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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 dq-frame, which is defined by the
power system’s nominal angular frequency. This method characterizes individual converter systems using
only their dq-domain impedance matrix. The second approach, on the other hand, develops small-signal
models in a dq-frame defined by the dynamic angular frequency of the power system. In this case, converter
systems are characterized not only by their dq-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.

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

NOMENCLATURE
List of Symbols
Rg Resistance of the grid (�).
Lg Inductance of the grid (H).
X̂g Estimated reactance of the grid (�).
Rf Resistance of the converter filter (�).
Lf Inductance of the converter filter (H).

Xf Reactance of the converter filter (�).
es 3-� voltage at terminal of ideal voltage source (V).
Es Rms value of the line-to-line source voltage (V).
ωs Angular frequency of the source voltage (rad/s).
θs Source voltage angle (rad).
eg 3-� voltage at point-of-common-coupling, PCC (V).
Eg Rms value of the line-to-line voltage at the PCC (V).
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ωg Angular frequency of the PCC voltage (rad/s).
θg PCC voltage angle (rad).
ec 3-� voltage at converter’s terminal (V).
Ec Rms value of the line-to-line converter voltage (V).
ωc Angular frequency of the converter voltage (rad/s).
θc Converter voltage angle (rad).
if 3-� current across the converter filter (A).
ig 3-� current across the grid impedance (A).
Pc 3-� active power output of the converter (W).
Qc 3-� reactive power output of the converter (VAr).
Pg 3-� active power injected to the grid (W).
Qg 3-� reactive power injected to the grid (VAr).
SN Rated power of the converter (VA).
EN Rated line-to-line voltage of the system (V).
ωN Rated angular frequency of the system (rad/s).
H Inertia time-constant of the grid (s).
KD Mechanical damping coefficient of the grid (per unit).
s Laplace transform variable (rad/s).
R′

a Active resistance used in ac voltage controller (�).
αhpf Cutoff frequency of the high-pass filter (rad/s).
αvc Loop-bandwidth of the ac voltage controller (rad/s).
Ki,vc Gain of the integrator in ac voltage controller (rad/s).
Kp,pc Active power controller’s proportional gain (rad/s).
Ki,pc Active power controller’s integral gain (rad2/s2).
Ra Active damping term in active power controller

(rad/s).
Ks Synchronizing power coefficient (W).
αpc Loop-bandwidth of the active power controller (rad/s).
αlpf Cutoff frequency of the low-pass filter (rad/s).
θL Load angle of the converter in dqωN frame (rad).
θ ′

L Load angle of the voltage source in dqωN frame (rad).
δL Load angle of the converter in dqωg frame (rad).
δ′

L Load angle of the voltage source in dqωg frame (rad).

Conventions Used
Superscript “�” denotes a reference signal.
Superscripts “ωc,” “ωs,” “ωN,” and “ωg” indicate quan-
tities in the converter dq-frame, source dq-frame, dqωN

frame, and dqωg frame, respectively.
Subscripts “d” and “q” represent the d- and q-

components of a space vector in the corresponding
dq-frame.
Symbol “	” 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

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 αβ-reference frame or the
synchronously rotating dq-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 dq-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 dq-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 dq-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 dq-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 dq-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.

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 Rg

and inductance Lg. The three-phase voltage at the voltage
source is denoted by es, while the voltage at the PCC and the
converter’s terminal are denoted by eg and ec, respectively.
The quantities Pc and Qc represent the active and reactive
power output of the converter system; whereas, Pg and Qg are
the active and reactive power injected to the grid, respectively.
The variables if and ig denote the three-phase current across
the converter filter and the grid, respectively. For the consid-
ered system, Pc = Pg, Qc = Qg, and if = ig. The magnitude
of the source voltage, Es, is assumed constant; whereas, to ac-
count for inertia and to model frequency dynamics in the grid,
the angular frequency of the voltage source, ωs, is obtained
using the swing equation as follows [33]:

ωs =

G′
pc︷ ︸︸ ︷

(
1

2H
ωN

s + KD
ωN

)
(Pg − P�

g )

