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Abstract—In this paper, a holistic small-signal model of hybrid 
AC and DC microgrids is developed, including AC subsection, DC 
subsection, and interface inverters between AC and DC buses. 
Based on the derived complete small-signal model, a region-based 
stability analysis approach is proposed and developed. Meanwhile, 
to obtain the steady-state operating points used in the region-
based stability analysis, practical and effective power flow 
calculation is conducted for droop-controlled hybrid AC and DC 
microgrids. Rather than following a conventional point-by-point 
stability evaluation procedure, the stability region implemented in 
this work is derived based on the selected cross-domain 
parameters from either control systems or main power circuits. 
Furthermore, an artificial intelligence (AI) assisted Kernel Ridge 
Regression (KRR) algorithm is implemented to derive the stability 
boundary with enhanced computational efficiency. Simulation 
tests are presented to demonstrate the effectiveness of the 
proposed method. 

Keywords—Hybrid AC and DC Microgrids, Kernel Ridge 
Regression, Small-signal Stability, Stability Region 

I. INTRODUCTION 

Increasing penetration of inverter-based resources 
challenges modern distribution systems with insufficient inertia 
and increasing generation intermittency. To mitigate the impacts 
of operational uncertainties, the concept of microgrids (MGs) 
was proposed for effectively integrating distributed energy 
resources (DERs) and enhancing grid operational performance. 
In the past years, AC MGs have been extensively studied, given 
that conventional grids are implemented based upon AC 
electricity [1]. Meanwhile, with increasing penetration of DC-
coupled resources (e.g., photovoltaics [PVs], battery energy 
storage, etc.), the technology frontier of DC MGs has been 
significantly advanced that enables a hybrid architecture with 
both AC and DC resources, i.e., hybrid AC and DC MGs [2]. 

Given that the DER interface inverters are commonly 
parallel-connected in MGs, effective controls play a vital role in 
MG operation, especially for proportional output power sharing 
among multiple inverters. Various control strategies have been 
developed to achieve accurate power sharing in MGs, including 
centralized control approaches (e.g., master-slave control [3], 
central current control [4], etc.), decentralized control (e.g., 
droop control [5], [6], virtual synchronous generators [7], etc.), 
and distributed control (e.g., hierarchical control [8], [9], 
consensus-based control [10]–[14], etc.), among which given 
the simplicity in implementation and the effectiveness, droop 
control is commonly used to achieve proper power sharing 
among DGs in MGs. 

Note that hybrid AC and DC MGs have relatively complex 
operational dynamics due to the hybrid and inverter dominated 
configuration. Therefore, it is critical and also challenging for 
small-signal stability analysis compared to conventional power 
grids [15]. Meanwhile, it is worth mentioning that conventional 
small-signal stability analysis follows a point-by-point 
procedure, i.e., the derived small-signal models are only 
applicable at specific operating points. Therefore, for hybrid AC 
and DC MGs, considering the large-scale integration of inverter-
based resources and the requirements of a scalable architecture, 
there are additional obstacles of deriving a holistic small-signal 
model of the entire system and conducting stability analysis 
accordingly. In [15], the small-signal modeling of a hybrid AC 
and DC MG is presented, focusing on AC MG, DC MG and 
interlink converters between common AC and DC buses. 
Meanwhile, synthetic droop characteristics for regulating 
interlink converters are implemented to control the power 
exchange between AC and DC MGs. In [16], the modeling and 
control of the inverter dominated AC MG is studied in detail to 
conduct small-signal analysis. In [17], a reduced-order model is  
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Fig. 1. Configuration of a typical autonomous AC and DC hybrid MG. 
(a) System architecture; (b) Small-signal modeling of each subsection; (c) Stability region.

 
developed to analyze the stability of low-voltage DC MG. 
However, although the existing work has studied the small-
signal models of different sections in hybrid AC and DC MGs, 
a complete solution covering various control functions (e.g., 
droop control, virtual impedance, etc.) and all the corresponding 
sections (i.e., AC section, DC section, and interface inverters 
between AC and DC buses) should be developed to derive a 
holistic model for stability analysis. 

