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ABSTRACT The increasing penetration of converter-interfaced generation units results in a frequency-weak
power system characterized by decreasing system inertia. Consequently, the angular frequency of the power
system may deviate from its nominal value, with its dynamics significantly influenced by the various control
loops of converters. To accurately conduct small-signal analysis of such power systems, two impedance-
based modeling approaches have been proposed in recent years. The first approach derives small-signal
models in a synchronously rotating reference frame, also referred to as the dg-frame, which is defined by the
power system’s nominal angular frequency. This method characterizes individual converter systems using
only their dg-domain impedance matrix. The second approach, on the other hand, develops small-signal
models in a dg-frame defined by the dynamic angular frequency of the power system. In this case, converter
systems are characterized not only by their dg-impedance matrix but also by an additional transfer matrix that
relates variations in the output current to variations in the power system’s angular frequency. This leads to
different closed-loop transfer matrices for the two approaches, which are used to assess small-signal stability.
This article shows, using the derived analytical models, that despite the differences in the closed-loop transfer
matrices, the two impedance-based modeling approaches are equivalent and lead to the same conclusions
regarding the small-signal stability of the overall system. However, the second approach offers better physical
insight into the behavior of converter systems during disturbances. Experimental results are provided to
validate the theoretical analysis.

INDEXTERMS Frequency dynamics, grid-forming (GFM) system, impedance model, small-signal analysis,
voltage-source converters (VSCs).

NOMENCLATURE Xt Reactance of the converter filter (£2).

List of Symbols e 3-d voltage at terminal of ideal voltage source (V).
Ry Resistance of the grid (€2). Eq Rms value of the line-to-line source voltage (V).
[1g Inductance of the grid (H). s Angular frequency of the source voltage (rad/s).

X, Estimated reactance of the grid (€2). A Source voltage angle (rad).

R Resistance of the converter filter (£2). ey 3-® voltage at point-of-common-coupling, PCC (V).
L¢ Inductance of the converter filter (H). Ey Rms value of the line-to-line voltage at the PCC (V).
© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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N Angular frequency of the PCC voltage (rad/s).
O PCC voltage angle (rad).

ec 3-® voltage at converter’s terminal (V).

E. Rms value of the line-to-line converter voltage (V).
W Angular frequency of the converter voltage (rad/s).
O Converter voltage angle (rad).

it 3-® current across the converter filter (A).

g 3-® current across the grid impedance (A).

P. 3-® active power output of the converter (W).

Oc 3-® reactive power output of the converter (VAr).

Py 3-® active power injected to the grid (W).

0O, 3-® reactive power injected to the grid (VAr).
SN Rated power of the converter (VA).

Ex Rated line-to-line voltage of the system (V).
WN Rated angular frequency of the system (rad/s).

H Inertia time-constant of the grid (s).

Kp Mechanical damping coefficient of the grid (per unit).

s Laplace transform variable (rad/s).

R, Active resistance used in ac voltage controller (£2).

appf  Cutoff frequency of the high-pass filter (rad/s).

Oy Loop-bandwidth of the ac voltage controller (rad/s).

Kivc Gain of the integrator in ac voltage controller (rad/s).

Kppe  Active power controller’s proportional gain (rad/s).

Kipe  Active power controller’s integral gain (rad?/s?).

R, Active damping term in active power controller
(rad/s).

K; Synchronizing power coefficient (W).

Olpc Loop-bandwidth of the active power controller (rad/s).

apr  Cutoff frequency of the low-pass filter (rad/s).

oL Load angle of the converter in dg“N frame (rad).

6 Load angle of the voltage source in dg“N frame (rad).

SL Load angle of the converter in dg“¢ frame (rad).

5L Load angle of the voltage source in dg“¢ frame (rad).

Conventions Used

Superscript “x” denotes a reference signal.
Superscripts “w¢,” “ws,” “wn.” and “w,” indicate quan-
tities in the converter dg-frame, source dg-frame, dg®N
frame, and dg¢®“¢ frame, respectively.

Subscripts “d” and “q” represent the d- and g-
components of a space vector in the corresponding
dg-frame.

Symbol “A” preceding a variable denotes its perturba-
tion component.
Subscript “0” signifies steady-state quantities.

Bold variables represent matrices.

I. INTRODUCTION

Aligning with global efforts to achieve carbon neutrality and
foster a sustainable energy future, there is a continuous growth
of renewable energy generation. To ensure controllability and
flexibility, renewable energy sources are commonly interfaced
to the grid by power-electronic devices, such as voltage-
source converters (VSCs). Consequently, the proportion of
renewables and power electronics in modern electric power
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systems has increased significantly and is projected to rise
even further in the future [1]. However, an increase in the
penetration level of converter-interfaced generation technolo-
gies introduces new oscillation modes and alters the dynamic
behavior of power systems following disturbances [1], [2].
This brings the need for methodologies that accurately capture
the dynamics introduced by converter technologies, as well
as new stability assessment tools to ensure the reliable and
stable operation of modern power systems under evolving grid
conditions.

Small-signal stability assessment of power electronics-
dominated power systems (PEDPS) can be conducted using
both time-domain and frequency-domain methods. Time-
domain methods primarily include eigenvalue analysis based
on detailed state—space models. A key advantage of eigen-
value analysis using state—space models is its ability to
identify oscillation modes and the participation factors of sys-
tem and control parameters [3]. However, the main limitation
is that detailed system and controller information for converter
systems is typically required, which may not be feasible in
real-world scenarios [4], [5], [6]. In addition, the complex-
ity and computational burden increase significantly for large
networks, making time-domain approaches less suitable for
small-signal analysis [7], [8].

To address the limitations of time-domain methods,
frequency-domain approaches are a suitable choice for per-
forming small-signal analysis of PEDPS. In particular, the
impedance-based approach has emerged as an effective
method for modeling and analyzing the small-signal char-
acteristics of converter systems [7], [8], [9], [10], [11].
Impedance models represent individual converter systems
in terms of their frequency-dependent impedances, which
allows for a modular approach to analyzing complex inter-
connected systems. This modularity simplifies the assessment
of the interaction between converter systems without requir-
ing detailed knowledge of their internal states. For instance,
Wang et al. [8] employed an impedance-based approach in a
three-phase meshed network to analyze harmonic instability
caused by interactions between the inner control loops of
voltage- and current-controlled inverters, while Tan et al. [9]
applied the impedance-based method for stability analysis of
VSC-HVDC systems.

Impedance-based small-signal stability analysis can be con-
ducted in either the stationary op-reference frame or the
synchronously rotating dg-reference frame [10], [11]. In this
approach, a power system is typically decomposed into source
and load subsystem equivalents. Small-signal stability is then
assessed using methods, such as generalized Nyquist crite-
rion [12], [13], [14], [15], passivity [16], [17], [18], [19],
[20], [21], and positive-net-damping [22], [23], [24], [25].
Each of these methods has its strengths and weaknesses,
and their applicability depends on the specific system and
phenomenon being analyzed. For example, while the gen-
eralized Nyquist criterion can characterize resonances in a
system [13] and determine overall system stability [15], it
does not always provide direct insight into the root causes of
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instability. On the other hand, passivity-based analysis helps
identify the contribution of individual subsystems to overall
stability [18], [19] and aids in designing converter control
strategies to mitigate adverse system interactions [16], [17],
[20], [21]. However, its conservative nature can lead to overly
strict assessments, potentially resulting in false instability
predictions.