SN
+ ωN. (1)

The terms SN and ωN 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 KD 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 “�” 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 controller1 (AVC) regulates the magnitude of the
voltage at the PCC and calculates the reference value of
the converter voltage magnitude, E�

c , while an active power
controller (APC) calculates the converter voltage angle, θc.
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 dq-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, e�ωc

c , is calculated as follows [34]:

e�ωc
c = EN +

Gvc︷ ︸︸ ︷
Ki,vc

s
(E�

g −

Glpf︷ ︸︸ ︷
αlpf

s + αlpf
Eg) −

Ghpf︷ ︸︸ ︷
s

s + αhpf
R′

aiωc
f (2)

where EN denotes the rated line-to-line voltage of the sys-
tem and Eg denotes magnitude of the measured line-to-line
voltage at the PCC. The superscript “ωc” is used to represent
quantities in the converter dq-frame. The term αlpf 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′

a
denotes the active resistance, and αhpf the cutoff frequency of
the high-pass filter, with values selected as suggested in [34].
The integral gain of the controller, Ki,vc, can be calculated

using the loop-shaping approach as, Ki,vc = αvc(Xf+X̂g)
(X̂g)

, where

αvc denotes the desired closed-loop bandwidth (in rad/s) of
the first-order response from E�

g to Eg. Xf and X̂g denote
the reactance corresponding to the filter inductance Lf and
estimated grid inductance, respectively. To guarantee the de-
sired response speed for all grid conditions, X̂g is typically
set for the strongest grid strength provided by the system
operator [34].

1 Alternatively, a reactive power controller can be used, depending on the
system’s requirements

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, Ra, to improve the controller’s dynamic performance.
As depicted in Fig. 3, the APC calculates the converter voltage
angle as [34]

θc = 1

s
ωc = 1

s

⎡
⎢⎢⎢⎣

Gpc︷ ︸︸ ︷
(Kp,pc + Ki,pc

s
)

(P�
c − Pc)

SN
− Ra

Pc

SN
+ ωN

⎤
⎥⎥⎥⎦ .

(3)

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

from P�
c to Pc. Accordingly, Kp,pc = αpc

Ks
SN, Ki,pc = α2

pc
Ks

SN,
and Ra = Kp,pc, where αpc is the loop bandwidth (in rad/s)
of the APC. The synchronizing power coefficient is given by
Ks = EcEs

(Xf+X̂g)
.

III. SYNCHRONOUS REFERENCE FRAMES DEFINITIONS
To derive a small-signal model of the overall system, all
circuit variables must be transformed to one common SRF,
referred to in this article as the system dq-frame. This section
defines the two types of system dq-frames used to obtain the
small-signal models of the grid-connected converter system.
1) dqωN frame: In this frame, the dωN and qωN axes rotate
at the system’s rated angular frequency, ωN. 2) dqωg frame:
This frame is aligned with the PCC voltage, meaning that the
dωg and qωg axes rotate at the angular frequency of the PCC
voltage, ωg.

A. SYSTEM DQ-FRAME I
The first type of system dq-frame considered here, denoted
as the dqωN frame (represented by dωN , qωN axes in Fig. 4),
is defined by the transformation angle, θN, which is obtained
by integrating ωN, i.e., θN = ωN

s . Since the dqωN frame ro-
tates with ωN, the dωN and qωN 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 dq-frame (rotating with ωc

and represented by dωc , qωc axes in Fig. 4) and the source
dq-frame (rotating with ωs and represented by dωs , qωs axes
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FIGURE 4. Illustration of dqωN frame, converter dq-frame, and source
dq-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 dq-frame and the dqωN frame, also known as the
converter load angle, is denoted by θL in Fig. 4. Similarly, θ ′

L
represents the angle difference between the dqωN frame and
the source dq-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 dqωN frame, denoted as
θL0 and θ ′

L0, respectively, are determined by the load flow
analysis of the network. Furthermore, 	θL and 	θ ′

L describe
the variations in the corresponding load angles during small-
signal perturbations. Since the dqωN frame does not oscillate
during small-signal perturbations, 	θL and 	θ ′

L are solely
governed by variations in the converter-voltage angle and the
source-voltage angle, respectively, as described in Section IV.

