV Battery storage The cont.rol strategy is dependent PI controller. frequency during various
on the virtual controller. .
disturbances.
Tntroduces a hybrid energy -Decreases the release duration of
Batteryand an  Slorage system that combines —Sl\t/?il’:daizse I;EZ impact of
3 ot define - atteries and ultracapacitors for roop control. .
[32] Not defined Y batteries and ultracapacitors f Droop 1 & p
ultracapacitor - high-frequency
efficient power management . .
(VSGs) -Achieves power regulation of
' VSGs.
-The load changes can be
mitigated and enhanced by
Superconducting VSG combined with suppressing and improving the
[33] PV magnetic superconducting magnetic energy glggztligge;;ﬂfouer frequency and voltage
energy storage  storage (SMES). P " fluctuations.
-Enhance the degree of variation
in frequency.
A mathematical model of VSG is The proposed method can
Enerev storage developed to forecast the best The three-step increase the dynamic features of
[34] Not defined S ste%r}ll & output power of VSG, hence prediction MPC-VSG  system voltage and frequency by
4 improving the frequency control method. providing inertia support during
dynamics of the system. transient situations.
The advantages of Q-learning and Model-free control EQ?VZ?;;zSéizozsjer flow,
[35] Wind and PV Battery storage  full recurrent neuro-fuzzy are p /

merged.

strategy.

regulation of voltage, frequency,
and reduction of THD.

A weak grid denotes an electrical power system with low electrical impedance, in-
sufficient voltage regulation, and restricted capacity to manage power fluctuations. In
addition, weak grids are susceptible to voltage and frequency fluctuations, power quality
issues, and potential blackouts, which can have severe consequences for residential and



Processes 2024, 12, 139

40f18

commercial consumers. Hybrid AC/DC microgrids offer a promising solution to these
challenges by providing local power generation, energy storage, and advanced control
capabilities that support and stabilize weak grids [36]. It is recognized that weak grids,
characterized by large grid impedances, can render three-phase grid-connected power con-
verters unstable due to the resonance caused by high-order passive filters [37], interaction
among multiple power converters [38], and the impact of the phase-locked-loop (PLL) on
current control [39]. This paper identifies another factor contributing to instability: the
strong coupling between control loops (specifically, the dg-frame control systems) and
the differential operator. This coupling can lead to instability in grid-connected power
converters implementing VIS with capacitors or ultracapacitors.

This paper presents a comprehensive grid-forming (GF) control strategy in hybrid
AC/DC MG with bidirectional virtual inertia support. The proposed control strategy
aims to ensure stable operation and optimal power sharing among DERs under various
operating conditions while also enhancing the transient response and fault ride-through
capability of the MG. The effectiveness of the proposed control strategy is validated through
extensive simulation tests. The main contributions of this paper can be summarized as
the following:

e  Development of a new control strategy for GF in hybrid AC/DC microgrids with
bidirectional virtual inertia support that maintains stability and power sharing among
DERs under various operating conditions.

e  Demonstrate that the proposed grid-forming strategy can be utilized in standalone
and grid-connected modes for AC/DC microgrids.

e  Validation of the proposed control strategy through extensive simulation tests demon-
strates its effectiveness in enhancing the transient response, weak grid operation, and
overall hybrid AC/DC MG performance.

The remainder of this paper is organized as follows. Section 2 presents the system
configuration and mathematical modeling of the hybrid AC/DC MG. Section 3 describes
the proposed control strategy, including the design of the proposed control strategy in
grid-forming hybrid AC/DC MG for the bidirectional VIS. Section 4 presents the results
obtained from the simulation tests and the performance analysis of the proposed control
strategy. Finally, Section 5 concludes the paper and suggests future research directions
related to the current study.

2. Configuration of the Studied Hybrid AC/DC Microgrid

The hybrid AC/DC MG system consists of an AC subgrid, a DC subgrid, and a bidirec-
tional power converter interfacing the two subgrids. Figure 1 provides a schematic diagram
of the hybrid AC/DC MG configuration, illustrating the key components and their intercon-
nections. The AC subgrid includes DGs, such as synchronous generators or wind turbines,
loads, and energy storage systems connected to the corresponding point of common coupling
(PCC). In contrast, the DC subgrid contains PV panels, battery energy storage systems (BESS),
and DC loads. The bidirectional power converter enables power flow between the AC and
DC subgrids while supporting the virtual inertia for the AC subgrid.

