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Abstract

Interlinking converters (ILCs) are critical interfaces for coordinating power exchange in
hybrid ac/dc microgrid clusters. Practically, different microgrids have varying inertia
capacities and load priorities, it is urgent to design flexible power exchange control of
interlinking converters for priority-driven dynamic sharing. To achieve optimal inertia
inter-support among microgrids, a decentralized optimal dynamic control of ILCs is pro-
posed for priority-driven inertia sharing among microgrid clusters. Firstly, an inertia
interaction optimization model is established, incorporating subgrid priority weights and
inertia-support capacity. Secondly, the established optimization model is implemented
in a decentralized manner by deriving a local ILC control law from the optimality con-
dition. Furthermore, a quantitative analytical framework based on a whole equivalent
circuit model is constructed to reveal the impact of control parameters on key dynamic
indicators. The proposed strategy features high scalability and less-communication require-
ments of decentralized control, enabling global optimization of transient performance and
priority support for critical loads. Finally, the proposed method is validated through five
representative cases in a Hardware-in-the-loop (HIL) platform.

Keywords: interlinking converter; hybrid microgrid cluster; decentralized control; inertia
sharing; equivalent circuit models

1. Introduction
The microgrid constitutes a key architecture for improving flexibility, reliability, and

renewable energy integration in renewable power systems [1]. By coordinating local
resources, it enables critical infrastructure to sustain autonomous operation during grid
failures. Depending on the common bus voltage characteristics, microgrids are generally
classified into ac, dc, and hybrid ac/dc configurations [2,3]. Among these, the hybrid
ac/dc microgrid combines the advantages of ac microgrids and dc microgrids. By allowing
heterogeneous sources and loads to connect directly to their native buses, it reduces
multi-stage conversion losses, establishing it as an efficient architecture for future power-
electronics-dominated systems [4,5].

To improve operational flexibility, power supply reliability, economic efficiency, and
renewable energy integration, the microgrid cluster architecture is widely adopted by
interconnecting adjacent microgrids [6,7], as shown in Figure 1. Within the framework,
microgrids are interconnected through ILCs to facilitate bidirectional power exchange

Electronics 2026, 15, 2825 https://doi.org/10.3390/electronics15132825

https://crossmark.crossref.org/dialog?doi=10.3390/electronics15132825&domain=pdf&date_stamp=2026-06-26
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0001-7692-243X
https://doi.org/10.3390/electronics15132825


Electronics 2026, 15, 2825 2 of 28

across ac/dc boundaries [8]. By coordinating power distribution under uncertain distur-
bances, the ILC allows other cluster members to effectively support local power shortages.
It mitigates the frequency and voltage deviations of various microgrids, thereby enhancing
the overall disturbance tolerance and operational reliability [9]. Consequently, achieving
stable and scalable ILC control under multi-microgrid interactions remains a key issue for
the reliable operation of hybrid microgrid clusters.

Figure 1. Schematic representation of networked microgrid clusters.

Control strategies for ILCs are generally categorized into centralized communication-
based and decentralized schemes [10,11]. Although communication-based strategies can
achieve precise power dispatch, they increase communication burden and costs, reducing
scalability [12–14]. To address the issues, decentralized ILC control strategies have been
widely studied [15]. Among these, the widely adopted dual droop control maps normalized
ac frequency and dc voltage deviations into the ILC’s active power reference to enable
autonomous steady-state power sharing [16,17]. However, this method lacks an explicit
inertial support capability and therefore cannot effectively suppress rapid rate of change in
voltage/frequency during transient processes.

To enhance the security and stability of system operations, inertia plays an important
role in the power system [18]. With the decline of physical inertia due to renewable inte-
gration, Virtual Synchronous Generator (VSG) control has emerged to emulate traditional
synchronous generators [19,20]. Extending the concept to hybrid ac/dc microgrid clusters,
the swing equation is incorporated into the ILC’s outer control loop [21–23]. It enables
the converter to provide active inertial support during frequency or dc voltage transients,
offering superior dynamic response compared to conventional dual droop methods. How-
ever, these VSG-based ILC control approaches typically derive power references from
static deviations. Consequently, a systematic framework for dynamically sharing inertia
resources among multiple heterogeneous subgrids remains a problem.

To clarify the physical meaning of inertia sharing in hybrid ac/dc microgrid clusters,
the concept of inertial power is first specified. In this study, inertial power refers to the
fast transient active power released or absorbed by inertia-providing resources in response
to rapid variations in system states. In ac subgrids, inertial power is reflected by the
rate of change in angular frequency and is traditionally supplied by the kinetic energy of
synchronous machines or emulated by grid-forming converters through VSG control. In
dc subgrids, since no mechanical frequency variable exists, the analogous inertial power
is reflected by the rate of change in dc-bus voltage, which can be supported by dc-link
capacitance, storage units, or converter-controlled virtual capacitance. Therefore, inertia
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sharing in hybrid ac/dc microgrid clusters can be understood as a fast transient active
power redistribution process through ILCs. This mechanism differs from conventional
steady-state power sharing because it focuses on the initial transient stage and is directly
related to RoCoF/RoCoV suppression.

Based on this concept, several ILC-based dynamic power sharing methods have
been developed to improve the transient frequency/voltage response of hybrid ac/dc
systems [24–28]. These studies demonstrate that ILCs can participate in transient support
by coordinating the dynamic responses of adjacent ac and dc subgrids. Unamuno et al.
were the first to propose the concept of dual-inertia emulation (DIE) control within a
unified per-unit modeling framework [24]. By integrating the rate of change in frequency
(RoCoF) and rate of change in voltage (RoCoV) into the ILC active power reference, it
autonomously reduces transient disturbances and suppresses rapid dynamic deviations in
weak inertia subgrids. Building on this concept, subsequent research has further developed
the dynamic power-sharing paradigm. In Ref. [25], a DIE control scheme utilizes decoupled
ac and dc inertia-emulation loops to enable autonomous inertial power exchange via the
ILC. In Ref. [26], a unified inertia index is introduced to coordinate inter-subgrid inertial
support via the ILC, thereby enhancing system-level transient stability. In Ref. [27], an
adaptive RoCoX-based droop control embeds normalized RoCoF and RoCoV metrics into
the ILC power reference to mitigate rapid dynamic excursions. Furthermore, in Ref. [28], a
bidirectional virtual inertia (BVI) strategy employs adaptive transfer coefficients to balance
inter-subgrid inertia mismatches during transients. Collectively, these studies transform
the ILC from a static power router into a dynamic coordinator of system-wide inertia
interaction, enhancing the transient response without relying on external communication
links or a centralized controller. As shown in Table 1, existing methods mainly focus on
RoCoF/RoCoV suppression, inertia enhancement, or ac/dc transient balancing. Although
some of them consider inertia-related coefficients or device capacities, load priority and
inertia capacity are not mathematically formulated into an explicit allocation objective.
Therefore, when transient support capacity is limited, the ILC may not allocate dynamic
support through a mathematically optimal principle according to critical-load priority and
available inertia capacity.

To achieve optimal inertia inter-support among microgrids with different load priority
and inertia capacity, a decentralized optimal dynamic control of ILCs is proposed for
priority-driven inertia sharing among microgrid clusters. Autonomous transient power
exchange among ac/dc subgrids with different priority requirements and inertia capacity
is realized without relying on external communication links or a centralized controller.
An analytical framework is further established to quantify the inter-subgrid transient
response characteristics in hybrid ac/dc microgrid clusters. HIL validation is conducted on
a four-subgrid ring configured hybrid ac/dc microgrid cluster. The main contributions are
summarized as follows.
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Table 1. Comparison with related ILC-based inertia sharing methods.