B. SYSTEM DQ-FRAME II
The second SRF considered here, denoted as the dqωg frame
(represented by dωg and qωg axes in Fig. 5), is aligned to
the PCC voltage. Accordingly, it is defined by the PCC volt-
age angle, θg, which is obtained by integrating the angular
frequency, ωg, of the three-phase voltage at the PCC, i.e.,
θg = ωg

s . Unlike the dqωN frame, small-signal perturbations
resulting in active-power variations (and hence a perturbation
in ωg), cause the dωg and qωg axes to oscillate around their
respective steady-state positions, as depicted in Fig. 5. The
load angle of the converter in the dqωg frame is denoted by
δL in Fig. 5, while δ′

L denotes the load angle of the voltage
source in the dqωg frame. The steady-state load angles of
the converter and voltage source with respect to dqωg frame
are given by δL0 and δ′

L0, respectively, and are determined
through the load-flow analysis. Due to the oscillation of dqωg

FIGURE 5. Illustration of dqωg frame, converter dq-frame, and source
dq-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, 	δL, 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, 	δ′

L,
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 dq-frame are derived. In addition,
stability assessment criteria in each system dq-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 dqωN 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 dqωN frame, the controller dynamics described previously
should be transformed to this frame. By using (3), the angle
θL is given as

θL = θc − θN = 1

s

[Gpc(P�
c − Pc) − RaPc]

SN
. (4)

Thus, any space-vector zωc defined earlier in the converter
dq-frame can be transformed to the dqωN frame using the
following relation:

zωN = zωce jθL . (5)

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

[
	e�ωN

cd

	e�ωN
cq

]
=

GT︷ ︸︸ ︷[
−(eωN

cq0 + GhpfR′
aiωN

fq0) GvccosθL0

(eωN
cd0 + GhpfR′

aiωN
fd0) GvcsinθL0

] [
	θL

	E�
g

]

+
(

−

GPVv1︷ ︸︸ ︷⎡
⎢⎣

GvcGlpfcosθL0e
ωN
gd0

Eg0

GvcGlpfcosθL0e
ωN
gq0

Eg0

GvcGlpfsinθL0e
ωN
gd0

Eg0

GvcGlpfsinθL0e
ωN
gq0

Eg0

⎤
⎥⎦) [

	eωN
gd

	eωN
gq

]

+

GDH︷ ︸︸ ︷[
−GhpfR′

a 0

0 −GhpfR′
a

] [
	iωN

fd

	iωN
fq

]
(6)

with[
	θL

	E�
g

]
=

[
Gpc
sSN

0

0 1

] [
	P�

c

	E�
g

]

+

GPVc2︷ ︸︸ ︷⎡
⎣− (Gpc+Ra )e

ωN
gd0

sSN
− (Gpc+Ra )e

ωN
gq0

sSN

0 0

⎤
⎦ [

	iωN
fd

	iωN
fq

]

+

GPVv2︷ ︸︸ ︷⎡
⎣− (Gpc+Ra )i

ωN
fd0

sSN
− (Gpc+Ra )i

ωN
fq0

sSN

0 0

⎤
⎦[

	eωN
gd

	eωN
gq

]
(7)

where the expressions Pc = eωN
gd iωN

fd + eωN
gq iωN

fq , and Eg =√
(eωN

gd )2 + (eωN
gq )2 are used for the active power output of

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 GT, GPVv1, and GDH 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
GPVv2 and GPVc2 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 dqωN frame, which is given by