Despite advancements in impedance-based analysis of
power systems, most studies assume that the power system’s
angular frequency remains constant when modeling subsys-
tems. However, with the increasing penetration of converter-
interfaced generation units, power systems are becoming
frequency-weaker due to reduced system inertia and the intro-
duction of new dynamics by converter systems. Consequently,
variations in the system’s angular frequency can no longer be
neglected. Several studies have investigated the inclusion of
frequency dynamics in small-signal models [26], [27], [28],
[29], [30], [31], [32]. The studies in [26], [27], [28], [31],
and [32] propose small-signal modeling in a synchronously
rotating dg-frame (SRF) defined by the angular frequency of
the voltage at the point-of-common-coupling (PCC), which
is considered as the system’s fundamental angular frequency.
Using this approach, small-signal characteristics of converter
systems are modeled not only with their dg-impedance matrix
but also with a transfer matrix that correlates variations in the
converter system’s output current to variations in the funda-
mental angular frequency. While using this type of approach
introduces an additional step in the small-signal stability as-
sessment compared to the conventional dg-impedance-based
method, it offers better physical insights into the dynamic be-
havior of converter systems during grid disturbances, includ-
ing variations in grid voltage magnitude and frequency [29].
Conversely, the study in [30] establishes small-signal models
in a dg-frame defined by the system’s rated angular fre-
quency. It further shows that, in this context, the effects
of fundamental frequency variations are inherently incorpo-
rated within the terminal dg-impedance matrix of converter
systems, enabling the application of conventional impedance-
based small-signal stability assessment criteria. However, the
mathematical relationship between impedance models in the
two reference frames remains unclear in the existing liter-
ature. Furthermore, it has not yet been addressed whether
the choice of reference frame influences small-signal stability
analysis.

To address this gap, this article mathematically and compre-
hensively explores the similarities and differences between the
impedance-based modeling approaches of converter systems
in the two types of SRFs. It demonstrates that these two
modeling approaches for converter systems are mathemati-
cally equivalent and provide the same conclusions regarding
the small-signal stability of the overall system. Furthermore,
the key advantages and disadvantages of each approach are
highlighted. Finally, experimental tests of a grid-connected
converter system are conducted to validate the theoretical
findings.
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FIGURE 1. Single-line diagram of considered grid-connected converter
system and block scheme of implemented GFM control.

II. SYSTEM AND CONTROLLER DESCRIPTION
Fig. 1 shows the single-line diagram of a grid-connected
converter system together with the block scheme of the
implemented controller. The grid model consists of an ideal
voltage source behind a grid impedance, with resistance R,
and inductance Ly. The three-phase voltage at the voltage
source is denoted by eg, while the voltage at the PCC and the
converter’s terminal are denoted by e, and e, respectively.
The quantities P. and Q. represent the active and reactive
power output of the converter system; whereas, P; and Q, are
the active and reactive power injected to the grid, respectively.
The variables ir and iy denote the three-phase current across
the converter filter and the grid, respectively. For the consid-
ered system, P. = Py, Oc = Qg, and iy = iy;. The magnitude
of the source voltage, Ej, is assumed constant; whereas, to ac-
count for inertia and to model frequency dynamics in the grid,
the angular frequency of the voltage source, wy, is obtained
using the swing equation as follows [33]:
w0, = ( 1 (Pg— P, g )
) i—gs + f}—E SN

+ oN. ey

The terms SN and wy denote the base power (here the rated
power of the converter is selected as the base value) and rated
angular frequency of the system, respectively. H and Kp rep-
resent the inertia time-constant (in seconds) and mechanical
damping coefficient (in per unit) of the grid, respectively. The
term s is the Laplace-transform variable, interpreted as d/dt
where appropriate, and “x” denotes a reference signal in the
notations.

A grid-forming (GFM) control strategy is implemented for
the converter system, utilizing the direct control of converter
voltage (DCCV) approach described in [34]. It is important
to note that this particular GFM control strategy has been
chosen for its simplicity; however, the analysis presented in
this article is independent of the specific type of control strat-
egy used for the converter system. In DCCV approach, an ac
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FIGURE 2. Block scheme of implemented AVC in converter system.

voltage controller! (AVC) regulates the magnitude of the
voltage at the PCC and calculates the reference value of
the converter voltage magnitude, EJ, while an active power
controller (APC) calculates the converter voltage angle, 6.
To enable fault-ride-through capability, an embedded current
controller is typically included in this control strategy. This
controller remains inactive during normal operation but acti-
vates when overcurrent conditions arise [35], [36]. However,
since the primary focus of this study is on small-signal stabil-
ity, current limitation scenarios are not considered, and thus,
the current controller is not shown in Fig. 1 as well as ex-
cluded from the system model in the following. Furthermore,
all controllers are designed in the converter dg-frame (using
power-invariant transformation), which is defined by the angle
output of the APC.

As depicted in Fig. 2, the AVC implemented here comprises
of a pure integrator. Accordingly, the reference value for the

converter voltage vector, ex® is calculated as follows [34]:

Gye Gipf Ghpt
K o
* D, i,ve * Ipf )
s S+ aipr S + thpf

where En denotes the rated line-to-line voltage of the sys-
tem and E; denotes magnitude of the measured line-to-line
voltage at the PCC. The superscript “w.” is used to represent
quantities in the converter dg-frame. The term ajpr denotes
the cutoff frequency of the low-pass filter for the PCC volt-
age measurement. A transient damping term comprising the
high-pass filtered converter current is added at the output of
the AVC to prevent a poorly damped closed-loop response. R},
denotes the active resistance, and appr the cutoff frequency of
the high-pass filter, with values selected as suggested in [34].

The integral gain of the controller, Kj ¢, can be calculated

(X +Xo
M, where
(Xg)

aye denotes the desired closed-loop bandwidth (in rad/s) of
the first-order response from EJ to E,. X; and Yg denote
the reactance corresponding to the filter inductance Ly and
estimated grid inductance, respectively. To guarantee the de-
sired response speed for all grid conditions, X'g is typically
set for the strongest grid strength provided by the system
operator [34].

using the loop-shaping approach as, Kj yc =

! Alternatively, a reactive power controller can be used, depending on the
system’s requirements
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FIGURE 3. Block scheme of implemented APC in converter system.

For the investigated GFM control, the APC provides both
active-power reference tracking and grid synchronization. The
implemented APC consists of a proportional—integral regu-
lator for accurate reference tracking and an active damping
term, R, to improve the controller’s dynamic performance.
As depicted in Fig. 3, the APC calculates the converter voltage
angle as [34]

Gpe
(P —F) FPe

Kipc
- —Ri—+ow
s ) Sa N

0. = ;wc = E (Kp,pc +

3)

The control parameters of the APC are tuned using the loop-
shaping approach to obtain a first order closed-loop response

from P} to P.. Accordingly, K pc = ‘%SN, Kipc = %SN,
and R, = K pc, where ap. is the loop bandwidth (in rad/s)

of the APC. The synchronizing power coefficient is given by
EcEs
T XXy

1Il. SYNCHRONOUS REFERENCE FRAMES DEFINITIONS
To derive a small-signal model of the overall system, all
circuit variables must be transformed to one common SREF,
referred to in this article as the system dg-frame. This section
defines the two types of system dg-frames used to obtain the
small-signal models of the grid-connected converter system.
1) dg®N frame: In this frame, the d“N and ¢®N axes rotate
at the system’s rated angular frequency, wy. 2) dg®¢ frame:
This frame is aligned with the PCC voltage, meaning that the
d®¢ and gt axes rotate at the angular frequency of the PCC
voltage, w,.