Given the complexity of small-signal models and the 
corresponding stability analysis of hybrid AC and DC MGs, it 
is necessary to develop an intuitive and computationally 
efficient approach that can identify system stability margin with 
real-time operating conditions. It is noteworthy that region-
based stability was proposed and studied in transmission 
systems focusing on dynamic networks with multiple rotational 
generators [18]. The idea was originated from small-signal 
stability analysis while provided a stable region and depicted a 
stability margin based on the distance between the operating 
point and the region boundary. Rather than a point-by-point 
approach designed for each specific operating point, a stability 
region shows a feasible and stable operating range in a straight-
forward way, focusing on the selected cross-domain parameters 
from the control diagram and main power circuit. However, 
considering that a hybrid AC and DC MG with multiple 
interface inverters is a high-order system, which is more 
complicated compared to conventional transmission grids, the 
applicability of the existing stability region should be further 
studied. Additionally, it should also be noted that deriving the 
stability region boundary is critical to implement a practical 
region-based stability analysis. Conventionally, the stability 
boundary is derived from exhausting the operating points with 
selected minimum steps [19], which could involve a tradeoff 
between the accuracy of the stability boundary and the required 
resolution. Therefore, a more efficient approach should be 
designed to simplify the procedure of identifying stability 
boundaries. 

In this paper, to better understand the operation dynamics 
and the interactions among multiple sections, a holistic small-
signal model of a hybrid AC and DC MG is derived, considering 
AC subsection, DC subsection, and interlink inverters in 

between. Furthermore, a region-based stability analysis is 
thereby conducted based on the derived holistic small-signal 
model and the selected cross-domain parameters from control 
diagram and main power circuit throughout the entire hybrid AC 
and DC MGs. Further, to efficiently and effectively derive the 
stability boundary, an Artificial Intelligence (AI) assisted 
approach is designed. Particularly, the Kernel Ridge Regression 
(KRR) approach is used to identify the stability region, which 
only relies on limited data points along the stability region and 
avoids the potential tradeoff between computational efficiency 
and required resolution. 

The remainder of this paper is organized as follows: Section 
II introduces the small-signal modeling of droop-controlled 
autonomous AC and DC hybrid MGs. Section III studies the 
region-based stability analysis based on the KRR approach. 
Section IV presents two case studies on a hybrid AC and DC 
MG to verify the proposed solution. Section V summarizes the 
paper and draws the conclusion. 

II. SMALL SIGNAL MODELING OF HYBRID AC/DC MGS 

As depicted in Fig. 1 (a), a typical hybrid AC and DC MG 
includes AC MG, DC MG and interlink inverters between 
common AC and DC buses. Meanwhile, for both AC and DC 
subsections, they are separated into three segments, i.e., DER 
interface inverters, networks, and loads. The individual small-
signal model of each section is detailed in this section, and the 
complete model of a hybrid AC and DC MG is derived by 
combining these individual models in Fig. 1 (b). 

A. Modeling of DC Subsection 

The entire DC MG is derived into three parts, i.e., interface 
converters, coupling lines connecting to the local point of 
interconnection (POI), and loads. The small-signal model of 
each part is derived, considering both control dynamics and 
main power circuits. Further, it is assumed that the DC MG is 
comprised of s converters, n lines, m buses, and p loads. 

1) Interface DC-DC Converters: For the models of 
interface converters, the instantaneous active power in DC MGs 
is calculated by the measured output voltage and current. 



Meanwhile, the corresponding average active power Pdc is 
obtained using a low-pass filter (LPF), as detailed below: 
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where ωc represents the cut-off frequency of low-pass filter; vodc 
and iodc are the converter output voltage and current. 

Therefore, the small-signal representation of power control 
is derived: 

dc c c odc odc c odc odcω ω ωΔ = − Δ + Δ + ΔP P I v v I           (2) 

The droop control at the DC side is realized as: 

odc ndc pdc dc= −v V m P                             (3) 

where Vndc is the reference of output voltage in DC subsection; 
mpdc is the droop coefficient. Then the small-signal model of the 
output voltage is: 

odc pdc dcΔ = − Δ v m P                                 (4) 

Furthermore, the interface converters in DC MGs connect to 
the local buses through the coupling inductance Lcdc, and virtual 
impedance (i.e., Rvdc + jωLvdc) is added to the corresponding 
converter control diagram. Hence, it yields: 
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where Δvbdc is the small-signal representation of bus voltage. 
For the ith DC-DC converter, combining (2), (4) and (5), for 

each interface converter, there are three state variables in total 
(i.e., ΔPdci, Δvodci, and Δiodci) in the vector of state variables 
(Δxinvdci) with small-signal representation, defined as: 
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[ ]invdc 0 0 1 .=iC  

Hence, based on (6), a combined small-signal model of all 
the DC-DC converters (s converters in total) is represented as: 

[ ] [ ]
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where 

[ ]{ } [ ]{ }invdc invdc1 invdc invdc invdc1 invdcdiag diag= = s sA A A B B B  

[ ]{ }invdc invdc1 invdcdiag .=  sC C C  

2) DC Network and Load Models: The power lines (n lines, 
m buses, and p loads) in the DC subsection are modeled as the  
combination of series resistance Rlineac and inductance Llinedc. 

