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Abstract. The large-scale integration of renewable energy
sources is transforming traditional power grids. Renewable
generation is typically connected to distribution networks through
voltage source converters (VSCs) operating under grid-following
(GFL) control, which has raised technical concerns regarding
system stability and security. Grid-forming (GFM) VSCs are
emerging as a solution, capable of establishing a grid and operating
in parallel with other devices via self-synchronisation
mechanisms. However, they introduce new challenges,
particularly small-signal stability issues arising from interactions
with traditional power-system components. Research on GFM
VSC stability is still at an early stages, despite its key role in
transmission networks and large-scale renewable plants. Stability
studies often rely on time-domain simulations and frequency-
domain approaches using white- and black-box admittance models
of system components. This paper presents a small-signal stability
analysis of grid-connected VSCs under GFM control strategies,
including power synchronisation control (PSC) and alternating
voltage control (AVC). The analysis is conducted using Simulink-
based time-domain simulations and frequency-domain methods
based on black-box GFM VSC models.

Key words. Grid-connected voltage source converter,
grid-forming control, time-domain simulations, black-box
models, stability assessment, small-signal modelling.

1. Introduction

Traditional power systems (PSs) have historically followed
a centralised architecture based on large-scale power
generation plants connected to transmission grids through
synchronous generators [1], [2]. Since the early 20%
century, the increasing global demand for clean and
efficient energy has reshaped PS architectures, leading to
the deployment of renewable energy resources [3]. These
resources are essential for achieving sustainable and
decarbonised energy systems, but their large-scale
integration is transforming the traditional PS paradigm [3],
[4]. Renewable generation is predominantly integrated into
distribution grids through VSCs operating under GFL
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control. However, GFL VSCs have been associated with
several technical concerns, as highlighted by recent events
such as the Iberian blackout [5], which imposes constraints
on the penetration of renewable energy resources. To
address these issues, GFM control strategies such as
droop, power synchronisation, virtual synchronous
generator, matching, and other more complex controls [6],
[7], which are mainly based on power synchronisation
control (PSC) and alternating voltage control approaches
(AVC) have been proposed in the literature. GFM VSCs
are emerging as a promising technology for transmission
grids with large-scale renewable plants. However, they
also introduce new small-signal stability challenges
arising from interactions between converter-based devices
and traditional PS components.

Previous studies on GFM VSC stability have mostly
performed numerical analysis, concluding that PSC can
provoke instabilities near to synchronous frequency in
weak grids [8], [9], while AVC can influence PSC
dynamics [10], [11]. Furthermore, sub-synchronous
oscillations have been reported in weak grids when current
control (CC) is combined with AVC [12]. In [13], a
comprehensive analytical framework is developed to
evaluate the stability of GFM VSCs providing design-
oriented insights for controller tuning. Despite these
advances, comprehensive stability studies of AC/DC grid-
connected GFM VSCs remain limited, and such studies
are essential for modern PS stability analysis under large-
scale renewable integration.

Small-signal stability assessment is commonly performed
using state-space eigenvalue analysis, closed-loop pole
analysis, impedance-based frequency-domain methods,
and time-domain simulations. Frequency-domain methods
such as the resonance mode analysis (RMA)-based
positive-mode-damping (PMD) criterion [14] are
increasingly adopted for complex systems, allowing
stability evaluation with reduced computational effort and
black-box impedance modelling [15]. Time-domain
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Fig. 2. DQ-real single-line diagram of three-phase VSC and
GFM control schemes.

simulations are another important tool for analysing and
validating stability studies.

This paper presents a small-signal stability analysis of grid-
connected GFM VSCs under PSC and AVC strategies.
MATLAB/Simulink models of the studied systems are
developed to perform time-domain simulations and assess
the impact of key control and grid parameters on system
stability. In addition, frequency-domain stability analysis is
carried out using the RMA-based PMD stability criterion in
combination with black-box admittance models of the GFM
VSCs. This combined approach enables a systematic
evaluation of stability under both AC-only and full AC/DC
modelling assumptions, providing deeper insight into the
role of AC/DC interactions in converter-dominated power
systems.