A. SYSTEM DQ-FRAME I

The first type of system dg-frame considered here, denoted
as the dg®N frame (represented by d“N, ¢“N axes in Fig. 4),
is defined by the transformation angle, Oy, which is obtained
by integrating w;, i.e., Oy = “X. Since the dg®N frame ro-
tates with wy, the d”N and ¢g“N axes do not oscillate under
small-signal perturbations. On the other hand, in accordance
with (1) and (3), under small-signal perturbations resulting
in power variations, the converter dg-frame (rotating with
and represented by d“¢, ¢®¢ axes in Fig. 4) and the source
dg-frame (rotating with ws and represented by ds, g“* axes
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FIGURE 4. lllustration of dg“N frame, converter dg-frame, and source
dg-frame alignments during steady state (top figure) and under
small-signal perturbations (bottom figure).

in Fig. 4), oscillate around their respective steady-state posi-
tions. As shown in the figure, the angle difference between
the converter dg-frame and the d¢g“N frame, also known as the
converter load angle, is denoted by 6 in Fig. 4. Similarly, 6]
represents the angle difference between the dg®“N frame and
the source dg-frame, also referred to as the load angle of the
voltage source. The steady-state load angles of the converter
and voltage source with respect to dg®N frame, denoted as
6o and 6], respectively, are determined by the load flow
analysis of the network. Furthermore, A and AGI: describe
the variations in the corresponding load angles during small-
signal perturbations. Since the dg®N frame does not oscillate
during small-signal perturbations, A and Af] are solely
governed by variations in the converter-voltage angle and the
source-voltage angle, respectively, as described in Section I'V.

B. SYSTEM DQ-FRAME Il

The second SRF considered here, denoted as the dg®¢ frame
(represented by d“¢ and ¢t axes in Fig. 5), is aligned to
the PCC voltage. Accordingly, it is defined by the PCC volt-
age angle, 0y, which is obtained by integrating the angular
frequency, w,, of the three-phase voltage at the PCC, i.e.,
0, = % Unlike the dg®N frame, small-signal perturbations
resulting in active-power variations (and hence a perturbation
in wg), cause the d“t and ¢g“¢ axes to oscillate around their
respective steady-state positions, as depicted in Fig. 5. The
load angle of the converter in the dg®¢ frame is denoted by
8y in Fig. 5, while 8] denotes the load angle of the voltage
source in the dg“e¢ frame. The steady-state load angles of
the converter and voltage source with respect to dg“¢ frame
are given by 8y and §j ,, respectively, and are determined
through the load-flow analysis. Due to the oscillation of dg“¢
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FIGURE 5. lllustration of dq“s frame, converter dq-frame, and source
dg-frame alignments during steady state (top figure) and under
small-signal perturbations (bottom figure).

frame during small-signal perturbations, the variation in the
converter load angle, Ady, is influenced by changes in both the
converter-voltage angle and the PCC voltage angle. Similarly,
the variation in the load angle of the voltage source, ASL,
depends on variations in both the source-voltage angle and the
PCC voltage angle. These relationships are further detailed in
the following section.

IV. SMALL-SIGNAL MODELING

The conventional impedance-based method is employed to
define the small-signal characteristics of the grid-connected
converter system under consideration. This frequency-domain
method partitions the overall system into two subsystems:
1) the element under study, which in this case is the GFM
converter, and 2) the remainder of the system, here constituted
by the inertial grid [37]. Depending on the selected inputs and
outputs, each subsystem is modeled using either its Thévenin
or its Norton equivalent. Specifically, if voltages are chosen
as inputs and currents as outputs, the subsystem is represented
using a Norton equivalent. Conversely, if currents are selected
as inputs and voltages as outputs, a Thévenin equivalent is
used. The impedance-based modeling approach offers sig-
nificant advantages over other small-signal stability analysis
methods. Notably, it facilitates the independent analysis of
subsystems, making it particularly effective for identifying
potential resonance sources and paths in large-scale power
systems with multiple interconnected converters [38].

In this section, analytical models describing the small-
signal characteristics of the grid-connected converter system
in two types of system dg-frame are derived. In addition,
stability assessment criteria in each system dg-frame is
established.
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A. SMALL-SIGNAL MODEL IN SYSTEM DQ-FRAME I

In this section, the small-signal models of the converter sys-
tem and the inertial grid in the dg®N frame are first derived
analytically and then validated through detailed time-domain
simulations. Furthermore, using these small-signal models of
individual subsystems, stability assessment criteria for the
interconnected system are established.

1) SMALL-SIGNAL MODELING OF CONVERTER SYSTEM

To derive the small-signal model of the converter system in
the dg®N frame, the controller dynamics described previously
should be transformed to this frame. By using (3), the angle
0L is given as

l[Gpc(Pg - Pc) - RaPc]

O =60, — 6N =
L c N B SN

“)

Thus, any space-vector ¢ defined earlier in the converter
dg-frame can be transformed to the dg®N frame using the
following relation:

ZON = g% el (5)

Using linearized forms of (2), (4), and (5), the small-signal
model of the converter voltage reference in the dg“N frame
can be expressed as

Gr

|:Ae:§)N:| _ [—(eg’go + GrptRyieY) GvccoseLo} |:A9L:|

*WN N RN i y
Aegq (ecao + OhpiRalygg)  Guesinfro | | AEg
Gpyyi
Gye GlprOSQL()E:(% Gye GlprOSQLOE:(;\(I) Ae®N
+ E-g() ox E-g() oN egd
Gye GlpfsmeLoeng Gye GlpmeGLoequ Ae(gv(ll\l
Eq Ego
Gpn
/ N
| OweRe 0 AR ©)
/ JON
0 - thfRa A lfq
with
Gpc *
AQL _ m 0 AP ¢
AE} 0 1||AE;
Gpvez
p— 1% W =
_ (Gpet+Ry )egg) _ (GpetRa )egé\g) Ain
+ SSN SSN .{SN
0 0 Alfq N

Gpvyy2

(Gpc +Ra )l?‘;lg (GPC +Ra )l(f:]g AewN ]
+ - SSN - SSN ng)d
N

0 0 A €gq |

(7

. _ _WN :ON WN ~WN —
where the expressions Pe = e,q iy + €gq i, > and Eg =

(eg(’l" )% + (egq')? are used for the active power output of
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the converter and the PCC-voltage magnitude, respectively.
In general, (6) describes how variations in the converter load
angle and set point for the AVC, PCC voltage, and converter
current affect the converter’s reference voltage. Equation (7)
explains how variations in the converter’s active power set
point, and the actual active power variations at the PCC influ-
ence the converter load angle through the APC. The transfer
matrices G, Gpyyi, and Gpy relate variations in the con-
verter load angle and set point for the AVC, PCC voltage, and
converter current, respectively, to variations in the reference
voltage of the converter. Meanwhile, the transfer matrices
Gpyy2 and Gpy; describe how variations in the PCC voltage
and converter current, respectively, affect the converter load
angle. The subscript “0” represents steady-state quantities in
the notations.

By neglecting the impact of converter delays and using (6),
(7), and the linearized expression for the current dynamics in
the dg®N frame, which is given by

Zg

Aey | _ | Aed 4 |Rotsle —oxke ALY ®
)
Aely Aegy oNLy  Re+sLe | | A
the small-signal model of the converter system in the dg®N
frame can be obtained in its conventional form as

Alf AE,
—— ——
APy AP: Aey
=G| S -Ye| & ©)
Aigy AE} Aegy

where Y. denotes the input-admittance? of the converter sys-
tem seen from the PCC and is given by

Y. = [GrGpyer + Gpu — Z] " [GTGpyy2 — Gpyy1 — 1]
(10)

with I denoting the identity matrix of dimension 2 x 2.