[ ] [ ]linedc netdc linedc netdc bdcΔ  = Δ + Δ i A i B v              (8) 
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For loads in DC MG, the small-signal models are derived: 

[ ] [ ]loaddc loaddc loaddc loaddc bdcΔ  = Δ + Δ i A i B v            (9) 

where 

loaddc1

loaddc1 loaddc1

loaddc loaddc

loaddc

loaddcloaddc

1

.

1

××

 −  
   
   
 = =  
   −   
     

 

p

mp p mp p

R

L L

A B

R

LL

 

3) Complete Model of DC Subsection: It is defined that 
Minvdc, Mnetdc, and Mloaddc are the mapping matrices among 
inverters, lines, and loads. For example, Minvdc maps the inverter 
POIs onto the corresponding network buses. Hence, the DC bus 
voltage can be expressed below: 
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Note that rN is a large virtual resistance connecting the bus 
and ground, involved to satisfy the required number of equations 
[16]. 

Combining (7)–(10), the complete small-signal model of DC 
subsection is derived: 

[ ] [ ]T

dc invdc linedc loaddc dc dcΔ = Δ Δ Δ  = Δ   x x i i A x    (11) 

where the state matrix Adc of the DC subsection is given at the 
bottom of this page. 

B. Modeling of AC Subsection 

Similar to the DC subsection, the main components in the 
AC subsection include three parts (i.e., interface inverters, lines, 
and loads). The small-signal modeling of each part is presented 
as follows separately. Meanwhile, it is also assumed that the AC 
MG consists of s inverters, n lines, m buses, and p loads. 

1) Interface Inverters: For the model of inverters, the 
average active power Pac and reactive power Qac are derived as: 
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Furthermore, each inverter follows the conventional P–f and 
Q–V droop characteristics to achieve power sharing among 
multiple inverters, as shown in (13): 

n pac ac

odac nac qac ac
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ω ω= −
= −
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                           (13) 

where ωn is the nominal frequency; Vnac is the reference of 
output voltage in the AC side; mpac and nqac are droop gains. 

Since an individual dq frame is used for each inverter, 
multiple dq frames can be synchronized and converted into a 
common frame [16]. In general, the dq frame of the first 
interface inverter is selected as the common DQ frame. The 
phase angle difference between an inverter and the common DQ 
frame is represented as: 

ac com( )dtδ ω ω= −                           (14) 

where ωcom is the angular frequency of the common DQ frame. 
Similar to the DC subsection, the state equation of inverter 

output current iodqac is derived since each inverter connects to a 
local bus through a coupling inductance Lcac. Additionally, the 
virtual impedance (i.e., Rvac+ jωLvac ) is added to the model. 

odqac bdqac cac vac
odqac odqac oqdac

cac vac cac vac

( )
ω

− += − ±
+ +

 v v R R
i i i

L L L L
    (15) 

Meanwhile, with the synchronized frames and the derived 
phase angle difference in (14), the inverter output current iodqac 
and bus voltage vbdqac can be transferred to the corresponding 
ioDQac and vbDQac in the common DQ frame, respectively. 

For the ith inverter, similar to the small-signal modeling of 
DC section, by linearizing (12)–(15), there are seven state 
variables (i.e., Δδaci, ΔPaci, ΔQaci, Δvodqaci, and Δiodqaci) in the state 
vector xinvaci for one interface inverter in AC MGs. 
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where Ainvaci, Binvaci, Bcomi, Cinvωaci, and Cinvcaci are given at the 
bottom of this page. 

Therefore, a comprehensive small-signal model of all the s 
interface inverters derived as: 
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2) AC Network and Load Models: For the line and load 
currents, their state equations are similar to those in the DC 
subsection, while the state variables in the dq frame need to be 
transferred to the common DQ frame, as derived below: 
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where coefficient matrices Anetac, B1netac, B2netac, Aloadac, B1loadac, 
and B2loadac have a similar representation as those of DC lines 
and loads in (8)–(9). 