Method Objective
Function Objective Measurement Communication Priority Inertia

Capacity Constraints

DIE [25] / RoCoF/RoCoV
suppression f /Vdc × × Indirectly

considered
ILC power

limits

Unified
inertia

indices [26]
/

System level
inertia

enhancement
f /Vdc × × Indirectly

considered
ILC and HES
power limits

Adaptive RoCoX
control [27]

minG =

(
|RoCoVdc|max.pu
(dudc/dt)limit.pu

)2

+

(
|RoCoF|max.pu
(dωac/dt)limit.pu

)2
RoCoX

equalization f /Vdc × × × ILC power
limits

BVI [28] /
AC/DC transient

performance
balancing

f /Vdc × × Indirectly
considered

ILC power
limits

This study minJ =
N
∑

i=1
wi

(
dγ

dt

)2

pu,i

Priority-weighted
RoCoF/RoCoV

suppression
f /Vdc × √ √ Power/current/ramp

limit of ILC
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1. A priority-driven inertia interaction optimization model is established. By integrat-
ing priority weights and inertia capacity, the model defines the optimal allocation
of inertia support power, overcoming the limitations of conventional global equal
sharing rules.

2. A decentralized inter-support control strategy is proposed based on the optimality
condition. This strategy transforms the optimization target into a decentralized power
interaction law. It enables ILCs to autonomously provide more inertial support toward
high-priority and weak-inertia subgrids using only local measurements.

3. A quantitative analytical framework based on a whole equivalent circuit is devel-
oped. This framework quantifies the inter-subgrid transient response characteristics.
Time-domain solutions are derived to reveal the link between control parameters and
transient performance indicators, facilitating systematic parameter design.

The rest of this article is organized as follows. Section 2 outlines the cluster con-
figuration and the basic control of ac/dc subgrids. Section 3 introduces the proposed
decentralized inertia sharing strategy. Section 4 establishes the dynamic characterization
framework. Section 5 presents the five cases of HIL validation results, followed by the
conclusion in Section 6.

2. Hybrid Microgrid Clusters and Subgrid Control
2.1. Configuration of Hybrid Microgrid Clusters

A hybrid ac/dc microgrid cluster integrates multiple self-governed ac or dc subgrids
via bidirectional ILCs, as shown in Figure 2. The interconnection layer employs appropri-
ate converter interfaces—dc/dc, ac/ac, or ac/dc—to facilitate power exchange between
adjacent subgrids of differing voltage types. This study focuses on the control strategy of
ac/dc ILC for hybrid ac/dc microgrid clusters. And a ring-connected topology is adopted
as the baseline configuration to establish a clear and reproducible coordination framework
in this study [29].

Figure 2. Typical configuration of networked hybrid ac/dc microgrid clusters.

In practical deployments, hybrid microgrid clusters often serve heterogeneous areas
with distinct power-quality requirements, demand flexibility, and risk tolerance. To char-
acterize the heterogeneous areas for the design of priority-driven control, a three-level
classification framework is introduced to quantify the priority of each subgrid:

1. Level 1 (Critical-Load Subgrids): Highly sensitive infrastructure (e.g., hospitals, data
centers) demanding strict stability, assigned a “High” priority weight to ensure power
supply reliability.
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2. Level 2 (Fixed Non-Critical Subgrids): Standard infrastructure (e.g., industrial
plants, commercial centers) operating with moderate tolerance for disturbances,
assigned a “Medium” priority weight to balance local power quality with cluster
support capability.

3. Level 3 (Flexible-Load Subgrids): Resilient loads (e.g., residential areas) capable of
withstanding significant state deviation, assigned a “Low” priority weight to serve as
the primary power buffer protecting critical peers.

A quantitative subgrid priority weight, wi, is defined to reflect the relative importance
of the i-th subgrid within cluster coordination. A larger wi indicates that the corresponding
subgrid should receive preferential protection against severe operational state deviations
during disturbances. Conversely, lower priority subgrids are allowed to provide greater
power support or tolerate larger operational state deviations under extreme conditions.
The design of this weight provides a foundation for the subsequent establishment of the
priority-driven transient optimization model.

2.2. Basic Control of ac and dc Subgrids

The secure operation of hybrid ac/dc microgrid clusters relies on the coordinated
design of intra-subgrid control and inter-subgrid power interaction, so that each subgrid
maintains adequate steady-state regulation and transient support capability. Before propos-
ing the ILC coordination strategy, it is necessary to establish equivalent dynamic models
for local control of inertial and non-inertial sources.

Within each subgrid, local distributed sources are generally categorized into non-
inertia and inertia sources based on their dynamic characteristics. Non-inertia sources, such
as photovoltaic arrays, typically operate in maximum power point tracking (MPPT) mode.
Since their active power injection is maximized and non-dispatchable, these non-inertia
units are equivalently modeled as negative loads. Inertia sources are typically distributed
resources controlled by VSG to provide inertia support. The active power-frequency (for ac
subgrids) and active power-voltage (for dc subgrids) dynamics of inertia sources can be
described by the swing equation:

Jacω∗ d(ω − ω∗)

dt
= P∗

ac − Pac − Dac(ω − ω∗) (1)

CdcV∗ d(V − V∗)

dt
= P∗

dc − Pdc − Ddc(V − V∗) (2)

where ω and V denote the ac angular frequency and the dc bus voltage, respectively. ω*

and V* are the nominal references. Pac and Pdc are the output active power of inertia
sources inside the ac and dc subgrids. Pac

* and Pdc
* are the reference active power of

ac and dc subgrids. Dac and Ddc are damping coefficients. Jac is the virtual rotational
inertia on the ac side, and Cdc is the virtual capacitance inertia on the dc side. It should be
noted that Cdc represents an equivalent virtual capacitance rather than only the physical
dc-link capacitance. In practice, this virtual capacitance is realized by the control of dc-side
energy storage converters or other controllable power electronic interfaces. By introducing
dc-voltage derivative feedback into the power or current reference, the converter releases
or absorbs additional transient power when the dc-bus voltage changes. As a result, the dc
subgrid behaves as if it has a larger equivalent capacitance in the external power-balance
dynamics. The actual energy support is provided by the dc-link capacitor, storage unit, or
controllable dc source, while the magnitude of Cdc is determined by the converter control
parameters and limited by the converter power/current ratings. The control block diagram
of the ac subnet and dc subgrid is shown in Figure 3. Equations (1) and (2) describe the
inertia-dominant dynamics of ac and dc subgrids, respectively. For the ac subgrid, Jac
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determines the capability of suppressing angular-frequency variation under sudden active
power imbalance; thus, a larger Jac leads to a smaller RoCoF under the same disturbance.
For the dc subgrid, Cdc plays a similar role in the dc-voltage dynamics, where a larger
virtual capacitance reduces the RoCoV caused by power imbalance. Therefore, Jac and Cdc

provide the physical basis for defining comparable inertia capabilities in heterogeneous ac
and dc subgrids.

Figure 3. Control block diagrams of ac and dc subgrids. (a) ac subgrid; (b) dc subgrid.

The design of Jac and Cdc is related to the inertial power stored in the subgrid, which
can be formulated as: {

Jacω∗(dω/dt)limit = P∗
inertia,ac

CdcV∗(dV/dt)limit = P∗
inertia,dc

(3)

where (dω/dt)limit and (dV/dt)limit are the upper limit of RoCoF and RoCoV, which is deter-
mined by the standards and the grid code. P*

inertia,ac and P*
inertia,dc represent the inertia

rated power of the ac and dc subgrids. Here, P*
inertia denotes the equivalent inertia rated

power under the prescribed RoCoF/RoCoV limit. It is used to quantify how much transient
power imbalance can be compensated by the inertia-dominant dynamics of a subgrid dur-
ing the initial disturbance stage. Unlike the steady-state rated power of a converter, P*

inertia

characterizes the short-term inertia capability and provides a unified power-dimensional
index for both ac and dc subgrids.