As seen in (9), the input admittance characterizes the rela-
tionship between variations in the PCC voltage and variations
in the converter current. In the dg®~ frame, Aegg‘ primarily re-
flects variations in the PCC voltage magnitude. Consequently,
the elements Y (1, 1) and Y.(2, 1) of the converter’s input
admittance describe the impact of PCC voltage magnitude
variations on the converter current. Meanwhile, the effect of
variations in the angular frequency of the PCC voltage on
the converter current is represented in the dg®N frame by the
elements Y.(1,2) and Y.(2, 2). This is because, in the dg®N
frame, variations in the angular frequency of the PCC voltage
are primarily reflected in Aegy', as detailed in [39].

2) SMALL-SIGNAL MODELING OF INERTIAL GRID

To derive the small-signal model of the inertial grid, the source
voltage vector, ef*, in the source dg-frame (defined by the
transformation angle, 65, which is obtained by integrating

2 Since the direction of current flowing out of the converter in Fig. 1 is
taken as positive, the negative sign for Y. is used in (9).

211



NARULA ET AL.: EVALUATION AND COMPARISON OF SMALL-SIGNAL CHARACTERISTICS OF GFM CONVERTER SYSTEMS

the angular frequency of the voltage source, ie., 5 = =)
should be transformed to the dg“N frame. By using the swing
equation in (1), this transformation can be achieved from the
following expression:
/ *
€N = ¢%e L with 6] =6y — 6, = lm'
S SN

(1)

Linearizing (11), the small-signal model of the source voltage
vector in the dg®N frame can be expressed as

Ge&
Ae“N eEN 0| A
Zﬁi — sq0 L
N _ N
Aeig eqo O 0
Gte
/ . / (O
cost;,  sinf, Aegy (12)
s / / Wy
—sinff, cosf | | Aegg
with
Gyi
—_ WON / ON
AO! Gpe ol AP _ Gpceado )
L = SSN g + SSN SSN
0 | 0 1 0 0 0
Gﬁe
— .wN .Cl)N
Ain _ Glgclgd() _ GI/JClqu AewN
ed TS T TSN ed | (13)
~WON N
_Azgq 0 0 Aegqg

where the expression Py = ¢gq'in) + €gq igq is used for the

active power injected into the grid. In (12), the transfer matrix
G¢g describes the relationship between variations in the load
angle of the voltage source and the source voltage vector in
the dg®N frame, while the matrix Gy relates variations in the
magnitude of the source voltage to variations in the source
voltage vector. Similar to (7), (13) describes the influence
of active power variations at the PCC on the load angle of
the voltage source. Since the magnitude of the source voltage
is assumed constant, Ae} = Aeg; = 0. By substituting (13)
in (12) and using the linearized expression for the current
dynamics in the dg®N frame, which is given by

Zg
Aely _ Ae(g”é‘] Ry +sLy —onLg Aigg
AeN Ay oNLy  Rg+sLg | | Aigy
(14)

the small-signal model of the inertial grid in the dg®N frame
can be obtained in its conventional form as

Al AE,
——
ALY AP} Aey)
o | = Ge El+Y, o 15)
Aigq 0 Aegq
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TABLE 1. System and Control Parameters for Considered System

System parameters Control parameters

SN 1 kVA (1.0 pu) H 5s
Ex 100 V (1.0 pu) Kp 50 pu
WN 314.16 rad/s (1.0 pu)  awe 271 rad/s
R¢ 0.015 pu Qupf  2mS rad/s
Ly 0.15pu R 0.1 pu
Ry 0.02 pu Qpt 27100 rad/s
Lg  02pu Qpe 275 rad/s
2 Zs
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FIGURE 6. Frequency response of Y; analytical model (solid-blue curves)
and simulation model (dotted-red curves).

where Y, denotes the input-admittance of the inertial grid
seen from the PCC and is given by

Y, = [GeoGopi + Zg] ™' [I — GegGoel- (16)
3) VERIFICATION OF DERIVED SMALL-SIGNAL MODELS
To verify the analytically derived input admittance of the con-
verter system and the inertial grid, detailed PSCAD/EMTDC
time-domain simulation of the grid-connected converter sys-
tem shown in Fig. 1 including all control loops (implemented
in discrete time) is used. The dg®N frame is aligned such that
the d“N-axis coincides with the PCC voltage vector in steady-
state. Furthermore, independent dg-voltage perturbations are
applied at the PCC to the individual subsystems at various fre-
quencies. For each perturbation, the resulting perturbations in
the dg-components of the current in the respective subsystem
are measured, and the input admittance of each subsystem is
extracted using discrete Fourier transform (DFT) calculations.
For all the simulation and experimental tests performed in
this work, system and control parameters stated in Table 1
are used unless stated explicitly. Furthermore, the simulation
tests are performed with the converter system injecting 0.8 pu
active power and regulating the PCC voltage to 1.0 pu. Figs. 6
and 7 show the frequency response of the real and imaginary
parts of the four elements of Y. and Yy, respectively. The
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FIGURE 7. Frequency response of Yg; analytical model (solid-blue curves)
and simulation model (dotted-red curves).

Converter system

AC-inertial grid

FIGURE 8. Applied disturbance to evaluate small-signal stability of
grid-connected converter system.

results demonstrate a very good match between the analytical
frequency characteristics and those obtained from simula-
tions, verifying the validity of the analytical models.

4) DERIVATION OF SMALL-SIGNAL STABILITY
ASSESSMENT CRITERION
To formulate an assessment criterion for evaluating the small-
signal stability of the interconnected system, a shunt current
perturbation, as depicted in Fig. 8, is considered as the source
of disturbance. This disturbance results in variations in both
the voltage magnitude and angular frequency at the PCC,
which is reflected in terms of oscillations in both d- and
g-components of the PCC voltage in the dg®“N frame. For the
given disturbance, reference values for the active power and
PCC voltage magnitude remain constant, which implies that
AP! = APy = AE] = 0. By considering the current direc-
tions shown in Fig. 8 and using (9) and (15), an equivalent
block-scheme (illustrated in Fig. 9) describing the small-
signal characteristics of the grid-connected converter system
in the dg®N frame can be obtained. Accordingly, the small-
signal stability of the system in this frame can be assessed by
analyzing the poles of the closed-loop transfer matrix, G(C”N,
which is given by
AE,

_ —1,—
=GN =+ Y'Y Y

AlLL a7
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FIGURE 9. Equivalent block-scheme describing small-signal characteristics
of grid-connected converter system in dg“N frame.

where the matrix, AE,, is as defined in (9) and Al = Alf +
AlL.

B. SMALL-SIGNAL MODEL IN SYSTEM DQ-FRAME Ii

1) SMALL-SIGNAL MODELING OF CONVERTER SYSTEM

To derive the small-signal model of the converter system in the
dg®¢ frame, the controller dynamics should be transformed to
this frame using the following relation:

7% =%/ with 8 =6, — O, .

(18)

Using linearized forms of (2), (3), and (18), the small-signal
model of the converter voltage reference in the dg®t frame
can be expressed as

G}
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. Wg .Wg Wg .Wg _
where the expressions Pe = e,qigy + egqipy, and Eg =

/(e:é" )2+ (ef;éf )2 are used for the active power output of the

converter and the PCC-voltage magnitude, respectively.