3) Complete Model for AC Subsection: Similar to the DC 
MG, mapping matrices are defined to show the representation 
of AC bus voltage, as derived below. Meanwhile, the matrix 
RNac composed of a large virtual resistance rN is involved in 
satisfying the equation set mathematically. 
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Hence, combining (17)–(20), the complete small-signal 
state-space model of the AC MG is summarized as: 
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where the state matrix Aac of the AC subsection is given at the 
bottom of this page. 

C. Modeling of Interlink Inverters between AC and DC Buses 

To satisfy the operating conditions in both AC and DC MGs, 
a V–P droop control is used at the DC side for each interlink 
inverter, which is aligned with other sources at the DC MG, as 
shown below: 

lk_dc ndc lk lk_dc
∗ = −v V m P                          (22) 

where mlk is the droop coefficient; 
To smooth power exchange between AC and DC 

subsections, at the DC side of the interlink inverter, DC-link 
voltage is controlled to balance the active power while reactive 
power is controlled at the AC side locally. Thus, the average 
active power at the DC side and the average reactive power at 
the AC side are calculated as: 
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A multi-loop control diagram is utilized in interlink 
inverters. Particularly, the outer control diagram includes DC-
link voltage and reactive power control loops, and the inner 
control diagram includes the proportional-integral (PI) based 
current control loops, which is used to calculate the interlink 
inverter output voltage vodqlk_ac at the AC side. 

Furthermore, the power balance between the AC and DC 
sides of the interlink inverter is derived below based on the 
power balance across the interlink inverter. 
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where vodqlk and iodqlk are the interlink inverter output voltage 
and current in dq reference frame, respectively; Clk_dc is the 
filter capacitor at the DC side of the interlink converter; η is the 
efficiency of interlink inverter. 

Meanwhile, the DC side of interlink inverter connects to the 
DC bus using the coupling inductance Lclk_dc: 
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On the other hand, considering the LC filter and the coupling 
impedance (Rclk_ac, Lclk_ac) between the interlink inverter and 
local AC bus, the following state equations with the state 
variables iodqlk, vdqlk and idqlk are derived: 

dqlk_ac dqlk_ac odqlk_ac qdlk_ac
f

1
( ) ω= − ±v i i v

C
             (26) 

where the vdqlk_ac is the voltage of capacitor Cf at the AC side of 
interlink inverter; Developing the state equations of iodqlk_ac and 
idqlk_ac are similar to those of DC coupling inductance in (25). 

Finally, considering the angle difference δlk between the 
interlink inverter and the common DQ frame, the local AC bus 
voltage vbdqlk_ac connecting the AC side of the interlink inverter 
and the corresponding injected current idqlk_ac can be transferred 
to the common DQ frame, respectively. 

Combining (22)–(26), there are 13 state variables in total, 
including Δδlk, ΔPlk_dc, ΔQlk_ac, Δvodqlk_ac, Δiodqlk_ac, Δvdqlk_ac, 
Δidqlk_ac, Δvlk_dc, and Δilk_dc for an interlink inverter. The 
corresponding small-signal representation is thereby obtained: 

[ ] [ ]lk lk lkΔ = Δx A x                            (27) 

where Alk is the state matrix of the interlink inverter. 

D. Complete Model of Hybrid AC and DC MGs 

Based on the small-signal models derived in Section II-A to 
II-C, combining (11), (21) and (27), a complete small-signal 
model of an autonomous AC and DC hybrid MG is obtained: 

[ ] [ ] [ ]T

ac lk dc fΔ = Δ Δ Δ = Δ   x x x x A x               (28) 

where Af is the coefficient matrix of the entire hybrid AC and 
DC MG; Bac_lk, Bdc_lk, Blk_ac1, Blk_ac2, Blk_dc1, and Blk_dc2 are 
coupling elements among the AC MG, DC MG, and interlink 
inverters. 
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III. REGION-BASED STABILITY ANALYSIS 

Based on the small-signal model in (28), a stability region 
can be derived to evaluate system stability and identify small-
signal stability margin. It is noteworthy that the stability region 
is defined and established based upon a parameter space with 
cross-domain parameters from control diagrams and main 
power circuits. As depicted in Fig. 1 (c), a selected point inside 
the stability region indicates that the system is stable with the 
given parameters while the system is unstable if a selected point 
is outside the stability region. The boundary of the stability 
region represents a marginally stable condition. Note that a 
stability region can be flexibly established with different 
combinations of control or main power circuit parameters. For 
example, it can be used to identify the interactions between two 
key control parameters (e.g., virtual impedance and droop 
coefficient), or quantify the impacts of parameter mismatch of 
passive components in main power circuits (e.g., filter 
inductance and capacitance). Therefore, region-based stability 
analysis can be regarded as a versatile solution to study various 
stability-related problems. 