According to the admissible deviation range, Dac and Ddc are designed as follows: Dac =
4Pac,max

ωmax−ωmin

Ddc =
4Pdc,max

Vmax−Vmin

(4)

where Pac,max and Pdc,max are the maximum active power capabilities of inertia sources
in the ac and dc subgrids, and ωmax, ωmin, Vmax, Vmin are the permitted bounds of ac
frequency and dc voltage.

2.3. Control Problem Description of ILCs

Since ac and dc subgrids have different primary operating indicators (frequency and
voltage, respectively), a unified metric must be established to evaluate their transient
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deviations consistently. To enable unified control across ac and dc subgrids, the disparate
RoCoF and RoCoV are normalized using per-unit scaling:

(
dω
dt

)
pu

= dω/dt
(dω/dt)limit(

dV
dt

)
pu

= dV/dt
(dV/dt)limit

(5)

Then, a unified dynamic deviation index (dγ/dt)pu is defined as

(
dγ

dt

)
pu

=


(

dω
dt

)
pu

for ac(
dV
dt

)
pu

for dc
(6)

For clarity, the subscript “,i”, prefix “∆”, and subscript “pu” indicate the i-th subgrid,
changes and p.u. values in this study. A larger absolute value of (dγ/dt)pu,i implies a more
severe dynamic deviation of subgrid-i, typically associated with a larger instantaneous
shortage or weaker inertial support capability. Combined with the inertia-rated power
P*

inertia,i defined in (3) and Equations (1) and (2), it can be further inferred that under
comparable power disturbances, subgrids with smaller P*

inertia,i tend to exhibit larger
absolute value of (dγ/dt)pu,i and, therefore, require stronger ILC support.

Based on the defined unified index, the goal of ILC coordination is to allocate the ILC
exchange power PILC to suppress the transient deviations across the cluster. To achieve this
goal, two critical challenges should be addressed: How to formulate an inertia interaction
optimization model that incorporates subgrid priority to protect critical loads? How to
realize the priority-driven inertia sharing in a decentralized manner without relying on
external communication links or a centralized controller?

3. Proposed Priority-Driven Inertia Sharing Control Scheme of ILCs
3.1. Inertia Sharing Control Model of ILCs Considering the Priorities and Inertia Capacities

In hybrid ac/dc microgrid clusters, coordination among subgrids should not only
address the steady-state power allocation issues but also the rapid transient dynamic issues
following load or power source disturbances. During the initial transient stage, ILCs are
expected to rapidly support transient power to suppress the RoCoF and RoCoV, thereby
enabling dynamic inertia sharing across the cluster.

Immediately after a disturbance, the operational state deviations are initially too
small for quasi-steady damping regulation to have a significant effect. Consequently, the
instantaneous power mismatch is mainly compensated by the inertial response of local
resources and the active support from ILCs. Since the transient power shortage is primarily
reflected by the RoCoF in ac subgrid and the RoCoV in dc subgrid, the inertia-dominant
relation can be formulated as: {

Jacω∗ dω
dt = Pinertia,ac

CdcV∗ dV
dt = Pinertia,dc

(7)

where Pinertia denotes the inertia power compensated by the inertia resources after the
disturbance. Equation (7) implies that the transient shortage first manifests as a rate
of change response, and the severity of this response is shaped by the effective inertial
buffering capability.

To account for heterogeneous load criticality and power quality requirements across
subgrids, a priority weight wi is assigned to each subgrid-i. During this transient process,
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the coordination objective is to minimize the priority-weighted dynamic deviations across
the cluster, formulated as:

minJ =
N

∑
i=1

wi

(
dγ

dt

)2

pu,i
(8)

where N is the total number of subgrids in the cluster. wi is the priority weight of subgrid-i.
The optimization is subject to

Pi − ∑
j∈Ωi

PILC,ij = Pload,i − Pnon-inertia,i;

Pj + ∑
i∈Ωj

PILC,ij = Pload,j − Pnon-inertia,j;

N
∑

i=1
Pi =

N
∑

i=1
(Pload,i − Pnon-inertia,i);(

dγ

dt

)
pu,i

=
Pinertia,i

P∗
inertia,i

;

(9)

where PILC, ij is the transient active power delivered from subgrid-i to subgrid-j by the
ILC. Ωi is the set of subgrids physically interconnected with subgrid-i. Pi is the active
power of inertia sources in subgrid-i. Pload,i is the local load power in subgrid-i. Pnon-inertia,i

is the output power of MPPT-controlled non-inertia sources, which can be treated as a
negative load. The first two formulas of Equations (9) formulate the local transient active
power balance for individual subgrids, explicitly incorporating the ILC active power
exchanges. The third sub equation of Equation (9) represents the global active power
balance, where the total active power support equals the cluster-wide subgrid shortage.
Finally, the fourth sub equation of (9) maps the inertial support active power to the unified
dynamic deviation (dγ/dt)pu,i. Through the mapping, the decision variables PILC,ij can
directly regulate dynamic deviations, forming the physical foundation of inertia sharing.

From the first two formulas of (9), the ILC power PILC,ij only redistributes transient
active power among interconnected subgrids. When the local power-balance equations
of all subgrids are summed together, the internal ILC exchange terms cancel out, and the
cluster-level active power shortage Puncertainty is obtained as

Puncertainty =
N

∑
i=1

(Pload,i − Pnon-inertia,i) (10)

According to the third sub equation of (9), this shortage must be supplied by the
inertial power contributions of all subgrids. Furthermore, from the fourth sub equation
of (9), the inertial power contribution of subgrid-i can be represented by P*

inertia(dγ/dt)pu,i.
Therefore, the cluster-level transient power-balance constraint can be written as

N

∑
i=1

P∗
inertia,i

(
dγ

dt

)
pu,i

= Puncertainty (11)

Based on (11), the detailed local power-balance problem is converted into a cluster-
level transient mismatch allocation problem. The optimization objective is to allocate
the required inertial support among subgrids while minimizing their priority-weighted
dynamic deviations. Thus, the following simplified quadratic program is obtained:

minJ =
N
∑

i=1
wi

(
dγ

dt

)2

pu,i

s.t.
N
∑

i=1
P∗

inertia,i

(
dγ

dt

)
pu,i

= Puncertainty

(12)
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In practical converter systems, the simplified allocation model in (12) is further subject
to physical feasibility constraints. The main constraints include the ILC active power limit
|PILC,ij| ≤ PILC,ij

max, the converter current limit ii ≤ iimax, the subgrid inertia capability
|Pinertia,i| ≤ P*

inertia,i, the power ramp rate limit |dPILC,ij/dt| ≤ Rmax, and the dc-link
voltage bound Vdc,min ≤ Vdc ≤ Vdc,max.

For the nominal simplified quadratic program in (12), the allocation variable is the uni-
fied dynamic-deviation indicator (dγ/dt)pu,i. The objective function is a weighted quadratic
function with positive priority weights, and the cluster-level transient power-balance con-
straint is affine with respect to (dγ/dt)pu,i. Therefore, the objective Hessian is positive
definite, and the feasible set defined by the balance constraint is convex. The nominal prob-
lem in (12) is thus convex and admits a unique optimum. If the obtained nominal solution
remains inside the physical feasible range described above, the optimality condition can be
derived from the following Lagrangian formulation [30].