Similar to (6), (19) describes the influence of variations
in the converter load angle and set point for the AVC, PCC
voltage, and converter current on the reference voltage of the
converter. Furthermore, comparing (7) and (20) reveals that,
unlike in the dg®N frame, variations in the converter load an-
gle in the dg¢“t frame are influenced not only by active power
variations but also by changes in the angular frequency of
the PCC voltage. This influence is described by an additional
transfer matrix, Gj_, in (20).

Again, by neglecting the impact of converter delays and
using (19), (20), and the linearized expression for the current
dynamics in the d¢“¢ frame, which is given by

Z;
‘;j " Ry +sLy —wnLf Ai?;g
Wg
(gug wNLf Ry + sL¢ Alfq“

’
GV(D

———
. [—Lfi;go 0} [Awg]
Lflde 0 0

the small-signal model of the converter system in the dg®s
frame is derived as

Aie AP* Aewg Aw
i, AE} Aegt 0

4 /
where Y, and G;_,

2n

are given by

’ /g~ / r1—1 1~ ’
Y. = [G1Gpyex + Gpu — Z¢]  [GrGpyyy — Gpyyy — 11
(23)
Giop = [G1Ghyer + Ghu — Z{17'[G),, + GG, I (24)

Comparing (10) and (23), it follows that the input admittance
of the converter system is identical in both system dg-frames,
ie., Yo =Y., provided that the dg“N and dg®t frames are
aligned in steady state. However, their physical interpretations
differ. The elements Y.(1, 1) and Y/(2, 1) of the converter’s
input admittance descrlbe the relationship between variations
in the PCC voltage magnitude and the converter current in
dg®¢ frame, similar to dg®N frame. However, the relation-
ship between variations in the angular frequency of the PCC
voltage and the converter current is modeled differently in the
two system dg-frames. In the dg®¢ frame, this relationship is
modeled using an additional transfer matrix, Gi_, , rather than
through the elements Y. (1, 2) and Y.(2, 2), as in dg®N frame.
This is because a small-signal disturbance resulting in voltage
magnitude and angular frequency variations at the PCC does
not affect the g-component of the PCC voltage vector in the
dg®¢ frame, since this frame is aligned to the PCC voltage.
Thus, Ae;)f =0.
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2) SMALL-SIGNAL MODELING OF INERTIAL GRID
To derive the small-signal model of the inertial grid, the source
voltage vector in the source dg-frame should be transformed
to the dg®¢ frame using the following expression:

Vg

e = eI,

= with 8] = 0 — 6. 25)

Linearizing (1) and (25), the small-signal model of the source
voltage vector in the dg“¢ frame can be expressed in its com-
ponents form as

’
Ge0

r——
Ae;f _ ey O [As]
Aegg - e:;go 0 0

G
8/ : 5/ A Wg
+ CO.S L/O Sin 170 ewg (26)
—sind;, cosdy | | Aesq
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AS | | 0] Aw, N & 0| | AR
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G
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. _ a)g .Ll)g wg .(Ug .
where the expression Py = €oalod T €aqleq 18 used for the

active power injected into the grid.

Once again (27) reveals that, unlike in the dg®N frame, vari-
ations in the load angle of the voltage source in the dg“¢ frame
are influenced not only by active power variations but also by
changes in the angular frequency of the PCC voltage, which
is described by transfer matrix, G§, . Since the magnitude of
the source voltage is assumed constant, Aesd Ae(s‘if =0.
Finally, by substituting (27) in (26) and using the linearized
expression for the current dynamics in the dg®¢ frame, which

is given by
} [Rg +sLg

Ae:g" A e:(’f oNL
w. - W,
Aegd Aeyg wNLg
Geo

ROJ
— . Azgf
Ry +sLg | | Aigs
—

Wg
B —Lgi o 50 0| Aw,g
Lyigsy O ©

/
Zg

(28)
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the small-signal model of the inertial grid in the dg®¢ frame is
derived as

Ai® AP* Ae™® Aw
d | _ / / d / g
|:Ai§"§i| =G, { Og] +Y, [Ae;;;é} + Gy, [ 0 (29)

where Yé and G/

g ArC given by

-1

Y, = [GlyG); + Z) ™' (1 — Gy G ] (30)

G, = 31)

oo = ~1GL Gy + Z1 G, + GG, ).
Similar to the input admittance of the converter system, it can
be observed from (16) and (30) that the input admittance of
the inertial grid in the two types of system dg-frames are
equal,ie., Yy = Y’g, if the dg®N and dg®¢ frames are aligned
together in steady-state.

3) VERIFICATION OF THE DERIVED SMALL-SIGNAL MODELS
Since the input admittance of the converter system and inertial
grid in the two system dg-frames are equal, results obtained
from voltage perturbations in the dg®s frame are not shown
here. To verify G| and Gi’gw matrices, frequency perturba-
tions are applied at the PCC to the individual subsystems at
various frequencies and DFT calculations are performed. The
results shown in Figs. 10 and 11 demonstrate a very good
match between the analytical frequency characteristics and
those obtained from simulations, verifying the validity of the
analytical models.

VOLUME 6, 2025

FIGURE 12. Equivalent block-scheme describing small-signal
characteristics of grid-connected converter system in dg“8 frame.

4) DERIVATION OF SMALL-SIGNAL STABILITY ASSESSMENT
CRITERION

As mentioned previously, since the dg®¢ frame is aligned
to the PCC voltage, a shunt current perturbation at the PCC
(see Fig. 8), is reflected in terms of variations in the angular
frequency and d-component of the PCC voltage vector only.
This implies that for the given disturbance, all inputs other
than Aew§ and Awg in (22) and (29) are zero. By considering
current iirections, as shown in Fig. 8, the small-signal models
of the converter system and inertial grid can be simplified for
the given disturbance as follows:

Air? Ae® Aw
fd | _ d s
S T] @
AiE Ae® Aw
gy | T 4Gl ¢, 33
For convenience, (32) and (33) can be reformulated as
AL Gime AEq
r—/\r r—/\r
Aig(}g _ Yo(1,1) G (1, 1) Aegj (34)
Aifqg Y.(2, 1) G, 2. 1) Awg
AT, Gumg INOA
f—/r P/T
Aig}j _ Y’g(l, 1) G{gw(l, 1) Aeg§ ' 35)
Alyg Yé(Z, 1) G{gw(Z, D || Awg

It can be observed from (34) and (35) that unlike the
dg-domain admittance/impedance, transfer matrices Gyye and
Gumg provide a direct insight into the response of a sub-
system during voltage magnitude and frequency variations.
This formulation facilitates assessment of resonances [40],
power system oscillation modes [29], as well as grid services
(also referred to as GFM properties) offered by converter
systems [39]. For instance, the G/, (1, 1) element in (34) can
be used to assess the frequency-droop and inertial responses
of the converter system, as it relates variations in the angular
frequency of the PCC voltage to Ai;)f, which directly reflects
active-power variations in the converter system [39].

By using (34) and (35), an equivalent block-scheme de-
scribing the small-signal characteristics of the grid-connected
converter system in the dg“¢ frame can be obtained, as il-
lustrated in Fig. 12. Finally, the small-signal stability in this
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frame can be assessed by analyzing the poles of the closed-
. mg . . .
loop transfer matrix, G o’ which is given by

AE,

— -1

e (36)
where AL} = AI{ + AL

The analytical models derived in this section reveal
that while small-signal modeling of a GFM converter
system in dg®N frame allows the use of conventional
impedance/admittance-based models, as shown in (9) and
(15), modeling in dg®t frame, as presented in (34) and (35),
provides deeper physical insights into the system’s response
during small disturbances. Due to the different open-loop
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transfer matrices in these two modeling approaches, the re-
sulting closed-loop transfer matrices used to analyze the
small-signal characteristics of an interconnected system differ
between the two types of system dg-frames, as seen in (17)
and (36). In the following section, these characteristics as
assessed by both modeling approaches are compared.