2. Grid-connected GFM VSC framework

The three-phase grid-connected GFM VSC, together with

the two main GFM control strategies in [13], is analysed.

Fig. 1 shows the dg-real single-line diagram of the three-

phase grid-connected VSC. An L-type filter, defined by

the inductance L, and the equivalent series resistance Ry, is
considered on the AC side of the VSC, while the DC-side
voltage is assumed to be variable. The AC side of the VSC
is connected to the AC grid, modelled by a Thevenin-
equivalent circuit with Vz, 4, and Zr;, whereas the DC side
is connected to a C-type filter, defined by the capacitance

Ca, and a DC load characterised by an equivalent

impedance Zz. The two main GFM control schemes from

[13] are implemented: (i) Scheme 1: PSC + AVC; (ii)

Scheme 2: PSC + AVC + CC. These schemes consider the

PSC, AVC, CC, and voltage feedforward (VFF). Each

control block performs a specific role within the overall

control structure, as detailed below:

e The PSC regulates the system frequency by emulating
the p — f droop characteristic of synchronous generators
using an integral (I) controller expressed as Cy(s) = kp/s,
where k, denotes the integral gain.

e The AVC regulates the AC voltage using a proportional-
integral (PI) controller expressed as C.(s) = G, + kils,
where G, and k; denote the proportional and integral
gains, respectively.

e The CC and VFF regulate the fast-current dynamics
under fault conditions. The CC is implemented as a PI
controller with a small integral gain, which is commonly
neglected; therefore, the controller is approximated by
Ci(S) = Ra.

The corresponding circuits are implemented in Simulink

to investigate the influence of the GFM VSC parameters

on small-signal stability through time-domain simulations.

In addition, black-box models of the GFM VSC under the

two control strategies are obtained from numerical

measurements and employed for stability assessment

using the PMD stability criterion [14].

3. GFM VSC modelling

MATLAB/Simulink-based and black-box models are
presented for time- and frequency-domain stability
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Fig. 1. MATLAB/Simulink model of the control Scheme 2 (PSC + AVC + CC strategy) of the GFM VSC.
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Fig. 3. Black-box characterisation of an AC/DC GFM VSC (in Q') with control Scheme 1: Real (left) and imaginary (right) parts of the
frequency-dependent admittance matrix elements obtained from MATLAB/Simulink-based simulations using SARA [15].

studies, respectively. In particular, the two GFM control
schemes presented in Fig. 1 are studied using both
modelling approaches.

A. MATLAB/Simulink models

A MATLAB/Simulink model is implemented according to
the single-line diagram of the three-phase VSC and GFM
control schemes in Fig. 1. As an example, Fig. 2 shows the
MATLAB/Simulink model of control Scheme 2 with the
PSC + AVC + CC strategy.

In this strategy, the PSC regulates the system frequency
using an integral (I) controller denoted as Cy(s), based on
active  power measurements; the corresponding
measurement block is also included in the control model.
The control is performed in the dg-real reference frame, and
therefore the abc-to-dq and dg-to-abc transformation blocks
are also included in the model. Furthermore, the AVC
regulates the AC-side voltage at the PCC using a
proportional-integral (PI) controller denoted as C.(s). To
this end, this voltage is measured and transformed to the dg-
real reference frame. This transformed voltage is processed
by the AVC which provides the converter reference current.
Subsequently, the modulation function is generated by the
CC based on the converter reference current. The AC-side
internal voltage setpoint of the VSC is finally derived from
the reference voltage obtained from the modulation
function, the DC-side voltage and the AC-side VFF value at
the PCC. This internal voltage is transformed to the abc-
frame using the dg-to-abc rotating transformation block.
The MATLAB/Simulink models of the AC/DC grid, the
VSC circuit, and Scheme | with the PSC + AVC strategy
are omitted for brevity, but they follow a similar structure
to that shown in the single-line diagram and control blocks
of Fig. 1. In particular, the PSC + AVC block is equivalent
to the PSC + AVC + CC block without the CC and VFF.