[
	eωN

cd

	eωN
cq

]
=

[
	eωN

gd

	eωN
gq

]
+

Zf︷ ︸︸ ︷[
Rf + sLf −ωNLf

ωNLf Rf + sLf

] [
	iωN

fd

	iωN
fq

]
(8)

the small-signal model of the converter system in the dqωN

frame can be obtained in its conventional form as

�If︷ ︸︸ ︷[
	iωN

fd

	iωN
fq

]
= Gc

[
	P�

c

	E�
g

]
− Yc

�Eg︷ ︸︸ ︷[
	eωN

gd

	eωN
gq

]
(9)

where Yc denotes the input-admittance2 of the converter sys-
tem seen from the PCC and is given by

Yc = [GTGPVc2 + GDH − Zf ]−1[GTGPVv2 − GPVv1 − I]
(10)

with I denoting the identity matrix of dimension 2 × 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 dqωN frame, 	eωN

gd primarily re-
flects variations in the PCC voltage magnitude. Consequently,
the elements Yc(1, 1) and Yc(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 dqωN frame by the
elements Yc(1, 2) and Yc(2, 2). This is because, in the dqωN

frame, variations in the angular frequency of the PCC voltage
are primarily reflected in 	eωN

gq , 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, eωs

s , in the source dq-frame (defined by the
transformation angle, θs, 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 Yc is used in (9).
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the angular frequency of the voltage source, i.e., θs = ωs
s )

should be transformed to the dqωN frame. By using the swing
equation in (1), this transformation can be achieved from the
following expression:

eωN
s = eωs

s e− jθ ′
L , with θ ′

L = θN − θs = 1

s

G′
pc(P�

g − Pg)

SN
.

(11)

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

[
	eωN

sd

	eωN
sq

]
=

Geθ︷ ︸︸ ︷[
eωN

sq0 0

−eωN
sd0 0

] [
	θ ′

L

0

]

+

Gte︷ ︸︸ ︷[
cosθ ′

L0 sinθ ′
L0

−sinθ ′
L0 cosθ ′

L0

] [
	eωs

sd

	eωs
sq

]
(12)

with

[
	θ ′

L

0

]
=

[
G′

pc
sSN

0

0 1

] [
	P�

g

0

]
+

Gθ i︷ ︸︸ ︷⎡
⎣−G′

pce
ωN
gd0

sSN
−G′

pce
ωN
gq0

sSN

0 0

⎤
⎦

[
	iωN

gd

	iωN
gq

]
+

Gθe︷ ︸︸ ︷⎡
⎣−G′

pci
ωN
gd0

sSN
−G′

pci
ωN
gq0

sSN

0 0

⎤
⎦ [

	eωN
gd

	eωN
gq

]
(13)

where the expression Pg = eωN
gd iωN

gd + eωN
gq iωN

gq is used for the
active power injected into the grid. In (12), the transfer matrix
Geθ describes the relationship between variations in the load
angle of the voltage source and the source voltage vector in
the dqωN frame, while the matrix Gte 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, 	eωs

sd = 	eωs
sq = 0. By substituting (13)

in (12) and using the linearized expression for the current
dynamics in the dqωN frame, which is given by

[
	eωN

sd

	eωN
sq

]
=

[
	eωN

gd

	eωN
gq

]
−

Zg︷ ︸︸ ︷[
Rg + sLg −ωNLg

ωNLg Rg + sLg

] [
	iωN

gd

	iωN
gq

]
(14)

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

�Ig︷ ︸︸ ︷[
	iωN

gd

	iωN
gq

]
= Gg

[
	P�

g

0

]
+ Yg

�Eg︷ ︸︸ ︷[
	eωN

gd

	eωN
gq

]
(15)

TABLE 1. System and Control Parameters for Considered System

FIGURE 6. Frequency response of Yc; analytical model (solid-blue curves)
and simulation model (dotted-red curves).

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

Yg = [GeθGθ i + Zg]−1[I − GeθGθe]. (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 dqωN frame is aligned such that
the dωN -axis coincides with the PCC voltage vector in steady-
state. Furthermore, independent dq-voltage perturbations are
applied at the PCC to the individual subsystems at various fre-
quencies. For each perturbation, the resulting perturbations in
the dq-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 Yc and Yg, respectively. The
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FIGURE 7. Frequency response of Yg; analytical model (solid-blue curves)
and simulation model (dotted-red curves).