V. COMPARISON OF SMALL-SIGNAL CHARACTERISTICS
IN THE TWO SYSTEM DQ FRAMES

The small-signal characteristics of the grid-connected con-
verter system, as assessed by the two modeling approaches
discussed in the previous section, are compared here. To do so,
the poles of the closed-loop transfer matrices, GZiN in (17) and

Gzig in (36), are calculated and plotted in Fig. 13, for various
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inertia time-constant H of the grid. As shown in the figure,
both closed-loop transfer matrices share essentially the same
poles (apart from a small offset that arises due to numerical
inconsistency in obtaining the poles), indicating that the two
modeling approaches yield identical information regarding
the small-signal characteristics of the system, regardless of its
frequency strength.’

Furthermore, Fig. 14 presents the poles of GgiN and ng,
for four different values of grid impedance, corresponding to
short-circuit ratios (SCR) of 1.5 (blue), 3 (red), 5 (green), and
10 (magenta) at the PCC. Again, the figure shows that both
modeling approaches provide consistent information about

3 Higher system inertia corresponds to higher frequency strength, and vice
versa.

VOLUME 6, 2025

the small-signal characteristics of the system, regardless of the
grid strength at the converter’s connection point.

Finally, Figs. 15 and 16 illustrate the poles of GSN and
Gzig for three different loop bandwidths of the APC in the
converter system: ape = 275 rad/s (blue), ope = 2715 rad/s
(red), and o = 2720 rad/s (green), considering an SCR of
5 and 3 at the PCC, respectively. These figures confirm that
both modeling approaches provide the same conclusion re-
garding the system’s small-signal characteristics. Moreover,
a comparison of the dominant poles for apc = 2720 rad/s
(green) in Figs. 15 and 16 reveals that an SCR of 5 leads to
small-signal instability, as indicated by the presence of poles
with positive real parts. In contrast, an SCR of three results in
stable system operation. This aligns with the findings in [35],
which highlight the limitation on the maximum bandwidth
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voltage source

FIGURE 17. Photograph of laboratory setup.

selection for the APC when using the chosen type of GFM
control under strong grid conditions.

The analysis in this section demonstrates that, despite hav-
ing different closed-loop transfer matrices, both modeling
approaches provide identical information regarding the small-
signal characteristics of the grid-connected converter system.
While the modeling approach in dg®N frame allows for the
use of conventional impedance/admittance-based models, the
modeling approach in dg®s frame enables a direct assessment
of GFM properties in converter systems and offers deeper
physical insights into system behavior during small distur-
bances, as previously highlighted.

VI. EXPERIMENTAL VALIDATION OF THE STABILITY
ASSESSMENT

In order to validate the correctness of the analytical model,
experimental validation is made and discussed in this section.
A photo of the laboratory setup is depicted in Fig. 17 and
it resembles the system shown in Fig. 1. The grid is emu-
lated using an REGATRON’s four quadrant programmable ac
power source. Furthermore, the GFM converter system used
here comprises of a two-level VSC supplied by an ideal dc
voltage source. It is controlled using dSPACE dS1006, and is
connected at the PCC through a phase reactor of resistance
Ry and inductance L¢. The experiment is performed using the
same operating points mentioned earlier and the system and
control parameters specified in Table 1.

The impact of the APC loop bandwidth on the small-signal
stability of the converter system is analyzed for two different
grid strengths, corresponding to an SCR of 5 and 3 at the PCC.
For the first case, where the SCR is 5 at the PCC, a step change
in ap is introduced, as shown in Fig. 18. From the figure, it
is evident that undamped oscillations commence in the active
power output of the converter system at ¢+ = 0.1 s, when the
APC loop bandwidth is increased to 2720 rad/s. This change
leads to system instability, consistent with the theoretical
analysis in the previous section. Furthermore, the angular fre-
quency of these undamped oscillations (= 288 rad/s) closely
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FIGURE 19. Impact of APC's loop bandwidth on active power response of
system. An SCR = 3 is considered here.

aligns with the angular frequency of the unstable pole shown
in Fig. 15 for this configuration. In addition, by reducing o
to 2w 15 rad/s att = 0.3 s, the active power output of the con-
verter system stabilizes after a poorly damped oscillatory re-
sponse at around 281 rad/s, closely matching the angular fre-
quency of the dominant pole depicted in Fig. 15 for this case.

For the second case, where the SCR is 3 at the PCC, Fig. 19
shows that increasing the APC bandwidth to 2720 rad/s
does not result in small-signal instability, aligning with the
above-mentioned theoretical analysis. Furthermore, the angu-
lar frequency of the poorly damped oscillations (~ 283 rad/s)
closely matches with that of the dominant pole depicted in
Fig. 16 for this case. Minor discrepancies between the pre-
dicted and actual angular frequencies of the oscillations in
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both cases can be attributed to inaccuracies in the experi-
mental model parameters, such as the filter inductance and
resistance.

These experimental results thus confirm the correctness and
accuracy of the small-signal models.

VIl. CONCLUSION

This article presents a comparative evaluation of small-signal
modeling for GFM converter systems in two distinct system
dg-frames: one defined by the system’s rated angular fre-
quency and the other by its fundamental angular frequency. A
step-by-step derivation of the small-signal models is provided,
and analytical results are used to demonstrate the equivalency
of these two modeling approaches across various scenarios.
It is shown that, while small-signal modeling in dg®~N frame
enables the use of conventional impedance/admittance-based
models, modeling in dg®¢ frame provides deeper physical
insights into converter system dynamics during small grid dis-
turbances, including variations in grid voltage magnitude and
frequency. In addition, this approach allows a direct assess-
ment of frequency-droop and inertial responses. Assessment
of these responses are increasingly demanded by system op-
erators to evaluate frequency stability and the GFM properties
of converter systems. Finally, experiments are conducted to
validate the accuracy of the analytical results. Measurements
show that the angular frequency of oscillations and the small-
signal stability of the studied GFM converter system closely
align with predictions from the analytical models.

ACKNOWLEDGMENT

In particular, the authors acknowledge Hitachi Energy, Sven-
ska kraftnit, and DNV for their contribution and support to
the project.

REFERENCES

[1] J. Shair, H. Li, J. Hu, and X. Xie, “Power system stability issues,
classifications and research prospects in the context of high-penetration
of renewables and power electronics,” Renewable Sustain. Energy Rev.,
vol. 145, 2021, Art. no. 111111. [Online]. Available: https:/www.
sciencedirect.com/science/article/pii/S1364032121003993

[2] N. Hatziargyriou et al., “Definition and classification of power system
stability—revisited & extended,” IEEE Trans. Power Syst., vol. 36, no. 4,
pp. 3271-3281, Jul. 2021.

[3] G. Pinares and M. Bongiorno, “Modeling and analysis of VSC-based
HVDC systems for DC network stability studies,” IEEE Trans. Power
Del., vol. 31, no. 2, pp. 848-856, Apr. 2016.

[4] M. Amin and M. Molinas, “Small-signal stability assessment of power
electronics based power systems: A discussion of impedance- and
eigenvalue-based methods,” IEEE Trans. Ind. Appl., vol. 53, no. 5,
pp. 5014-5030, Sep./Oct. 2017.