In a hybrid AC/DC MG, integrating both AC/DC power sources and loads is chal-
lenging due to the differences in their electrical characteristics. Grid frequency and DC-link
voltage fluctuations can affect their stability and performance. By providing bidirectional
VIS, the proposed method would help maintain the stability and performance of the hybrid
AC/DC MG by quickly responding to any grid frequency or DC-link voltage disturbances.

The control strategy aims to enhance the dynamic stability of the hybrid AC/DC MG
by providing bidirectional virtual inertia support through the VSM control algorithm. The
proposed VSM control is applied to the converter, interfacing the AC and DC subgrids. The
control algorithm consists of three main components:

1.  Power controller for regulating the active and reactive power exchange;
2. Frequency and voltage droop controller for power sharing among DERs;
3. Virtual inertia emulator for enhancing transient stability.
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Figure 1. Configuration of the hybrid AC/DC MG.

The virtual inertia concept refers to emulating the physical inertia of traditional
synchronous generators in power systems using power electronic devices such as inverters.
Inertia is an essential property of power systems that helps to maintain frequency stability
during transient events. The virtual inertia concept aims to overcome this challenge by
using control algorithms that adjust the output power of inverters based on the RoCoF in
the power system. This additional power injection helps to dampen frequency deviations
and improve system stability, reproducing the behavior of synchronous generators with
physical inertia. The control schematic illustrating the effective implementation of inertia
for system frequency regulation is depicted in Figure 2, where Fyp, Tcy, and Try are the
coefficients for the reheat turbine. At the same time, T¢ represents the time constant of the
speed governor. The definition of the electromechanical characteristic of the synchronous
generator could be defined as [40]

DAf+2H%:Pm—PL (1)
where H and D are coefficients that represent the frequency-dependent load-lumped inertia
and damping factor, respectively. The inputs, i.e., mechanical and load power values, are
designated as P;;, and Py, respectively. At the same time, the frequency deviation, denoted
as Af, is determined by the coefficient of inertia and the difference between P;,, and Py [40].
In physical terms, this refers to the alteration in the amount of power absorbed by motor
loads based on frequency changes caused by fluctuations in motor speeds. The additional
active power (APp) is injected into the grid based on the RoCoF and the virtual inertia
constant (H).

The damping power in the power system is expressed as [40]

APp = DAf )

By substituting APp in Equation (1), we obtain a new expression that emulates the
behavior of a synchronous generator with physical inertia (note that P;, = Py,):

aaf

2H 7

Py, — P — APp ®)

This equation shows how the virtual inertia control algorithm adjusts the output power
of the inverter based on RoCoF to imitate the behavior of traditional synchronous generators
and maintain frequency stability in power systems. Under steady-state conditions, the
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mechanical input power of Py, ;s equals the sum of the load power, Py .1, and the damping
power, Pp, . As a result, the system frequency remains constant, i.e., Af is equal to zero.

—_——— e —— e ————

_____________________ s’ 3 3 N
{/ Speed Governor "4 Reheat Turbine Y Pr Inertia and Damping \
max I | I
|
I + Af or AVl
P | {/_ 1 FurTrus+1 \f |
: Tes+1 |1 | (Tcus+1)(Trus+1) |
Pmin | I ﬁ |
\\ ___________ 7\ . _ /l l D |
\ - _ /

Figure 2. The framework for regulating the frequency and DC-link voltage via inertia control.

Subtracting the steady-state values from Equation (2) yields Equation (4), which de-
scribes the small changes in frequency regulation, also known as the small-signal behavior.

dAf

APL:APm*APszHW

(4)

Equation (4) indicates that any variation in the load power (APy) should be counterbal-
anced by deviation of the input mechanical power (AP;;), the inertia power of 2H(dAf/dt),
and damping power (APp). Hence, a significant power difference during load-shifting
events within the AC subgrid can result in a substantial deviation in frequency (Af). This
can potentially cause issues with the frequency stability, especially if the inertia coefficient
(H) is small due to the high penetration rate of the RESs.