It is worth mentioning that the stability region boundary is 
derived using an AI-assisted regression algorithm, i.e., Kernel 
Ridge Regression (KRR). The stability boundary can be thereby 
derived based on only some sample points located along the 
region boundary rather than point-by-point with every parameter  
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combination considered. The detailed design procedure is 
summarized in the flow chart in Fig. 2. Particularly, there are 
three main steps in the KRR method: data set generation, 
stability region boundary approximation, and KRR-based 
performance evaluation. 

A. Dataset Generation 

As depicted in Fig. 2, taking a parameter space X = {x1, x2} 
as an example, an initial stable operating point X0 = {x1_0, x2_0} 
in the parameter space is selected, and starting from this point, a 
sampling direction d is determined to identify stability region 
boundary, where nd is the total number of sampling directions 
and Δxd is sampling intervals. Note that the maximum real part 
of the system eigenvalue σmax is the critical variable to determine 
if the stability boundary is reached. When σmax is less than 0, the 
corresponding parameter combination in the sampling direction 
leads to a stable operation condition; when it is larger than 0, the 
corresponding parameter combination indicates an unstable 
condition. Therefore, the stability boundary is identified when 
σmax first changes to a positive value, and when the boundary is 
reached in the sampling direction d, the corresponding 
parameter combination {x1b, x2b} is collected into the generated 
dataset for the following KRR stage. Further, given that it is 
challenging or even infeasible to derive {x1b, x2b} with σmax 
equals 0, an interval of σmax is involved in tolerating the potential 
mismatch in the searching process. Here, the samples within the 
range of [δ1, δ2] = [-0.2, 0] are preserved to enhance the 
resolution along the stability region boundary, while samples in 
the remaining area are selected with a sparse density. Therefore, 
the dataset of parameter space X can be obtained, and it is further 
divided into a training set and a validation set for the following 
KRR stage. Since there is no practical experience to follow and 
determine the capacities of the training set and the validation set, 
the generated dataset can be split into two randomly selected sets 
whose capacities are 50% of the original dataset. 

It is worth mentioning that to calculate σmax, system steady-
state operating points are needed. Therefore, as shown as one 
step in the flow chart in Fig. 2, power flow calculation in hybrid 
AC and DC MGs should be conducted. Particularly, compared 
to the conventional Newton Raphson method in power flow 
analysis, a practical and effective modified Newton Raphson 
(MNR) approach [20] is used for power flow calculation in this 
study. For the MNR approach, due to the absence of the slack 
bus in an autonomous MG, Bus #1 with droop control is selected 
as the voltage reference in the power flow calculation. 
Meanwhile, the system angular frequency ω is also taken as 
another unknown variable since it is not a constant in droop-
control MGs. Further, the droop-controlled buses at the AC and 
DC sides are formulated as: 

0 ac 0 dc1 1 10
ac ac dc

pac qac pdc

( ) ( )( )ω ω+ + +
− −−= = =

i ii
k ki i i

k k k
k k k

V V V V
P Q P

m n m
 

(29) 
where Pkac and Qkac are the active and reactive powers of the 
droop- controlled kth bus at the AC side; Pkdc is the output power 
of the droop-controlled kth bus at the DC side. 

In this study, to combine the power flow in the entire hybrid 
system, the interlink inverter is used as the bridge to satisfy the 
power flow calculation in both AC and DC subsections.  
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Fig. 2. Flow chart of KRR method for deriving the stability region boundary. 

Particularly, as shown in (24), at the DC side, the interlink 
inverter is modeled as a droop-controlled bus; since power is 
balanced in both AC and DC sides, the active power at the AC 
side is determined by the calculated DC power, and the reactive 
power at the AC side is controlled locally (e.g., set to zero). 
Therefore, after modeling the interlink inverters, the power flow 
calculation in hybrid AC and DC MGs can be implemented 
following a two-step procedure. In Step 1, the power flow can 
be calculated in the DC subsection; in Step 2, given the above 
interlink inverter model, active power flowing through the 
interlink inverter is used as the shared variable, and power flow 
in the AC subsection can be thereby derived. 

B. Stability Boundary Approximation 

There exists a mapping function f(·) that links a parameter 
combination x to the corresponding stability index σmax. This 
function f(·) represents the target stability region boundary, 
which can be derived using the KRR approach based on the 
sample points in the training dataset. 