Construct the Lagrangian of (12) as

L =
N

∑
i=1

wi

(
dγ

dt

)2

pu,i
+ λ

(
Puncertainty −

N

∑
i=1

P∗
inertia,i

(
dγ

dt

)
pu,i

)
(13)

where λ is the Lagrange multiplier. Therefore, the optimum solution is obtained by solving
the following equation:

∂L

∂
(

dγ
dt

)
pu,i

= 2wi

(
dγ

dt

)
pu,i

− λP∗
inertia,i = 0 fori = 1, . . . , N (14)

From (14), the necessary optimality condition is obtained as

w1

P∗
inertia,1

(
dγ

dt

)
pu,1

=
w2

P∗
inertia,2

(
dγ

dt

)
pu,2

= · · · = wN

P∗
inertia,N

(
dγ

dt

)
pu,N

(15)

Equation (15) provides a compact necessary condition characterizing the optimal
solution of the priority-driven transient coordination problem. Although the exchange
powers PILC,ij cannot be solved directly due to the load uncertainty, (15) reveals a clear
coordination principle: the objective in (8) is minimized when the interlinked subgrids
satisfy the equalization relationship. Therefore, (15) serves as the theoretical foundation
for decentralized ILC control design, and the subsequent controller is constructed to
autonomously drive the system toward this condition.

To drive the interconnected subgrids toward the optimality condition in a decen-
tralized manner, each ILC simply adjusts its power flow based on the local mismatch
between its two connected subgrids. Specifically, the ILC exchange active power reference
is formulated as:

P∗
ILC,ij = kd

(
wi

P∗
inertia,i

(
dγ

dt

)
pu,i

−
wj

P∗
inertia,j

(
dγ

dt

)
pu,j

)
(16)

where kd is the dynamic control gain and P*
ILC,ij is the transient exchange active power

reference from subgrid-i to subgrid-j, and P*
ILC,ij = −P*

ILC,ji. Specifically, the sign of the
difference term determines the power flow direction, and these local interactions drive
the cluster to the equalization condition in (15). The control block diagram of the ILC is
shown in Figure 4. The control law in (16) provides a nominal ILC power reference derived
from the simplified allocation model. If this reference is within the physical feasibility
constraints, it can be directly applied to the converter. Otherwise, it will be limited by
protection modules such as active power, power ramp rate, etc. Therefore, when the
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required transient support exceeds the available ILC or subgrid capability, the controller
only provides the maximum feasible support instead of enforcing an infeasible command.
In this case, the priority-weighted optimality condition may not be exactly satisfied, and
residual frequency/voltage deviations may remain.

Figure 4. Proposed inertia sharing control block diagram of ILC.

It should be noted that the proposed controller does not require neighbor-state sharing
through an external communication network. For each ILC connecting subgrid-i and
subgrid-j, the unified dynamic deviation indices of the two connected subgrids are obtained
from the local two-terminal measurements of the ILC. Specifically, for an ac terminal, the
bus voltage is measured, and the angular frequency is estimated through a PLL; the RoCoF
is then generated by a filtered differentiator. For a dc terminal, the dc-bus voltage is directly
measured and the RoCoV is obtained through the same filtered differentiator. Therefore,
the required dynamic deviation indices are locally calculated inside the ILC controller, with
the low-pass cut-off parameter of the filtered differentiator given in Table 2.

From (15) and (16), the proposed inertia-sharing strategy contains two offline design
parameters: the priority weight wi and the inertia capacity P*

inertia,i. The priority weight
wi reflects the transient protection requirement of subgrid-i, while P*

inertia,i represents
its designed inertia capacity. In practice, the weight is determined before online control
according to engineering requirements. Let xi = (dγ/dt)pu,i denote the unified dynamic-
deviation indicator. For an ac subgrid, the allowable bound xi,max is specified from the
permitted RoCoF limit; for a dc subgrid, xi,max is specified from the permitted RoCoV limit.
These limits can be obtained from grid-code requirements, power-quality criteria, load
criticality, or engineering specifications. After xi,max is determined, the effective weighting
ratio is selected according to wi/P*

inertia,i ∝ 1/xi,max, or equivalently wi = κP*
inertia,i/xi,max,

where κ is a normalization factor used to set the normal-priority weight to 1. Therefore,
wi is not obtained by online parameter tuning or by inversely solving the optimality
condition. Instead, it is determined offline from the allowable RoCoF/RoCoV margin and
the inertia capacity, and the optimality condition is then used to guide the priority- and
capacity-driven transient support allocation by (16).
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Table 2. HIL test parameters.

Description Symbol Value

Simulation step size TRT 50 µs
DSP sampling time Ts 100 µs

PWM frequency f PWM 10 kHz
Controller discretization / Discrete-time, Ts = 100 µs

Filtered differentiator cut-off frequency wα 120 rad/s
ILC current-loop LPF cut-off frequency wc 500 rad/s

Physical parameters of four subgrids

DC subgrid voltage Vdc,max V*
dc/Vdc,min 700/685/670 V

AC subgrid frequency fmax/f*/fmin 50.2/50/49.8 Hz
Priority weight w1/w2/w3/w4 1/1/1/3

Max. power cap. P1,max . . . P4,max 10/10/5/5 kW
Nom. power cap. P*

1 . . . P*
4 5/5/2.5/2.5 kW

Inertia power cap. P*
inertia,1 . . . P*

inertia,4 5/5/2.5/2.5 kW
Nom. load active power P*

load,1 . . . P*
load,4 5/5/2.5/2.5 kW

Upper limit of RoCoF (dω/dt)limit π rad/s2

Upper limit of RoCoV (dV/dt)limit 30 V/s
Max. converter current iimax 50 A

Physical parameters of ILCs

Max. power cap. PILC,ij
max 5 kW

Max. power ramp rate Rmax 30 kW/s

Control parameters of ILCs

dynamic control gain kd 2 × 106

The control law in (16) provides a clear physical interpretation when applied to an
ac/dc interlinking scenario. To illustrate this, consider a specific pair where subgrid-i
operates as a dc subgrid and subgrid-j operates as an ac subgrid. For clarity, the positive
direction of active power flow is defined from the dc side to the ac side. Under this
convention, a positive power command implies that the ILC operates in inverter mode,
whereas a negative command dictates rectifier mode.

By substituting the definitions of Pinertia,i and (dγ/dt)pu into (16), the exchange active
power reference of the ILC can be expanded into an explicit function of the rates of change,
as formulated in (17):

P∗
ILC,dc→ac = kd

(
wdc(dγ/dt)pu,dc

P∗
inertia,dc

−
wac(dγ/dt)pu,ac

P∗
inertia,ac

)
= k′d

(
wdc

Jacω∗(dω/dt)limit
(dV/dt)limit

dV
dt − wac

CdcV∗(dV/dt)limit
(dω/dt)limit

dω
dt

) (17)

where k′d denotes the revised dynamic control gain. Equation (17) reveals that the optimal
transient power exchange consists of two cross-coupled inertial support components:

1. ac-to-dc Support (Term 1): This component is driven by the RoCoV, and its magnitude
is proportional to the ac-side virtual inertia (Jac). Physically, during a dc voltage
fluctuation, the ILC transfers transient power from the ac subgrid to support the dc
subgrid. The priority weight wdc determines the intensity of the support. Essentially,
this term enables the dc subgrid to utilize the virtual inertia of the ac side.