Likewise, Equation (5) represents the swing equation for the DC subgrid.

FINZE
dt

APp = AP, — APp —2H (5)
where AV, is the DC bus voltage deviation. When the inertia coefficient is low, the
deviation in the DC bus voltage AV}, is more likely to surpass the acceptable range and
cause instability.

3. Proposed Control Strategy for Grid-Forming Converters of Hybrid AC/DC MG

Considering the constraints of the standalone hybrid AC/DC MG, the suggested
approach of implementing virtual inertia control is expanded to grid-forming to enhance
system stability. The proposed GF approach for the hybrid AC/DC MG is sketched in
Figure 3. It utilizes a two-level, three-phase voltage source converter (VSC) with an output
LCL filter. The possible instabilities in a weak grid are investigated. The VSC could be
represented as an ideal voltage source vg, 4, feeding power to the grid and a grid inductor
Lg connected in series. The voltage drop across L can be severe in the case of weak grids
(high value of L), causing the observed voltages at the PCC v, 4, to differ considerably
from the ideal grid voltages vg . The circuit breaker connecting the MG to the main grid
is severed when operating in the islanded mode. Fuel cells, battery energy storage devices,
and other dispersed resources could be used to create the DC link via the BIC.

In the case of inductance-dominated line impedance, the power angle mostly deter-
mines the active power P. 5till, the output voltage magnitude Vgq primarily determines
the reactive power Q. Droop control can simply cover P and Q regulation functions. To
simplify the hierarchical control of an MG, active and reactive power references (Pyyf, Qyef)
were included in the control scheme illustrated in Figure 4.

In Figure 4a, the P-6 droop method produces the reference angular frequency of
output voltage (w;,s) and its corresponding rotating angle (d,,). The P-6 droop control can
be reformulated as

A5 = (5 — (S’r‘ef - Kd (Pg,pu - Pg,pu,ref) (6)

where K represents the droop coefficient of the P- droop.
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Meanwhile, the Q-V¢; droop method generates the output voltage magnitude in the
d-axis direction (Vgg,re). This strategy helps maintain voltage stability in the grid, ensuring
optimal power distribution, as illustrated in Figure 4b. Furthermore, Figure 5 illustrates
the per-unit representation of the measured active and reactive powers. The reactive
power-voltage droop control can be represented as:

@)

Vg,pu - Vg, puref — Ky <Qg,pu - Qg,pu,ref)

where Kj represents the droop coefficient of the Q-V,; droop.
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Figure 3. Configuration of the case-study GF converter for hybrid AC/DC microgrids.
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Figure 4. Control diagram for (a) Q-Ved ref and (b) P-é droop.
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Figure 5. PQ measurements in normalized units.

Typically, grid-tied converters require PLLs, which enable synchronization with the
PCC. In the GF mode, the VSC is a voltage source that generates a voltage of the required
magnitude and frequency. Figure 6 illustrates a model of synchronous-frame-based PLLs
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from [41]. The following equation describes the relationship between the converter voltages
U¢qbe and the grid voltages vg 4, in the synchronous dq-frame [40]:

dig(t )

V() = oga(t) + Lyt o1 o)
di.,(t .

Veg(t) = vgq(t) + Ly C‘Z,t( ) + woLficg(t)

(8)

where V(t) and V,(t) represent the d- and g-axis components of converter voltages, respec-
tively; vg4(t) and vg,(t) denote the d- and g-axis components of grid voltages, respectively;
icq(t) and ie(t) represents the d- and g-axis components of converter currents, respectively;
Ly denotes filter inductance. In addition, w, denotes the fundamental angular frequency.

¥ e

Fsw

Svsc

Figure 6. The voltage/current regulation in the synchronous reference frame.

The dual loop decoupled voltage control of the BIC is illustrated in Figure 6, where
the outer voltage loop depends on voltage measurements vy, and v, at the PCC, which are
compared to the references Vg, ,.r and Vg .1, respectively, using the proportional-integral
regulator PI-2. In order to achieve unity power factor operation, it is necessary to keep the
voltage Vg, s equal to zero. The control errors generate the current reference iy or and iy ,r.
An Inner current control loop for GF control regulates i.; and i¢; using the PI-3 regulators.
The PWM provides gate control commands, which are delivered to the switches of the VSC,
resulting in the generation of the desired voltage (see Equation (8)).