B. Black-box models
The small-signal dynamic behaviour of dg-complex
voltages and currents in AC/DC electrical devices (e.g.,

GFL and GFM VSCs and MMCs) can be expressed in the
frequency-domain by applying Ohm’s law as [15]:
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where YACPC(w) is the small-signal AC/DC admittance
matrix of the electrical device; Eqq and laq are the dg-
complex voltage and current space vectors at the AC
terminals; Vg and /4 are the DC-side voltage and current;
and the symbol A denotes small-signal variables.

The characterisation of the AC/DC admittance matrix in
(1) by using black-box models of electrical devices in the
frequency-domain is a common scenario in industrial
applications where Simulink-based implementations are
distributed in protected format for intellectual property
reasons. In such cases, neither the internal control loops
nor the mathematical formulation is accessible, making
analytical admittance derivation infeasible. Even in
research settings, obtaining closed-form expressions for
the full small-signal AC/DC admittance matrix of power-
electronic devices may be algebraically complex or
computationally cumbersome, thereby motivating
frequency-domain  black-box  identification.  This
characterisation is performed in this paper using the GFM

VSC MATLAB/Simulink model and the
MATLAB/Simulink SARA (Simulation-based
Table L. Three-phase grid-connected GFM VSC parameters
Parameters Scheme 1/2 values  Stability study
AC rated voltage £ 190 Vac ---
T;:D Rated power P 5kW -
< SCR 10 p.u. Scheme 2
Frequency, @i 314 57! -
— | DC rated voltage Vic 380 Ve -
& Rie, Lac 0.1Q, 1 mH
A Cae 600 pF
Ry, Ly 189 mQ, 3 mH
§ ky 0.031 p.u. Scheme 1
= Ga 05/3 p-u. Scheme 1
& ki 50 /100 p.u.
Ra ---/0.865 p.u.
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Admittance Response Analysis) tool. It is worth noting that,
at subsynchronous frequencies, the discretisation must be
sufficiently fine to accurately capture the frequency
response curve and avoid missing relevant features.
Moreover, the real and imaginary parts of the admittances
are required for the correct application of the black-box
modelling approach. As an example, Fig.3 shows the
admittance matrix of the GFM VSC black-box model with
the control Scheme 1 (i.e., PSC + AVC strategy) under the
parameters listed in Table 1.
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4. RMA-based PMD stability criterion

RMA is formulated based on the eigenvalue
decomposition of the nodal admittance matrix derived
from the voltage node method at each frequency @ within
a frequency-scan range, i.e., [14]

Ve, =Yl I, = U, =AJ

Y, 0% o
Ay 0
Ay,=| © . P =LY

No) o "B,

0 - A,

where n is the number of grid buses, Uyn= Lo VB,
Jo= Lo IB, » are the modal voltage and current vectors,
respectively, and Ay, «, is the diagonal eigenvalue matrix
of Y, » at frequency w. In addition, R» and L. represent
the right (column-wise) and left (row-wise) eigenvector
matrices, respectively. Singularities in the nodal
admittance matrix Ys, » at resonance frequencies . are
directly linked to singular eigenvalues of Ay, », referred to
as critical resonance modes. These singular eigenvalues
manifest as peak values of the eigenvalue magnitudes of
78 » = (Y8, 0)', ie., as peaks in the diagonal element
magnitudes of Az, o= (Ay, w)"' = diag(Zu, ... Zun)w, Where
Zmi,o = 1/Ami» are the modal impedances that characterise
the corresponding resonance modes of Zg, .