2. dc-to-ac Support (Term 2): Conversely, this component is driven by the RoCoF, and
its magnitude is proportional to the dc-side virtual capacitance (Cdc). This indi-
cates that during ac frequency fluctuations, the ILC utilizes the transient energy
from the dc-side capacitors to support the ac subgrid. Here, the priority weight
wac regulates the amount of dc capacity allocated to preserve transient frequency
response characteristics.
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Therefore, (17) proves that the essence of the proposed coordination is a bidirectional
transient support mechanism, rather than a unidirectional static power transfer. Specifically,
the ILC effectively enables the ac subgrid to act as an inertia source for the dc subgrid
and simultaneously utilizes the dc subgrid as an inertia source for the ac subgrid. This
mutual coupling mechanism enhances the transient response characteristics across differ-
ent subgrids, which reflects the concept of inertia sharing. Furthermore, it theoretically
justifies why the ILC controller should simultaneously incorporate both RoCoF and RoCoV
information to achieve the global optimum defined in (8).

3.2. Small Signal Stability Analysis of ILCs Among Four Microgrid

To evaluate the dynamic interactions among multiple ILCs during transient processes
and verify the stability of the closed-loop system, a small-signal state-space model of the
microgrid clusters with a four-subgrid ring topology is established in this section.

First, linearizing (1), (2), (9), and (16) around the steady-state operating points yields
the small-signal models for the AC subgrid frequency, DC subgrid voltage, interlink-
ing converter power reference, and subgrid power allocation, which are detailed as
Equations (A1)–(A4) in Appendix A.

Since the bandwidth of the current loop is much higher than in the power loop in the
ILC, the current controller of the ILC is modeled as a low-pass filter (LPF) [27]. On these
premises, the active power of the ILC can be derived as Equation (A5) in Appendix A.

Rewriting (A1)–(A5) in matrix form, the state-space equations for the power control
stability of the ILC are presented as:

.
Ṽ1.
ω̃2.
ω̃3.
Ṽ4.
Ṽs1.
ω̃s2.
ω̃s3.
Ṽs4.

P̃ILC,12.
P̃ILC,13.
P̃ILC,42.
P̃ILC,43



= [AILC]



Ṽ1

ω̃2

ω̃3

Ṽ4

Ṽs1

ω̃s2

ω̃s3

Ṽs4

P̃ILC,12

P̃ILC,13

P̃ILC,42

P̃ILC,43



(18)

where the closed-loop system state matrix AILC is given in the following simplified form:

AILC =

 Ax 0 Bp

ωα I −ωα I 0
ωckdH −ωckdH −ωc I

 (19)

The detailed analytical expressions for the constituent submatrices within the state
matrix AILC are provided as Equation (A6) in Appendix A.

To verify the stability of the proposed strategy and guide the selection of key control
parameters, Figure 5 shows the root locus with the dynamic control gain kd varies from 0
to 3 × 106.
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Figure 5. Eigenvalues of state-space matrix AILC from kd = 0 to kd = 3 × 106.

As indicated by the root locus analysis, with the increase in the dynamic control gain kd,
the dominant poles of the system gradually move to the right and approach the imaginary
axis. This leads to a decrease in the transient damping ratio, making the closed-loop system
prone to instability. Therefore, it is of great importance to select an appropriate dynamic
control gain kd to ensure stability and satisfactory dynamic responses of the system.

4. Analytical Modeling and Transient Performance Evaluation of Hybrid
ac/dc Microgrid

To quantify the transient response characteristics of subgrids under disturbances, this
section establishes a dynamic characterization framework. First, a whole equivalent circuit
model is established by mapping the control laws into equivalent dynamic impedances [31].
Based on this model, the time-domain expressions for the dc-bus voltage and ac frequency
are analytically derived. These expressions are then used to formulate key transient
indicators. Ultimately, this framework reveals how dynamic control gain kd shapes the
transient global performance, providing a theoretical basis for parameter design.

4.1. Establishment of Whole Equivalent Circuit Model

To establish a comprehensive dynamic characterization framework, this section first
develops a whole equivalent circuit model to uniformly represent the power regulation
dynamics, as shown in Figure 6.

 

Figure 6. Whole equivalent circuit model of the hybrid ac/dc microgrid.
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Firstly, small-signal modeling of the subgrids is performed around the equilibrium
points, and the transfer functions from the load changes to the bus voltage/frequency
fluctuations can be expressed as:

ω̃(s)
P̃ac(s)

= −1
Jacω∗s+Dac

= −Zac(s)

Ṽ(s)
P̃dc(s)

= −1
CdcV∗s+Ddc

= −Zdc(s)
(20)

where ‘∼’ denotes small perturbation around equilibrium points. By defining the regulated
variables as W(s) = col(V(s), ω(s)), the references as M(s) = col(V*(s), ω*(s)), the equivalent
dynamic impedances as Z(s) = diag(Zdc(s), Zac(s)), and the power disturbance vector as
Ip(s) = col(∆Pdc(s), ∆Pac(s)), the bus voltage/frequency can be derived as:

W(s) = M(s)− Z(s)Ip(s) (21)

In the hybrid ac/dc microgrid, the ILC dynamically distributes the transient load
disturbances between the two subgrids. Specifically, the net equivalent power deviations
are determined by the superposition of the local load changes and the ILC transferred
power, which can be expressed as:{

P̃dc(s) = P̃dc,load(s) + P̃ILC(s)
P̃ac(s) = P̃ac,load(s)− P̃ILC(s)

(22)

where Pdc,load and Pac,load denote the local load powers of the dc and ac subgrids. According
to (16), the dynamic power transferred by the ILC is governed by the priority-weighted
difference between the dc-voltage and ac-frequency deviations. In the Laplace domain, this
control behavior can be expressed as follows:

ZILC(s) =
N1Ṽ(s)− N2ω̃(s)

P̃ILC(s)
=

1
kds

(23)

where
N1 =

wdc
P∗

inertia,dc(dV/dt)limit
, N2 =

wac

P∗
inertia,ac(dω/dt)limit

Assuming that W refers to the voltage source, Ip refers to the current source and
Z inherently represents impedance, (21) resembles the format of Thevenin equivalent
circuit in each subgrid. Furthermore, with the help of (23), the ports of each Thevenin
equivalent circuit can be interconnected by ZILC. It should be noted that the diagonal
impedance matrix in (21) is used to characterize the local inertia-dominant dynamics of
the dc and ac subgrids before interconnection. This does not imply that the complete
interconnected system is decoupled. The bidirectional inertial coupling introduced by (17)
is represented by the equivalent ILC branch in (23), where the dc-voltage deviation and
ac-frequency deviation jointly determine the transferred ILC power. Therefore, after the
local subgrid ports are interconnected through ZILC, the overall equivalent circuit becomes
a coupled system, even though the local subgrid impedance matrix is initially expressed in a
diagonal form.
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4.2. Establishment of Quantitative Models

Firstly, taking the dc bus voltage as an example for analysis. Substituting (22) and
(23) into (21) and eliminating internal variables yields an explicit expression of the dc-bus
voltage in the Laplace domain:

V(s) = (ZILC(s)+N2Zac(s))V∗(s)+N2Zdc(s)ω∗(s)
ZILC(s)+N1Zdc(s)+N2Zac(s)

+

−Zdc(s)(ZILC(s)+N2Zac(s))Pdc,load(s)−N2Zdc(s)Zac(s)Pac,load(s)
ZILC(s)+N1Zdc(s)+N2Zac(s)

= N(s)
D(s)

(24)

To derive a time-domain response necessary for transient indicators evaluation, con-
sider step load variations:{

Pdc,load(t) = Pdc,load0 + ∆Pdc,loadu(t)
Pac,load(t) = Pac,load0 + ∆Pac,loadu(t)

(25)

where Pdc,load0 and Pac,load0 denote the pre-disturbance net powers of the dc and ac subgrids,
respectively. To determine the system poles, the denominator in (24) is reformulated into a
characteristic second-order polynomial:

D(s) = A2s2 + A1s + A0 (26)

where
A0 = bd, A1 = ad + bc + kd(N1d + N2b)
A2 = ac + kd(N1c + N2a)
a = CdcV∗, b = Ddc, c = Jacω∗, d = Dac