The proposed GF control for the case-study hybrid AC/DC MG is divided into two
parts, as shown in Figures 6-8: a DC-link voltage control and frequency control, where
AV is calculated using the control frame using inertia in Figure 7, and Af is calculated
using the AC subgrid control in Figure 8. The DC-link voltage error AV, is applied to
a PI controller to generate the reference current of the output battery. To eliminate the
DC-link and frequency deviations, the sum of Py, and Py, is set equal to zero. The
notations Sgc and Sy, in Figures 6 and 7 designate the AC subgrid and BIC switching
signals, respectively.

VG ref
v, ; ;
1, Fwfwstl  Pa 1 “ g s P2 — /[ e i St
Tes+1 (Tc s +1)(Tru s +1) &Y " 2Hs+D , , . : "

‘ ' Vie iy Fow
Q1 ’
&
Pdc,pu

Figure 7. Proposed control of the DC MG based on the VSM technique.
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Figure 8. Configurations of the proposed frequency control approach.

The observations show that the proposed approach enables the control strategy to offer
bidirectional virtual inertia support. By altering the power flow through the BIC, virtual
inertia is exchanged between the DC and AC subgrids, fundamentally improving frequency
stability regarding frequency nadir and RoCoF. Furthermore, implementing VSM inertia
enhancement control under weak grid conditions can support increased virtual inertia.
The AC and DC grids experience increased inertia, comparable to the interconnection of
multiple power systems using the proposed approach. This increased inertia enhances
the stability of both grids during the different events. However, they are also affected by
frequency events occurring in the other grid. For instance, without the proposed method,
the AC grid would not respond to DC grid faults and vice versa. With the implementation
of the proposed method, the AC grid transfers power to the DC grid during DC grid faults,
resulting in increased inertia in both grids.

The GF function is implemented by the adjustment of the power reference, Py ref,
according to Equation (9), based on the relative frequency error (Af /f,.) and the relative
DC voltage error (AVpc/ Ve ref)-

Af  AVpc ( kl->
Pac ref — + ky+— 9
mef <fref Vdc,ref) i s ®)

The gain factors k, and k; in the PI controller define the system response to these
errors. This allows the converters in the AC and DC subgrids to respond to changes in
frequency and voltage and adjust their output power accordingly. Additionally, using a
BIC, power flow can be adjusted between the AC and DC subgrids in response to faults
or other disturbances, further enhancing the grid-forming ability of the system. This
helps improve the power system’s resilience by allowing it to respond to and recover
from disturbances more effectively. By implementing this control strategy, the AC and
DC subgrids effectively become grid-forming, contributing to the overall stability of the
power system. This is particularly important in power systems with a high penetration of
renewable energy resources, as these systems often lack the physical inertia of traditional
synchronous generators.

In essence, the grid-forming behavior of the system is greatly enhanced under your
proposed method, thus improving the overall stability and resilience of the power system.

4. Simulation Results and Discussion

The proposed new control strategy for the GF hybrid AC/DC microgrids with bidi-
rectional virtual inertia support was tested using MATLAB/Simulink. A hybrid AC/DC
MG model was built, comprising conventional AC and DC power sources interconnected
through VSC. At the same time, the control strategies were implemented using the Simulink
control system toolbox. Table 2 presents the system parameters encompassing the AC
and DC subgrids. Beyond the VSM, Table 3 outlines the parameters for other components
within the system. The transition between grid-connected and islanded modes is seam-
lessly achieved with the proposed strategy. The performance of the proposed strategy
was evaluated under a variety of two operational scenarios: (i) grid-connected mode and
(ii) standalone mode.
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Table 2. System parameters used in the simulation study.