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
q-components of the PCC voltage in the dqωN frame. For the
given disturbance, reference values for the active power and
PCC voltage magnitude remain constant, which implies that
	P�

c = 	P�
g = 	E�

g = 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 dqωN 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, GωN

cl ,
which is given by

�Eg

�IL
= GωN

cl = [I + Y−1
g Yc]

−1
Y−1

g (17)

FIGURE 9. Equivalent block-scheme describing small-signal characteristics
of grid-connected converter system in dqωN frame.

where the matrix, �Eg, is as defined in (9) and �IL = �If +
�Ig.

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
dqωg frame, the controller dynamics should be transformed to
this frame using the following relation:

zωg = zωce jδL , with δL = θc − θg. (18)

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

[
	e

�ωg
cd

	e
�ωg
cq

]
=

G′
T︷ ︸︸ ︷[

−(e
ωg
cq0 + GhpfR′

ai
ωg
fq0) G′

vccosδL0

(e
ωg
cd0 + GhpfR′

ai
ωg
fd0) G′

vcsinδL0

] [
	δL

	E�
g

]

+
(

−

G′
PVv1︷ ︸︸ ︷⎡

⎢⎣
GvcGlpfcosδL0e

ωg
gd0

Eg0

GvcGlpfcosδL0e
ωg
gq0

Eg0

GvcGlpfsinδL0e
ωg
gd0

Eg0

GvcGlpfsinδL0e
ωg
gq0

Eg0

⎤
⎥⎦) [

	e
ωg
gd

	e
ωg
gq

]

+

G′
DH︷ ︸︸ ︷[

−GhpfR′
a 0

0 −GhpfR′
a

][
	i

ωg
fd

	i
ωg
fq

]
(19)

with[
	δL

	E�
g

]
=

[
Gpc
sSN

0

0 1

] [
	P�

c

	E�
g

]

+

G′
PVc2︷ ︸︸ ︷⎡

⎣− (Gpc+Ra )e
ωg
gd0

sSN
− (Gpc+Ra )e

ωg
gq0

sSN

0 0

⎤
⎦ [

	i
ωg
fd

	i
ωg
fq

]

+

G′
PVv2︷ ︸︸ ︷⎡

⎣− (Gpc+Ra )i
ωg
fd0

sSN
− (Gpc+Ra )i

ωg
fq0

sSN

0 0

⎤
⎦[

	e
ωg
gd

	e
ωg
gq

]

−

G′
δω︷ ︸︸ ︷[

1
s 0

0 0

] [
	ωg

0

]
(20)
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where the expressions Pc = e
ωg
gd i

ωg
fd + e

ωg
gq i

ωg
fq , and Eg =√

(e
ωg
gd )2 + (e

ωg
gq )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 dqωN frame, variations in the converter load an-
gle in the dqωg 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, G′

δω, in (20).
Again, by neglecting the impact of converter delays and

using (19), (20), and the linearized expression for the current
dynamics in the dqωg frame, which is given by

[
	e

ωg
cd

	e
ωg
cq

]
=

[
	e

ωg
gd

	e
ωg
gq

]
+

Z′
f︷ ︸︸ ︷[

Rf + sLf −ωNLf

ωNLf Rf + sLf

] [
	i

ωg
fd

	i
ωg
fq

]

+

G′
vω︷ ︸︸ ︷[

−Lf i
ωg
fq0 0

Lf i
ωg
fd0 0

] [
	ωg

0

]
(21)

the small-signal model of the converter system in the dqωg

frame is derived as[
	i

ωg
fd

	i
ωg
fq

]
= G′

c

[
	P�

c

	E�
g

]
− Y′

c

[
	e

ωg
gd

	e
ωg
gq

]
− G′

icω

[
	ωg

0

]
(22)

where Y′
c and G′

icω are given by

Y′
c = [G′

TG′
PVc2 + G′

DH − Z′
f ]−1[G′

TG′
PVv2 − G′

PVv1 − I]
(23)