(27)

Accordingly, the poles are

p1,2 =
−A1 ±

√
A2

1 − 4A2 A0

2A2
(28)

Thus, performing the inverse Laplace transformation of (24), the time domain expres-
sion of dc-bus voltage can be shown as:

V(t) = V(∞) + R1ep1t + R2ep2t (29)

And the steady-state value is

V(∞) = V∗ −
Pdc,load0 + ∆Pdc,load

Ddc
(30)

where 
R1 = − B1 p1+B0

p1 A2(p1−p2)

R2 = − B1 p2+B0
p2 A2(p2−p1)

B1 = c∆Pdc,load + kdN2(∆Pdc,load + ∆Pac,load)

B0 = d∆Pdc,load

(31)

It is worth noting from (29)–(31) that the ac-side disturbance ∆Pac,load contributes
exclusively to the transient term via B1, leaving the steady-state value unaffected. Further-
more, (24)–(31) indicate that increasing the dynamic gain kd will shift the closed-loop poles
P1, P2 and amplify the ac-to-dc disturbance injection during the transient stage.
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Following a similar derivation procedure to that of the dc-bus voltage, the time-domain
expression for the ac-bus angular frequency can be obtained as:

ω(t) = ω(∞) + R1ωep1t + R2ωep2t (32)

And the steady-state value is

ω(∞) = ω∗ −
Pac,load0 + ∆Pac,load

Dac
(33)

where 
R1ω = − B1ωp1+B0ω

p1 A2(p1−p2)

R2ω = − B1ωp2+B0ω
p2 A2(p2−p1)

B1ω = a∆Pac,load + kdN1(∆Pac,load + ∆Pdc,load)

B0ω = b∆Pac,load

(34)

Based on the explicit response (29) and (32), transient metrics can be derived analyti-
cally. The RoCoV and RoCoF are{

RoCoV(t) = dV(t)
dt = R1 p1ep1t + R2 p2ep2t

RoCoF(t) = 1
2π

dω(t)
dt = 1

2π

(
R1ωp1ep1t + R2ωp2ep2t) (35)

The voltage nadir and frequency nadir are obtained by setting RoCoV(t) = 0 and
RoCoF(t) = 0,  tnadir,dc =

1
p1−p2

ln
(
− R2 p2

R1 p1

)
tnadir,ac =

1
p1−p2

ln
(
− R2ωp2

R1ωp1

) (36)

Accordingly,{
Vm = V(tnadir,dc) = V(∞) + R1ep1tnadir,dc + R2ep2tnadir,dc

ωm = ω(tnadir,ac) = ω(∞) + R1ωep1tnadir,ac + R2ωep2tnadir,ac
(37)

Moreover, define the pre-disturbance steady value V (0−) = V* − Pdc,load0/Ddc,
ω (0−) = ω* − Pac,load0/Dac. Using a 5% settling band, the settling time ts is determined by

|V(tsdc)−V(∞)|
|V(∞)−V(0−)| = 0.05
|ω(tsac)−ω(∞)|
|ω(∞)−ω(0−)| = 0.05

(38)

where tsdc and tsac denote the settling times.
In summary, quantitative analytical models for transient indicators are established. As

the core parameter of the proposed control law, kd influences the key dynamic indicators
(RoCoVmax, RoCoFmax, nadirs, and settling times). Figure 7 plots these key dynamic
indicators across varying dynamic control gains kd from 1 × 105 to 1 × 107. The simulation
configuration adopts simplified two-subgrid tests, where a 2.5 kW step load increase is
applied to the ac subgrid. These curves provide a theoretical guideline for parameter
selection and controller design.
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Figure 7. Key dynamic indicators for different dynamic control gains kd (from 1 × 105 to 1 × 107).

5. Hardware-in-the-Loop (HIL) Results
The proposed inertia sharing control strategy is verified by real-time HIL tests. The HIL

platform is shown in Figure 8. The main circuit is emulated in the OPAL-RT4510 simulator
(manufactured by OPAL-RT Technologies, Montreal, QC, Canada). The controller of the
converter is implemented in the DSP control board. The detailed HIL implementation
parameters are listed in Table 2. The experimental data are extracted from the oscilloscope.

Figure 8. Hardware-in-the-loop (HIL) platform.

The studied system model of four hybrid ac/dc microgrids is described in Figure 9.
The ring topology in Figure 9 is used as a representative fixed connected configuration for
verification. Since the proposed ILC control law is edge-based and only uses the dynamic-
deviation information of the two subgrids connected to each ILC, the same principle can be
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extended to other fixed connected topologies, such as meshed microgrid clusters. Subgrid-1
and Subgrid-4 are dc type. Subgrid-2 and Subgrid-3 are ac type. There are four H-bridge-
based bidirectional ILCs to interlink the four subgrids, ILC#12, ILC#24, ILC#34 and ILC#13.
The power flow direction reference of a positive active power is assumed from dc side to ac
side. For example, PILC,12 implies the power exchange value of ILC#12 from Subgrid-1 to
Subgrid-2. When the power value is more than zero, the ILC works in inverter mode, and
when less than zero, the ILC works in rectifier mode.

Figure 9. Studied system model of four hybrid ac/dc microgrids.

The physical and control parameters in the HIL system are listed in Table 2. The
priority weights wi of four subgrids are 1, 1, 1, and 3, respectively. The dc Subgrid-4
has a high priority of power supply and high requirement of RoCoV. In addition, the
dispatchable power capacity of Subgrid-1/Subgrid-2 is twice as much as that of Subgrid-3/
Subgrid-4. The nominal power capacities of four subgrids are 5, 5, 2.5, and 2.5 kW, re-
spectively. According to the specified inertia capacity and allowable dynamic-deviation
margins, the normalized priority weights used in the HIL study are selected as 1, 1, 1,
and 3, respectively. This setting indicates that Subgrid-4 is assigned a stricter allowable
RoCoV margin and thus a higher effective priority for transient support.

(1) Case 1: verification of basic inertia sharing mechanism

Case 1 aims to verify the effectiveness of the proposed inertia sharing strategy. In
this case, only an ac Subgrid with wi =1 and a dc Subgrid with wi = 3 is interconnected
via the ILC, forming a simplified two-subgrid test. With the system initially operating
at the nominal load of 2.5 kW, a 2.5 kW step load increase is applied to the ac subgrid at
t = 4 s, while the load of the dc subgrid remains at the nominal value. Figure 10 shows the
experiment results under the proposed strategy (denoted by the subscript “PS”) versus the
conventional dual droop strategy (denoted by the subscript “conv”) [15].
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Figure 10. HIL experimental results in case 1: (a) dc-bus voltage and ac frequency; (b) output active
power of the subgrids; (c) exchanged active power of the ILCs; (d) unified dynamic deviation index
of the subgrids.

Specifically, from Figure 10a, the proposed strategy improves transient frequency
response characteristics in the ac subgrid but worsens the voltage transient characteristics
in the dc subgrid. Figure 10b shows that the proposed strategy actively drives the dc
subgrid to rapidly increase its active power output during disturbances. From Figure 10c,
the proposed strategy drives the ILC to rapidly transfer active power from the dc subgrid
to the disturbed ac subgrid. As shown in Figure 10d and Table 3, the conventional dual-
droop strategy results in a severe dynamic deviation in the ac subgrid, while the dc-side
deviation remains small (dc: −6.56 × 10−4 and ac: −0.76). In contrast, the proposed strategy
effectively reduces the dynamic deviation indices in the ac subgrid at the expense of the dc
subgrid’s performance (dc: −0.14; ac: −0.64), reducing the overall optimization objective J
from 0.577 to 0.466. These results indicate that the proposed strategy improves the priority-
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weighted global transient performance by redistributing the dynamic burden between the
interconnected subgrids, rather than independently improving the local dynamic index of
each subgrid.