Description Symbol Value
Battery voltage reference VBES, ref 250V
DC filter inductance Ly 5.6 mH
DC-link capacitance Cac 3.76 mF
DC-link voltage reference Ve ref 400V
Maximum DC-link voltage deviation AV max 27
AC filter inductance Ly 10 mH
AC filter capacitance Cr 100 uF
Grid inductance Lg 1 mH
Frequency reference fref 50 Hz
Maximum frequency deviation Afmax 0.2Hz
Grid RMS voltage Ve ref 110V
Active power reference Pres 1kW
Switching frequency Fsw 10 kHz

Table 3. Parameters of the proposed GF control strategy.

Description Symbol Value
Frequency/voltage droop coefficient Riroop 0.05
Speed governor coefficient Tq 01s
Turbine HP coefficient Fyp 0.3s
Reheater time constant Tru 7s
The time constant of main inlet volumes Tcy 02s
Base inertia coefficient H 5s
Base load damping coefficient D 1
Per unit reference values P/IQ/VIf 1

4.1. Case 1: Grid-Connected Mode

Simulations are carried out to assess the efficacy of the proposed control strategy by
testing the system in grid-connected mode. The primary objective is to analyze the system’s
performance and behavior during weak grid operation. In this scenario, the nominal values
for the AC frequency and DC bus voltage in their corresponding subgrids are set at 50 Hz
and 400 V, respectively.

As shown in Figure 9a, a step-down in the reference value of the active power P, ¢
from 1 kW to 0.8 kW (i.e., step-down by 20%), is implemented in the AC subgrid at the
instance of 30 s. The proposed control system guarantees that the injected active power
aligns with the reference for two different H constant values: H=5s and H =10 s. The
increased value of H helps to absorb energy more smoothly, which reduces the severity
and impact of disturbances on the system (see Figure 9a). This implies that the system is
designed to handle power fluctuations and disturbances more smoothly, minimizing their
impact on the overall stability.

With respect to Figure 9b, which illustrates the behavior of DC power flow, a decrease
in the DC power flow at t = 30 s can be noted by implementing the proposed method. This
indicates that the power flowing through the bidirectional buck-boost converter decreases
at t = 30 s due to the step-down of the P, ,.s mentioned earlier. The observed decrease in
DC power flow could be attributed to the system’s response to a change in the reference
signal, prompting an adjustment in power flow accordingly.

As shown in Figure 9¢,d, the step-down in P, ¢ decreases the battery current (Ip,¢)
because the proposed system is designed to support the AC subgrid by injecting the power
from the BESS (see Figure 9c¢). Figure 9d shows that the voltage across the battery Vi,
increased under the step-down in P, ¢ since the drawn battery current is decreased. Still,
it is slightly lower than the nominal voltage V,ominal- The internal resistance of the battery
typically causes slight deviations in battery voltage.
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Figure 9. Simulation results for the grid-connected mode during step-down in reference value of the
AC power: (a) active power for AC MG, (b) DC output power for DC MG, (c) output battery current,
and (d) the battery voltage.
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Figure 10a demonstrates the enhancement in the RoCoF of the system frequency when
employing a high virtual inertia of 10 s for the converter. Meanwhile, Figure 10b shows the
enhancement in the DC-link voltage at an inertia constant of 10 s in the DC microgrid.
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Figure 10. Simulation results for the grid-connected mode: (a) frequency and (b) DC-link voltage.

The steady-state grid voltages and grid currents are depicted in Figure 11a,b when
the proposed controller is active. It is evident from the waveforms that they exhibit pure
sinusoidal characteristics that help maintain the desired power quality. This is attributed to the
support provided by the VSM control, which is part of the proposed controller. By providing
inertial support and regulating the power flow, the proposed control method enhances the
stability and performance of the power grid without causing any adverse effects.
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Figure 11. Simulation results for the grid-connected mode: (a) grid current and (b) grid voltage.
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4.2. Case 2: Standalone Mode for Both Grid-Forming Converters

The AC and DC grids operate at their nominal power ratings, representing a 1 kW
load in each subgrid. In Figure 12a, the simulation demonstrates an AC loading condition
where the AC load increases from 1 kW to 1.2 kW. The DC loading remains constant at 1 kW.
To maintain the nominal value of the DC bus voltage, the BIC transfers roughly 200 W of
power from the DC subgrid to the AC subgrid, as shown in Figure 12b. The BIC manages
the power transfer between the DC and AC subgrids in response to load change. When the
AC load increases, the BIC transfers around 200 W from the DC subgrid to the AC subgrid.
The simulations validate the effectiveness of bidirectional virtual inertia support in the
standalone hybrid AC/DC microgrid.
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Figure 12. Simulation results for the standalone mode: (a) active power in the AC subgrid and (b) the
DC output power in the DC subgrid.