G′
icω = [G′

TG′
PVc2 + G′

DH − Z′
f ]−1[G′

vω + G′
TG′

δω]. (24)

Comparing (10) and (23), it follows that the input admittance
of the converter system is identical in both system dq-frames,
i.e., Yc = Y′

c, provided that the dqωN and dqωg frames are
aligned in steady state. However, their physical interpretations
differ. The elements Y′

c(1, 1) and Y′
c(2, 1) of the converter’s

input admittance describe the relationship between variations
in the PCC voltage magnitude and the converter current in
dqωg frame, similar to dqωN 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 dq-frames. In the dqωg frame, this relationship is
modeled using an additional transfer matrix, G′

icω, rather than
through the elements Y′

c(1, 2) and Y′
c(2, 2), as in dqωN frame.

This is because a small-signal disturbance resulting in voltage
magnitude and angular frequency variations at the PCC does
not affect the q-component of the PCC voltage vector in the
dqωg frame, since this frame is aligned to the PCC voltage.
Thus, 	e

ωg
gq = 0.

2) SMALL-SIGNAL MODELING OF INERTIAL GRID
To derive the small-signal model of the inertial grid, the source
voltage vector in the source dq-frame should be transformed
to the dqωg frame using the following expression:

e
ωg
s = eωs

s e− jδ′
L , with δ′

L = θg − θs. (25)

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

[
	e

ωg
sd

	e
ωg
sq

]
=

G′
eθ︷ ︸︸ ︷[

e
ωg
sq0 0

−e
ωg
sd0 0

] [
	δ′

L

0

]

+

G′
te︷ ︸︸ ︷[

cosδ′
L0 sinδ′

L0

−sinδ′
L0 cosδ′

L0

] [
	eωs

sd

	eωs
sq

]
(26)

with

[
	δ′

L

0

]
=

G′
δω︷ ︸︸ ︷[

1
s 0

0 0

] [
	ωg

0

]
+

[
G′

pc
sSN

0

0 1

][
	P�

g

0

]

+

G′
θ i︷ ︸︸ ︷⎡

⎣−G′
pce

ωg
gd0

sSN
−G′

pce
ωg
gq0

sSN

0 0

⎤
⎦[

	i
ωg
gd

	i
ωg
gq

]

+

G′
θe︷ ︸︸ ︷⎡

⎣−G′
pci

ωg
gd0

sSN
−G′

pci
ωg
gq0

sSN

0 0

⎤
⎦ [

	e
ωg
gd

	e
ωg
gq

]
(27)

where the expression Pg = e
ωg
gd i

ωg
gd + e

ωg
gq i

ωg
gq is used for the

active power injected into the grid.
Once again (27) reveals that, unlike in the dqωN frame, vari-

ations in the load angle of the voltage source in the dqωg 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′

δω. Since the magnitude of
the source voltage is assumed constant, 	eωs

sd = 	eωs
sq = 0.

Finally, by substituting (27) in (26) and using the linearized
expression for the current dynamics in the dqωg frame, which
is given by

[
	e

ωg
sd

	e
ωg
sq

]
=

[
	e

ωg
gd

	e
ωg
gq

]
−

Z′
g︷ ︸︸ ︷[

Rg + sLg −ωNLg

ωNLg Rg + sLg

] [
	i

ωg
gd

	i
ωg
gq

]

−

G′
eω︷ ︸︸ ︷[

−Lgi
ωg
gq0 0

Lgi
ωg
gd0 0

] [
	ωg

0

]
(28)
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FIGURE 10. Frequency response of G′
icω; analytical model (solid-blue

curves) and simulation model (dotted-red curves).