As a powerful alternative to the GNC, the RMA is applied
within the PMD stability criterion for the frequency-
domain stability assessment of multi-terminal AC/DC
transmission grids [14]. Grid stability can be assessed by
studying every critical resonance mode Z,, » at each
resonance frequency @, and applying the following
criterion: the grid is stable if and only if the following
condition holds

R . 2

m,,, - <0, 3)

xi, o, mz ,

at all resonance frequencies . (i.e., at frequencies of all
local maxima or peak values of |Z,; o), where Ry o
denotes the real component of the critical resonance mode
and m,;, » is the slope of its imaginary part X, » with
respect to frequency . Fig. 4 summarises the flowchart
adopted for the stability analysis.
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Fig. 5. Stability study of Scheme 1 under AC-only scenario using Fig. 6. Stability study of Scheme 2 under AC-only scenario using
MATLAB/Simulink simulations (top) and RMA-based PMD stability MATLAB/Simulink simulations (top) and RMA-based PMD stability
criterion (bottom): a) SCR influence.

criterion (bottom): a) kp influence; b) G, influence.
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5. Results

Starting from a stable operating condition presented in [13]
and defined by the values in Table I, the impact of different
parameters on the stability of the grid-connected GFM VSC
in Fig. 1 is analysed for both control schemes 1 and 2,
considering either the AC-side only (assuming a constant
DC-side voltage) or the full AC/DC interaction (with the
DC-side voltage determined by the DC circuit). The AC-
side grid is characterised by a three-phase voltage source
and three-phase pure inductances L, defined by the short-
circuit ratio SCR = 1/(Lg @), see Table I. The DC-side grid
is characterised by a constant DC-voltage source V. in the
AC-only assumption, and by a capacitance Cy., a DC cable,
defined by the inductance L, and the equivalent series
resistance Rq., in series with a constant DC voltage source
Vi in the AC/DC assumption, see Table I. The stability
scenarios listed in the “Stability study” column of Table I
are evaluated under both AC-only and AC/DC assumptions.

A. AC-only assumption
Under the

AC-only assumption, [13] predicts that

increasing in k, and G, degrade synchronous stability in
degrades

Scheme 1, while increasing in SCR
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subsynchronous stability in Scheme 2. This behaviour is
illustrated in Fig. 4 and Fig. 5 for Scheme 1 and Scheme 2,
respectively. This is confirmed by both time-domain
MATLAB/Simulink simulations and the frequency-
domain RMA-based PMD stability criterion applied to a
GFM VSC black-box model (see Fig. 3). In particular, two
oscillatory modes (Mode 1 and Mode 2) characterise
system stability, and instabilities are observed when the
above parameters are increased up to k,= 0.04@ p.u.
(Mode 1 at f,=48.8 Hz) and G,~ 0.7 p.u. (Mode 1 at
f-=49.5 Hz) in Scheme 1, and SCR = 16 p.u. (Mode 1 at
f-=3.35 Hz) in Scheme 2.

B. AC/DC assumption

The AC/DC assumption is not considered in [13] and, in

general, most GFM VSC studies neglect this assumption.

The GFM VSC behaviour when £, and G, are increased in

Scheme 1, and when SCR is increased in Scheme 2, is

illustrated by both time-domain MATLAB/Simulink

simulations and the frequency-domain RMA-based PMD
stability criterion applied to a GFM VSC black-box model

(see Fig. 3) as shown in Fig. 6 and Fig. 7, respectively. It

is observed that

e A new mode (Mode 3), in addition to the AC-only
assumption modes (Modes 1 and 2), emerges when the
AC/DC assumption is considered and significantly
influences system stability. This mode is related to the
influence of the DC grid on stability.

e In Scheme 1, there is an AC/DC interaction, and Mode 3
(DC grid) strongly affects the AC/DC system dynamics.
The frequency response of Modes 1 and 2 is modified by
DC interaction, and instability is driven by Mode 3
(rather than Mode 1 as suggested in Subsection 5.A).
This instability shifts from 48 —49 Hz under the AC-
only assumption to 61 —64 Hz when the AC/DC
assumption is considered. In this case, the DC-side grid
should not be modeled by a constant voltage source in
stability studies, in order to avoid neglecting AC/DC
interactions.