The power transfer can indeed influence the voltage and current levels of the battery.
As power is drawn from the battery to support the augmented AC load, the voltage level of
the battery may decrease owing to the higher drawn current. At the instant t = 40 s, there is
a noticeable decrease in the battery voltage level, as shown in Figure 13a. This indicates that
the battery is supplying a significant amount of power to the AC subgrid. Simultaneously,
there is an increase in the battery current, as depicted in Figure 13b, suggesting that the
battery is discharging at a higher rate to maintain the desired power level. Figure 13a,b
demonstrates how the BIC assists in maintaining stability between the AC and DC subgrids,
adjusting their power flow based on load changes.

Figure 14a depicts the enhancement in the DC bus voltage, rising from 392 V to 394 V
for the H values of 5s and 10s, respectively. This leads to a notable reduction in voltage
deviation, exceeding 45%. Additionally, with the support of inertia from the DC side, the
frequency nadir has improved from 49.40 Hz to 49.50 Hz, leading to a more than 25%
frequency deviation reduction., as shown in Figure 14b.
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Figure 13. Simulation results for the standalone mode: (a) battery voltage and (b) battery current.
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Figure 14. Simulation results for the standalone mode: (a) DC bus responses of the DC subgrid and
(b) frequency response of the AC subgrid.

As highlighted in Table 4, the proposed strategy showcases superior performance
with minimal undershooting in both frequency and DC-link voltage. It surpasses the
performance of [42], which consistently exhibits the lowest frequency deviation but the
highest voltage deviation. This disparity can be attributed to the fact that the VSC in [42]
focuses solely on regulating the inertial response of the AC side, leading to sacrificed
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frequency stability to maintain DC voltage stability. Conversely, [43] consistently showcases
the smallest DC voltage deviation but the largest frequency deviation. The observed results
highlighted in [43] lack of involvement in the inertial response resulted in a larger overshoot
in the DC-link compared to [42] and a more significant overshoot in frequency relative
to [43]. This emphasizes the trade-off between frequency and voltage stability inherent in
the respective strategies.

Table 4. Numerical analysis of the proposed controller.

Proposed
Strategy [22] [42] [43] Strategy
DC-link voltage deviation/V 5.55 7.50 3.90 4.00
Frequency deviation/Hz 0.32 0.23 0.32 0.30

5. Conclusions

This work proposes a new GF hybrid AC/DC MG strategy that utilizes bidirectional
virtual inertia support. The strategy aims to enhance system stability and reliability by
mitigating AC mains frequency and DC-link voltage deviations. Additionally, a control
technique based on the VSM is introduced for the DC subgrid, contributing to overall
stability and control. The VSM control actively adjusts the DC bus voltage in proportion to
the system frequency, enabling the delivery of inertial power and improving grid stability.

The effectiveness of the proposed strategy has been confirmed through simulation
results in both grid-connected and standalone modes. In grid-connected mode, it follows
active power references, mitigating voltage and frequency fluctuations and enhancing
power quality. Meanwhile, in standalone mode, the bidirectional virtual inertia support
ensures stability between AC and DC subgrids, while the VSM control effectively regulates
the DC bus voltage and enhances frequency control.

Overall, the proposed bidirectional virtual inertia support strategy, coupled with the
VSM-based control for the DC MG, offers significant enhancements of stability and dynamic
performance of hybrid AC/DC MGs. It addresses voltage and frequency fluctuations,
improves power flow management, and enhances system resilience. These findings provide
valuable insights for practical implementation in real-world MG systems, contributing to
advancing sustainable and reliable power systems. Despite notable achievements, it is
essential for future research to prioritize the integration of renewable resources and energy
storage systems to enhance comprehensive grid resilience.
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Nomenclature

P Active power references (pu)
P, Input power (pu)

Py Mechanical power (pu)

Py Load power (pu)
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