Table 3. Unified dynamic deviation index corresponding to maximum global objective J during
transient state (Case 1).

Variable Scenarios DC-1 AC-2

(dγ/dt)pu,i (p.u) Proposed strategy −0.14 −0.64
Comparison strategy −6.56× 10−4 −0.76

(2) Case 2: Validation of the Equivalent Dynamic Circuit Model

To verify the correctness and accuracy of the proposed equivalent dynamic circuit
model, Case 2 is designed as follows: In this case, only an ac subgrid with wi = 1 and a
dc subgrid with wi = 1 is interconnected via the ILC, forming a simplified two-subgrid
test. With the system initially operating at rated power, a step load increase of 2.5 kW is
applied to the dc subgrid at t = 1.6 s, while the load of the ac subgrid remains constant.
Figure 11 shows the responses of the dc bus voltage V(t) and the ac bus frequency f(t).
Figure 11(a.1,a.2) is obtained from the time-domain solutions derived in Section 4, and
Figure 11(b.1,b.2) is obtained from the HIL experiment. The HIL test results in
Figure 11(b.1,b.2) show consistency with the analytical results in Figure 11(a.1,a.2), corrobo-
rating the accuracy of the dynamic-circuit modeling framework established in Section 4.
The close agreement between the theoretical predictions and HIL test data validates that the
derived equivalent circuit correctly characterizes the inter-subgrid disturbance propagation
and the coupling strength within the hybrid microgrid cluster.

Figure 11. Response process of dc-bus voltage V(t)and ac frequency f(t) in a hybrid dc/ac microgrid
under a 100% dc load step. (a.1,a.2) analytical trajectories from (29) and (32), (b.1,b.2) HIL results.

(3) Case 3: Verification of Priority-Driven Mechanism

Case 3 verifies the effectiveness of the proposed strategy under different priority
weights. System parameters are shown in Table 2, and the cluster initially operates at rated
power. At t = 1.6 s, the load in dc Subgrid-4 undergoes a step increase from 2.5 kW to
5 kW, while the loads in other three subgrids remain unchanged. Figure 12 shows the
comparative system dynamics between the proposed priority-driven strategy (priority
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weights wi of the four subgrids are 1, 1, 1, and 3, respectively) and the existing strategy
without the priority-driven mechanism (all wi = 1).

 
Figure 12. HIL experimental results in Case 3: (a.1,a.2) Dynamic responses of dc-bus voltage and ac
frequency; (b.1,b.2) Output active power of the four subgrids; (c.1,c.2) Exchanged active power of the
four ILCs; (d.1,d.2) Unified dynamic deviation index of the four subgrids.

From Figure 12(b.2,c.2), the existing strategy provides insufficient transient power
from the ac subgrids due to the absence of priority distinction. Conversely, Figure 12(b.1,c.1)
show that the proposed strategy drives Subgrid-2 and Subgrid-3 to generate higher active
power and transfer more transient support through ILC#24 and ILC#34 toward the critical
subgrid. From Figure 12(d.1,d.2) and Table 4, the priority-driven strategy reduces the
dynamic deviation index of the disturbed dc Subgrid-4 from −0.58 (under the existing
strategy) to −0.45. Simultaneously, the global optimization objective J decreased from
1.033 to 0.636 (In this case, the global objective J is calculated using the priority weights
defined in Table 2). In summary, the results confirm that the proposed strategy achieves
priority-driven inertia sharing, optimally utilizing cluster resources to support critical
subgrids during severe disturbances.

Table 4. Unified dynamic deviation index corresponding to maximum global objective J during
transient state (Case 3).

Variable Scenarios DC-1 AC-2 AC-3 DC-4

(dγ/dt)pu,i (p.u) Proposed strategy −6.62 × 10−3 −6.85 × 10−2 −0.13 −0.45
Comparison strategy −2.38 × 10−3 −5.75 × 10−2 −0.10 −0.58
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(4) Case 4: Adaptability to Heterogeneous Inertia Capacities

Case 4 analyses the impact of different inertia capacity on dynamic coordination
performance. System parameters are shown in Table 2, and the cluster initially operates
at rated power. The HIL scenario involves simultaneous load steps at t = 1.6 s: the load
in ac Subgrid-2 increases 5 kW, and in dc Subgrid-4 increases from 2.5 kW to 5 kW. Two
inertia-capacity settings of Subgrid-2 are compared, as shown in Figure 13. In the low-
inertia setting, Subgrid-2 adopts the baseline parameters in Table 2, where P*

inertia,2 =
P*

2 = 5 kW and P2,max = 10 kW. In the high-inertia setting, the rated power, maximum
power capability, and inertia power capacity of Subgrid-2 are all doubled, where P*

inertia,2 =
P*

2 = 10 kW and P2,max = 20 kW.

 

Figure 13. HIL experimental results in case 4: (a.1,a.2) Dynamic responses of dc-bus voltage and ac
frequency. (b.1,b.2) Output active power of the four subgrids. (c.1,c.2) Exchanged active power of the
four ILCs. (d.1,d.2) Unified dynamic deviation index of the four subgrids.

As shown in Figure 13(b.1,b.2), the increased inertia enables Subgrid-2 to generate
more transient active power during the load disturbance (peaking at approximately 14.4 kW
in Figure 13(b.1) compared to 9.9 kW in Figure 13(b.2)). Accordingly, Figure 13(c.1,c.2)
demonstrates that ac Subgrid-2 imports less power from dc Subgrid-1 while actively
providing more transient support power to dc Subgrid-4. As shown in Figure 13(d.1,d.2)
and Table 5, the dynamic deviation index of ac Subgrid-2 is significantly reduced from
−0.75 to −0.35, accompanied by simultaneous mitigations in the absolute deviations of
all other subgrids, which collectively decreases the global optimization objective J from
1.25 to 0.775. Consequently, the results indicated that under the proposed mechanism, a

https://doi.org/10.3390/electronics15132825

https://doi.org/10.3390/electronics15132825


Electronics 2026, 15, 2825 24 of 28

localized inertia enhancement directly contributes to the global inertia support capability
of the entire hybrid cluster.

Table 5. Unified dynamic deviation index corresponding to maximum global objective J during
transient state (Case 4).

Variable Scenarios DC-1 AC-2 AC-3 DC-4

(dγ/dt)pu,i (p.u) High-inertia setting −4.31 × 10−3 −0.35 −0.15 −0.458
Low-inertia setting −6.19 × 10−3 −0.75 −0.19 −0.469

(5) Case 5: Dynamic Performance under ILC Failure (Topology Change)

Case 5 analyses the impact of physical topological changes on dynamic coordination
performance. In this scenario, ILC#34 is damaged, transforming the microgrid cluster
topology from a ring to a radial structure. System parameters are shown in Table 2, and the
cluster initially operates at rated power. The HIL scenario involves simultaneous load steps
at t = 1.6 s: the load in ac Subgrid-2 decreases from 5 kW to 2.5 kW, while in dc Subgrid-4 it
increases from 2.5 kW to 5 kW. Figure 14 shows the comparative system dynamics between
the proposed strategy and the existing ILC-based dynamic power sharing method [27].

 

Figure 14. HIL experimental results in case 5: (a.1,a.2) Dynamic responses of dc-bus voltage and ac
frequency. (b.1,b.2) Output active power of the four subgrids. (c.1,c.2) Exchanged active power of the
four ILCs. (d.1,d.2) Unified dynamic deviation index of the four subgrids.