eIn Scheme 2, AC/DC

interactions and Mode 3

(associated with the DC grid) have only a minor impact

3H2 g [ =694 Ha
V4
Il

Ru3>0

R, <0 ' Mode 2 (S) !
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Fig. 7. Stability study of Scheme 1 under AC/DC scenario using Fig 8. Stability study of Scheme 2 under AC/DC scenario using
MATLAB/Simulink simulations (top) and RMA-based PMD stability M_AT_LAB/ Simulink s1mule_1t10ns (top) and RMA-based PMD stability
criterion (bottom): a) & influence; b) G. influence. criterion (bottom): a) SCR influence.
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on the overall AC/DC system dynamics. The frequency
response of Modes 1 and 2 is slightly modified by the DC-
side interactions, and instability remains driven by
Mode 1 at approximately 3.3 Hz. In this case, the DC-side
grid may be reasonably approximated as a constant
voltage source in stability studies. However, it must be
highlighted that Mode 3 (associated with DC-side grid)
may still introduce instabilities in the full system.

e In particular, instability is observed when the parameters
k, and G, in Scheme 1 and SCR in Scheme 2 are increased
up to k,=0.06m p.u. (Mode 3 at f.=64.1 Hz) and
G,~ 1.3 pu. Mode 3 at f,=61.4 Hz) in Scheme 1, and
SCR ~ 16 p.u. (Mode 1 at f- = 3.3 Hz) in Scheme 2.

The results indicate that including DC-side dynamics can

significantly affect the stability assessment of grid-

connected GFM VSCs, depending on the control scheme. In
particular, for Scheme 1, AC/DC interactions introduce an
additional mode that becomes the dominant source of
instability, which is not captured under the AC-only
assumption. Consequently, neglecting the DC grid may lead
to inaccurate stability predictions. Therefore, adopting a full

AC/DC modelling framework is essential for reliable

stability analysis, particularly in systems and control

schemes with strong AC/DC coupling.

6. Conclusion

This paper has presented a comprehensive small-signal
stability analysis of grid-connected GFM VSCs under PSC-
and AVC-based control schemes, considering both AC-only
and full AC/DC modelling frameworks.
MATLAB/Simulink time-domain models and frequency-
domain black-box impedance models have been developed
and validated using time-domain simulations and the RMA-
based PMD stability criterion.

The results confirm that the AC-only assumption captures
the dominant oscillatory modes in simplified scenarios,
identifying two main modes associated with synchronous
and sub-synchronous dynamics. However, when AC/DC
interactions are considered, an additional mode emerges,
significantly altering the system stability characteristics. In
particular, for the PSC + AVC scheme (Scheme 1), the DC-
side dynamics introduce a new dominant mode that governs
instability and shifts the oscillatory frequency range. This
behaviour is not captured under the AC-only assumption,
demonstrating that neglecting DC dynamics may lead to
inaccurate stability predictions. In contrast, for the PSC +
AVC + CC scheme (Scheme 2), AC/DC interactions have a
limited impact on the dominant instability mechanism,
although the additional mode may still affect overall system
robustness.

These findings highlight that the relevance of AC/DC
interactions strongly depends on the control structure.
Therefore, the use of simplified AC-only models may be
acceptable in some configurations but can be insufficient in
others, particularly when strong coupling between AC and
DC dynamics exists. Overall, the proposed methodology
combining time-domain simulations, black-box modelling,
and RMA-based stability assessment provides an effective
and practical framework for analysing complex converter-
dominated power systems. Black-box modelling is
especially suitable for scenarios where detailed internal
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models are not available, thereby supporting the reliable
design and stability assessment of future power systems
with high penetration of GFM converters.
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