[5S] M. Amin, J. A. Suul, S. D’ Arco, E. Tedeschi, and M. Molinas, “Impact
of state-space modelling fidelity on the small-signal dynamics of VSC-
HVDC systems,” in Proc. IET Int. Conf. AC DC Power Transmiss.,
2015, pp. 1-11.

[6] N. Pogaku, M. Prodanovic, and T. C. Green, “Modeling, analysis
and testing of autonomous operation of an inverter-based micro-
grid,” IEEE Trans. Power Electron., vol. 22, no. 2, pp.613-625,
Mar. 2007.

[7] X. Wang and F. Blaabjerg, “Harmonic stability in power electronic-
based power systems: Concept, modeling, and analysis,” IEEE Trans.
Smart Grid, vol. 10, no. 3, pp. 2858-2870, May 2019.

VOLUME 6, 2025

(81

(91

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(7]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

X. Wang, F. Blaabjerg, and W. Wu, “Modeling and analysis of harmonic
stability in an AC power-electronics-based power system,” I[EEE Trans.
Power Electron., vol. 29, no. 12, pp. 6421-6432, Dec. 2014.

Y. Tan, Y. Sun, J. Lin, L. Yuan, and M. Su, “Revisit impedance-based
stability analysis of VSC-HVDC system,” IEEE Trans. Power Syst.,
vol. 39, no. 1, pp. 1728-1738, Jan. 2024.

L. Xiong, X. Liu, Y. Liu, and F. Zhuo, “Modeling and stability issues of
voltage-source converter-dominated power systems: A review,” CSEE
J. Power Energy Syst., vol. 8, no. 6, pp. 1530-1549, Nov. 2022.

X. Wang, L. Harnefors, and F. Blaabjerg, “Unified impedance model
of grid-connected voltage-source converters,” IEEE Trans. Power Elec-
tron., vol. 33, no. 2, pp. 1775-1787, Feb. 2018.

L. Fan and Z. Miao, “Admittance-based stability analysis: Bode plots,
Nyquist diagrams or eigenvalue analysis?,” IEEE Trans. Power Syst.,
vol. 35, no. 4, pp. 3312-3315, Jul. 2020.

Y. Xu, Z. Gu, and K. Sun, “Characterization of subsynchronous oscilla-
tion with wind farms using describing function and generalized Nyquist
criterion,” IEEE Trans. Power Syst., vol. 35, no. 4, pp. 2783-2793,
Jul. 2020.

M. Beza and M. Bongiorno, “Identification of resonance interactions in
offshore-wind farms connected to the main grid by MMC-based HVDC
system,” Int. J. Elect. Power Energy Syst., vol. 111, pp. 101-113, 2019.
[Online]. Available: https://www.sciencedirect.com/science/article/pii/
S0142061518324013

B. Wen, D. Boroyevich, R. Burgos, P. Mattavelli, and Z. Shen, “Analysis
of D-Q small-signal impedance of grid-tied inverters,” IEEE Trans.
Power Electron., vol. 31, no. 1, pp. 675-687, Jan. 2016.

G. Wu et al., “Passivity-based stability analysis and generic controller
design for grid-forming inverter,” [EEE Trans. Power Electron., vol. 38,
no. 5, pp. 5832-5843, May 2023.

F. Zhao, X. Wang, and T. Zhu, “Low-frequency passivity-based anal-
ysis and damping of power-synchronization controlled grid-forming
inverter,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 11,
no. 2, pp. 1542-1554, Apr. 2023.

M. Beza and M. Bongiorno, “Impact of converter control strategy on
low- and high-frequency resonance interactions in power-electronic
dominated systems,” Int. J. Elect. Power Energy Syst., vol. 120, 2020,
Art. no. 105978.

M. Beza and M. Bongiorno, “On the risk for subsynchronous control
interaction in type 4 based wind farms,” IEEE Trans. Sustain. Energy,
vol. 10, no. 3, pp. 1410-1418, Jul. 2019.

L. Harnefors, X. Wang, A. G. Yepes, and F. Blaabjerg, “Passivity-based
stability assessment of grid-connected VSCs—an overview,” [EEE
Trans. Emerg. Sel. Topics Power Electron., vol. 4, no. 1, pp. 116-125,
Mar. 2016.

L. Harnefors, M. Bongiorno, and S. Lundberg, “Input-admittance cal-
culation and shaping for controlled voltage-source converters,” IEEE
Trans. Ind. Electron., vol. 54, no. 6, pp. 3323-3334, Dec. 2007.

W. Du, B. Ren, H. Wang, and Y. Wang, “Comparison of methods
to examine sub-synchronous oscillations caused by grid-connected
wind turbine generators,” IEEE Trans. Power Syst., vol. 34, no. 6,
pp. 4931-4943, Nov. 2019.

L. Sainz, M. Cheah-Mane, L. Monjo, J. Liang, and O. Gomis-Bellmunt,
“Positive-net-damping stability criterion in grid-connected VSC sys-
tems,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 5, no. 4,
pp. 1499-1512, Dec. 2017.

G. Stamatiou and M. Bongiorno, “Stability analysis of two-terminal
VSC-HVDC systems using the net-damping criterion,” [EEE Trans.
Power Del., vol. 31, no. 4, pp. 1748-1756, Aug. 2016.

L. Harnefors, “Proof and application of the positive-net-damping sta-
bility criterion,” IEEE Trans. Power Syst., vol. 26, no. 1, pp. 481-482,
Feb. 2011.

J.Yu, S. Wang, Z. Liu, J. Li, J. Liu, and J. Shang, “Accurate small-signal
terminal characteristic model and SISO stability analysis approach for
parallel grid-forming inverters in islanded microgrids,” IEEE Trans.
Power Electron., vol. 38, no. 5, pp. 6597-6612, May 2023.

W. Cao, Y. Ma, F. Wang, L. M. Tolbert, and Y. Xue, “Low-frequency
stability analysis of inverter-based islanded multiple-bus AC microgrids
based on terminal characteristics,” IEEE Trans. Smart Grid, vol. 11,
no. 5, pp. 3662-3676, Sep. 2020.

S. Wang, Z. Liu, J. Liu, D. Boroyevich, and R. Burgos, “Small-signal
modeling and stability prediction of parallel droop-controlled inverters
based on terminal characteristics of individual inverters,” IEEE Trans.
Power Electron., vol. 35, no. 1, pp. 1045-1063, Jan. 2020.

219


https://www.sciencedirect.com/science/article/pii/S1364032121003993
https://www.sciencedirect.com/science/article/pii/S1364032121003993
https://www.sciencedirect.com/science/article/pii/S0142061518324013
https://www.sciencedirect.com/science/article/pii/S0142061518324013

NARULA ET AL.: EVALUATION AND COMPARISON OF SMALL-SIGNAL CHARACTERISTICS OF GFM CONVERTER SYSTEMS

[29] S. Shah, W. Yan, V. Gevorgian, and W. Gao, “Power-domain impedance
theory for the analysis and mitigation of interarea oscillations,” in Proc.
IEEE Power Energy Soc. Gen. Meeting, 2020, pp. 1-5.

F. Cavazzana, A. Khodamoradi, H. Abedini, and P. Mattavelli, “Analy-
sis of an impedance modeling approach for droop-controlled inverters in
system DQ frame,” in 2019 Proc. IEEE Energy Convers. Congr. Expo.,
2019, pp. 5576-5583.