However, f(x) = 0 cannot be derived analytically due to the 
severe nonlinearity of the equation. Therefore, a sufficient-order 
polynomial function is used to estimate the anonymous function: 

ˆ ( ) 0=f x                                    (30) 
Then based on the nonlinear transformation [21], a 2-order 

polynomial is taken as an example to approximate the function: 
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(31) 
where ntr is the size of the training set; x1 and x2 are the variables 
in the parameter space; c1 ~ c6 are the corresponding coefficients 
for each term of the 2-order polynomial function. This result can 
be generalized into h-order polynomial function. For example, 
there are nine coefficients for 3-order polynomial function and 
15 coefficients for 4-order polynomial function. 

In (31), the coefficient α is calculated as: 
1

max( )α λ σ−= +K I                            (32) 

where σmax = [σmax_1, σmax_2, … , σmax_ntr]T, and K is a matrix with 
its element calculated by Ki,j = (xi

Txj + 1)h; I is an identity matrix 
with dimension ntr; λ is estimated from the initial parameter 
settings λmin and λmax, which separately correspond to the 
minimum eigenvalue and the maximum eigenvalue of matrix K. 

Therefore, the training set separated from the generated 
dataset is used to determine coefficients in (31), which is used 
to approximate the original stability region boundary in (30). 

C. Performance Verification 

Based on the validation set, the derived approximate stability 
boundary can be validated by calculating the root-mean-square 
error (RMSE): 

va
2

1va

1
RMSE γ

=

= 
n

i
in

                            (33) 

where nva is the size of the validation set; γi is the error between 
the estimated function in (6) and the value of the σmax.  

Further, to estimate the polynomial order h, a simple method 
is that increasing the value of order h while searching for the 
optimal λ in the interval {λmin λmax,} until (33) is smaller than a 
given threshold. In general, the error band is less than 5%. 
Additionally, if the validation error is less than a required 
threshold, the derived stability region boundary is satisfactory. 

IV. CASE STUDIES 

As shown in Fig. 3., a 10-bus test system of an autonomous 
and hybrid AC and DC MG is comprised of two DGs, two loads 
and one line in the AC subsection, two DGs, two loads and one 
line in the DC subsection, as well as one interface inverter 
between AC and DC buses. 

Case I: Stability Boundary with Parameter Space {Lcdc, Rvac} 

By selecting the physical inductance Lcdc in the DC subsection 
and the virtual resistance Rvac in the AC subsection to establish 
a parameter space {Lcdc, Rvac}, a stability region is derived 
following the steps below. First, the dataset with 82 samples is 
generated based on the parameter space {Lcdc, Rvac}. Second, the 
sizes of the training set and the validation set are set to 50% of 
the retained samples, and the sample points are randomly 
selected. Third, the approximate stability boundary, as well as 
the corresponding four-order approximate boundary given by 
the KRR method, is shown in Fig. 4. Finally, in this case, the 
RMSE is calculated as 0.59% using the validation set, which 
satisfies our required threshold. In the meanwhile, Points A and 
B are selected as two examples, which indicate stable and 
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Fig. 3.  Test system under case studies. 

unstable operation conditions, respectively. Their corresponding 
time-domain simulation waveforms are shown in Fig. 5, which 
are in accordance with operating conditions shown in the 
stability region in Fig. 4. 

Case II: Stability Boundary with Parameter Space {Rvac, kpv} 

Similarly, the parameter space in Case II is comprised of 
virtual resistance Rvac in the AC subsection and the proportional 
gain kpv of the outer DC-link voltage loop of interlink inverter. 
Then the dataset formed with 90 samples is used for deriving 
the stability boundary and its fourth-order approximation, as 
shown in Fig. 6. The RMSE is eventually computed as 1.39% 
in this case. Additionally, Point A and B are selected as two 
instances to indicate stable and unstable operation conditions, 
respectively. Their corresponding simulation test results in 
terms of operating conditions are following the theoretical 
region-based stability analysis, as shown in Fig. 7. 

V. CONCLUSION 

In this study, a holistic small-signal model of a hybrid 
AC/DC MG is established combining AC subsection, DC 
subsection, and interlink inverters. Additionally, the stability 
margin of the obtained model is identified by using the proposed 
region-based stability approach considering the selected cross-
domain parameter space with elements from either the control 
diagram or the main power circuit. As an AI-assisted and 
computationally efficient approach, the KRR algorithm is 
employed to estimate the stability boundary. The proposed 
framework and method are verified using time-domain 
simulation tests. 
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