As shown in Figure 14(c.1,c.2) the proposed strategy enables the system to au-
tonomously route more transient active power during the load disturbance (with PILC,24
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reaching −1.26 kW in Figure 14(c.1) compared to −0.39 kW in Figure 14(c.2)). As shown
in Figure 14(d.1,d.2) and Table 6, the dynamic deviation index of ac Subgrid-2 is reduced
from 0.34 to 0.20, accompanied by simultaneous mitigations in the absolute deviation of
dc Subgrid-4 (from −0.71 to −0.556), which decreases the global optimization objective J
from 1.63 to 0.93 (in this case, the global objective J is calculated using the priority weights
defined in Table 2). Consequently, the results indicate that our method exhibits better global
dynamic performance of the system under physical topology changes and simultaneous
load disturbances.

Table 6. Unified dynamic deviation index corresponding to maximum global objective J during
transient state (Case 5).

Variable Scenarios DC-1 AC-2 AC-3 DC-4

(dγ/dt)pu,i (p.u) Proposed strategy −1.92 × 10−4 6.31 × 10−2 6.54 × 10−6 −0.556
Comparison strategy −2.77 × 10−3 0.34 7.34 × 10−5 −0.71

6. Conclusions
This study introduces a decentralized optimal dynamic control of ILCs for priority-

driven inertia sharing among microgrid clusters to enhance the transient response of hybrid
ac/dc microgrid clusters. By embedding subgrid priority weights and inertia capacity into
an inertia interaction optimization model, a decentralized inter-support control strategy
is derived based on the optimality condition. It enables ILCs to autonomously direct
inertia support power toward high-priority and weak-inertia subgrids without relying
on communication, effectively overcoming the limitations of conventional global inertia
equal sharing schemes. Furthermore, a quantitative analytical framework based on a
whole equivalent circuit model is established. Through the derivation of time-domain
solutions, the impact of control parameters on the transient response characteristics is
revealed, providing a theoretical basis for systematic parameter design.

The effectiveness of the proposed control strategy is validated through a four-subgrid
Hardware-in-the-loop (HIL) experimental setup. By providing autonomous and priori-
tized inertia support without communication overhead, the proposed strategy presents a
promising decentralized transient control framework for interconnected hybrid microgrids.
However, certain limitations of the proposed method should be noted. The idealized
modeling assumptions may not fully capture the complex dynamics of high-renewable
integrations, and extreme cases involving profound converter saturation and large-scale
cluster topologies require further comprehensive verification. In future work, the proposed
transient control strategy could be integrated with advanced upper-layer decentralized
optimization methods, such as bio-inspired dynamic leader election algorithms, decentral-
ized stochastic recursive gradient methods, or multi-area optimal power flow frameworks,
to form a comprehensive hierarchical control and management scheme.
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Appendix A
Equation (A1) presents the small-signal dynamic models of the ac subgrid frequencies

and dc subgrid voltages, which are derived by linearizing Equations (1) and (2) around the
steady-state operating points.

.
Ṽ1 = − 1

Cdc1V∗ P̃dc1 − Ddc1
Cdc1V∗ Ṽ1

.
ω̃2 = − 1

Jac2ω∗ P̃ac2 − Dac2
Jac2ω∗ ω̃2

.
ω̃3 = − 1

Jac3ω∗ P̃ac3 − Dac3
Jac3ω∗ ω̃3

.
Ṽ4 = − 1

Cdc4V∗ P̃dc4 − Ddc4
Cdc4V∗ Ṽ4

(A1)

Equations (A2) and (A3) present the small-signal dynamic models of the reference
active powers for the four interlinking converters (ILCs), which are derived by linearizing
the decentralized optimal control law (15) around the steady-state operating points:

P̃∗
ILC,12 = kd

(
wdc1

P∗
inertia,dc1(dV1/dt)limit

.
Ṽs1 − wac2

P∗
inertia,ac2(dω2/dt)limit

.
ω̃s2

)
P̃∗

ILC,13 = kd

(
wdc1

P∗
inertia,dc1(dV1/dt)limit

.
Ṽs1 − wac3

P∗
inertia,ac3(dω3/dt)limit

.
ω̃s3

)
P̃∗

ILC,42 = kd

(
wdc4

P∗
inertia,dc4(dV4/dt)limit

.
Ṽs4 − wac2

P∗
inertia,ac2(dω2/dt)limit

.
ω̃s2

)
P̃∗

ILC,43 = kd

(
wdc4

P∗
inertia,dc4(dV4/dt)limit

.
Ṽs4 − wac3

P∗
inertia,ac3(dω3/dt)limit

.
ω̃s3

)
(A2)


Ṽs1 = ωα

s+ωα
Ṽ1

ω̃s2 = ωα
s+ωα

ω̃2

ω̃s3 = ωα
s+ωα

ω̃3

Ṽs4 = ωα
s+ωα

Ṽ4

(A3)

where Vsi and wsi denote the filtered measurement signals obtained by applying the low-
pass filters shown in Figure 4 to the sampled Vi and wi signals, respectively; wα denotes
the corresponding cut-off frequency used to represent the measurement-filtering dynamics
during RoCoV/RoCoF extraction.
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Equation (A4) presents the small-signal dynamic models of the power allocation
within the four subgrids, which are derived by linearizing the power balance Equation (9)
around the steady-state operating points:

P̃dc1 − P̃ILC,12 − P̃ILC,13 = P̃dc,load1 = 0
P̃ac2 + P̃ILC,12 + P̃ILC,42 = P̃ac,load2 = 0
P̃ac3 + P̃ILC,13 + P̃ILC,43 = P̃ac,load3 = 0
P̃dc4 − P̃ILC,42 − P̃ILC,43 = P̃dc,load4 = 0

(A4)

Equation (A5) presents the small-signal dynamic models of the actual output active
powers for the four interlinking converters (ILCs). By modeling the inner current loop as a
low-pass filter, these equations characterize the dynamic tracking response of the actual
output powers to the reference power commands:

P̃ILC,12 = ωc
s+ωc

P̃∗
ILC,12

P̃ILC,13 = ωc
s+ωc

P̃∗
ILC,13

P̃ILC,42 = ωc
s+ωc

P̃∗
ILC,42

P̃ILC,43 = ωc
s+ωc

P̃∗
ILC,43

(A5)

where wc are the cut-off frequencies of the LPF for the equivalent current loop.
Equation (A6) provides complete analytical expressions for the constituent submatrices

within the closed-loop system state matrix AILC.

Ax =


− Ddc1

Cdc1V∗ 0 0 0

0 − Dac2
Jac2ω∗ 0 0

0 0 − Dac3
Jac3ω∗ 0

0 0 0 − Ddc4
Cdc4V∗



Bp =


− 1

Cdc1V∗ − 1
Cdc1V∗ 0 0

1
Jac2ω∗ 0 1

Jac2ω∗ 0
0 1

Jac3ω∗ 0 1
Jac3ω∗

0 0 − 1
Cdc4V∗ − 1

Cdc4V∗



H =


wdc1ωα

P∗
inertia,dc1(dV1/dt)limit

− wac2ωα
P∗

inertia,ac2(dω2/dt)limit
0 0

wdc1ωα

P∗
inertia,dc1(dV1/dt)limit

0 − wac3ωα
P∗

inertia,ac3(dω3/dt)limit
0

0 − wac2ωα
P∗

inertia,ac2(dω2/dt)limit
0 wdc4ωα

P∗
inertia,dc4(dV4/dt)limit

0 0 − wac3ωα
P∗

inertia,ac3(dω3/dt)limit

wdc4ωα
P∗

inertia,dc4(dV4/dt)limit



I =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1



(A6)
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