Z. Liu, J. Liu, D. Boroyevich, and R. Burgos, “Stability criterion of
droop-controlled parallel inverters based on terminal-characteristics of
individual inverters,” in Proc. IEEE 8th Int. Power Electron. Motion
Control Conf., 2016, pp. 2958-2963.

[32] Z. Liu, J. Liu, D. Boroyevich, R. Burgos, and T. Liu, “Small-signal
terminal-characteristics modeling of three-phase droop-controlled in-
verters,” in Proc. IEEE Energy Convers. Congr. Expo., 2016, pp. 1-7.
P. Kundur, N. Balu, and M. Lauby, Power System Stability and Con-
trol (EPRI Power System Engineering Series). New York, NY, USA:
McGraw-Hill, 1994.

A. Narula, “Grid-forming wind power plants,” Ph.D. dissertation, Dept.
of Elect. Eng., Chalmers Univ. Technol., Géteborg, Sweden, 2023.

L. Harnefors, M. Hinkkanen, U. Riaz, F. M. M. Rahman, and L.
Zhang, “Robust analytic design of power-synchronization control,”
IEEE Trans. Ind. Electron., vol. 66, no. 8, pp. 5810-5819, Aug. 2019.
L. Zhang, L. Harnefors, and H.-P. Nee, “Power-synchronization control
of grid-connected voltage-source converters,” IEEE Trans. Power Syst.,
vol. 25, no. 2, pp. 809820, May 2010.

[37] J. Sun, “Impedance-based stability criterion for grid-connected invert-
ers,” IEEE Trans. Power Electron., vol. 26, no. 11, pp. 3075-3078,
Nov. 2011.

H. Liu, X. Xie, and W. Liu, “An oscillatory stability criterion based on
the unified dg-frame impedance network model for power systems with
high-penetration renewables,” IEEE Trans. Power Syst., vol. 33, no. 3,
pp. 3472-3485, May 2018.

A. Narula, P. Imgart, M. Bongiorno, P. Mattavelli, M. Beza, and J. R.
Svensson, “Power-response matrix-based modeling of converter sys-
tems for small-signal analysis,” in Proc. IEEE Energy Convers. Congr.
Expo., 2024, pp. 1-8.

S. Liu, H. Wu, X. Wang, T. Bosma, and G. Sauba, “Stability analysis
and active damping design for grid-forming converters in LC resonant
grids,” IEEE Open J. Ind. Electron. Soc., vol. 5, pp. 143-154, 2024.

(30]

[31]

(33]

[34]

[35]

[36]

[38]

[39]

[40]

ANANT NARULA (Member, IEEE) received the
M.Sc. degree in smart electrical networks and
systems (EIT InnoEnergy) from the KTH Royal In-
stitute of Technology, Stockholm, Sweden, and the
Universitat Politecnica de Catalunya, Barcelona,
Spain, in 2018, and the Ph.D. degree in electric
power engineering from the Chalmers University
of Technology, Géteborg, Sweden, in 2023.

He is currently a Postdoctoral Researcher with
the Chalmers University of Technology. His re-
search interests include the applications of power
electronics in power systems, converter control, and stability studies of power
systems.

MASSIMO BONGIORNO (Senior Member,
IEEE) received the M.Sc. degree in electrical
engineering from the University of Palermo,
Palermo, Italy, in 2002, and the Lic. Eng. and Ph.D.
degrees in electric power engineering from the
Chalmers University of Technology, Gothenburg,
Sweden, in 2004 and 2007, respectively.

From 2007 to 2010, he was an Assistant
Professor with the Department of Electric Power
Engineering, Chalmers University of Technology,
where he became an Associate Professor in 2010.
Since 2015, he has been a Professor in power electronic applications for
power systems, and since 2020 he is the Head of the Division of Electric
Power Engineering, Chalmers University of Technology. Since 2022, he has
been the Director of the centre of excellence The Swedish Electricity Storage
and Balancing Centre, Chalmers University of Technology. His research
interests include the application of power electronics in power systems,
converter control, power system dynamics, and power quality.

220

PAOLO MATTAVELLI (Fellow, IEEE) received the

M.S. (Hons.) and Ph.D. degrees in electrical en-

gineering from the University of Padova, Padova,
Italy, in 1992 and 1995, respectively.

\] -\ He is currently a Full Professor in electron-

\ ics with the University of Padova. His current

; Google scholar H-index is 90. His research in-

terests include analysis, modeling, and control of

¥ power converters, grid-connected converters for

1 renewable energy systems and microgrids, and

high-temperature and high-power-density power

electronics.

Dr. Mattavelli was a recipient of the Prize Paper Award in IEEE TRANS-
ACTIONS ON POWER ELECTRONICS in 2005, 2006, 2011, and 2012, and the
2nd Prize Paper Award at the IEEE Industry Applications Society Annual
Meeting in 2007. From 2003 to 2012, he was an Associate Editor for IEEE
TRANSACTIONS ON POWER ELECTRONICS. From 2018 to 2024, he was a
Co-Editor-in-Chief for IEEE TRANSACTIONS ON POWER ELECTRONICS. From
2005 to 2010, he was the Industrial Power Converter Committee Technical
Review Chair for IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS. From
2003 to 2006, 2006 to 2009, and 2013 to 2015, he was a Member-At-Large
of the IEEE Power Electronics Society’s Administrative Committee.

MEBTU BEZA (Member, IEEE) received the B.Sc.
degree in electrical engineering from Bahir Dar
University, Bahir Dar, Ethiopia, in July 2005, and
the M.Sc., Lic.Eng., and Ph.D. degrees in electric
power engineering from the Chalmers Univer-
sity of Technology, Gothenburg, Sweden, in 2009,
2012, and 2015, respectively, and the D.Sc. de-
gree (Docent) in control and modeling of power
electronic converters in power systems from the
§ Chalmers University of Technology, in 2020.
He is currently an Associate Professor with the
Chalmers University of Technology. His research interests include signal
processing in power systems, control theory, stability studies in converter-
dominated systems, converter topologies and application of power electronics
in power systems.

JAN R. SVENSSON (Senior Member, IEEE) re-
ceived the Ph.D. and D.Sc. degrees (Docent) in
electric power engineering from the Chalmers Uni-
versity of Technology, Goteborg, Sweden, in 1988
and 2002 respectively.

From 1999 to 2009, he was with ABB in R&D
of HVDC Transmission, STATCOMs, and energy
storages, especially design and control of light-
concept devices (HVDC and FACTS). Between
2009 and 2014, he was the Program Manager for
the Global R&D Program “Active Grid Infrastruc-
ture” with ABB Corporate Research. From 2014 to 2020, he was a Senior
Principal Scientist on power electronics systems with ABB Power Grids
Research. In addition to his current role as a Research Fellow with Hitachi
Energy Research, Visterds, Sweden, he has also been an Adjunct Professor
with the Chalmers University of Technology since 2018. His research inter-
ests include design and control of power electronics in power systems, power
quality, storage technologies, and renewable energy.

WENTAO LIU (Member, IEEE) received the B.S.
degree in electrical engineering and automation
and the M.S. degree in electrical engineering from
Shandong University, Jinan, China, in 2018 and
2020, respectively, and the Ph.D. degree in power
electronics from AAU Energy, Aalborg University,
Aalborg, Denmark in 2024.

He is currently a Postdoctoral Researcher with
the Department of Electric Power Engineering,
Chalmers University of Technology, Gothenburg,
Sweden. His research interests include the mod-
eling and control of grid-forming converters, grid stability assessment, grid
impedance estimation, and wide bandgap power devices.

VOLUME 6, 2025




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