FIGURE 11. Frequency response of G′
igω

; analytical model (solid-blue
curves) and simulation model (dotted-red curves).

the small-signal model of the inertial grid in the dqωg frame is
derived as[

	i
ωg
gd

	i
ωg
gq

]
= G′

g

[
	P�

g

0

]
+ Y′

g

[
	e

ωg
gd

	e
ωg
gq

]
+ G′

igω

[
	ωg

0

]
(29)

where Y′
g and G′

igω are given by

Y′
g = [G′

eθ G′
θ i + Z′

g]−1[I − G′
eθ G′

θe] (30)

G′
igω = −[G′

eθ G′
θ i + Z′

g]−1[G′
eω + G′

eθG′
δω]. (31)

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 dq-frames are
equal, i.e., Yg = Y′

g, if the dqωN and dqωg 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 dq-frames are equal, results obtained
from voltage perturbations in the dqωg frame are not shown
here. To verify G′

icω and G′
igω 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.

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

4) DERIVATION OF SMALL-SIGNAL STABILITY ASSESSMENT
CRITERION
As mentioned previously, since the dqωg 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 	e

ωg
gd and 	ωg in (22) and (29) are zero. By considering

current directions, 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:[

	i
ωg
fd

	i
ωg
fq

]
= Y′

c

[
	e

ωg
gd

0

]
+ G′

icω

[
	ωg

0

]
(32)

[
	i

ωg
gd

	i
ωg
gq

]
= Y′

g

[
	e

ωg
gd

0

]
+ G′

igω

[
	ωg

0

]
. (33)

For convenience, (32) and (33) can be reformulated as

	I′
f︷ ︸︸ ︷[

	i
ωg
fd

	i
ωg
fq

]
=

Gtmc︷ ︸︸ ︷[
Y′

c(1, 1) G′
icω(1, 1)

Y′
c(2, 1) G′

icω(2, 1)

] 	E′
�︷ ︸︸ ︷[

	e
ωg
gd

	ωg

]
(34)

	I′
g︷ ︸︸ ︷[

	i
ωg
gd

	i
ωg
gq

]
=

Gtmg︷ ︸︸ ︷[
Y′

g(1, 1) G′
igω(1, 1)

Y′
g(2, 1) G′

igω(2, 1)

] 	E′
�︷ ︸︸ ︷[

	e
ωg
gd

	ωg

]
. (35)

It can be observed from (34) and (35) that unlike the
dq-domain admittance/impedance, transfer matrices Gtmc and
Gtmg 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′

icω(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 	i

ωg
fd , 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 dqωg frame can be obtained, as il-
lustrated in Fig. 12. Finally, the small-signal stability in this
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FIGURE 13. Poles of closed-loop transfer matrix G
ωN
cl (depicted with star markers) and G

ωg
cl (depicted with diamond markers) for various inertia time

constant of grid. Direction of arrows depicts pole movement with increasing inertia time-constant.

FIGURE 14. Poles of closed-loop transfer matrix G
ωN
cl (depicted with star markers) and G

ωg
cl (depicted with diamond markers) for four different values of

SCR at PCC: 1.5 (blue), 3 (red), 5 (green), 10 (magenta). Direction of arrows depicts pole movement with increasing SCR.

frame can be assessed by analyzing the poles of the closed-
loop transfer matrix, G

ωg
cl , which is given by

�E′
�

�I′
L

= G
ωg
cl = [I + G−1

tmgGtmc]
−1

G−1
tmg (36)

where �I′
L = �I′

f + �I′
g.

The analytical models derived in this section reveal
that while small-signal modeling of a GFM converter
system in dqωN frame allows the use of conventional
impedance/admittance-based models, as shown in (9) and
(15), modeling in dqωg 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

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 dq-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, GωN

cl in (17) and
G

ωg
cl in (36), are calculated and plotted in Fig. 13 , for various
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FIGURE 15. Poles of closed-loop transfer matrix G
ωN
cl (depicted with star markers) and G

ωg
cl (depicted with diamond markers) for three different values of

loop-bandwidth of APC in converter system: αpc = 2π5 rad/s (blue), αpc = 2π15 rad/s (red), and αpc = 2π20 rad/s (green). An SCR = 5 is considered here.

FIGURE 16. Poles of closed-loop transfer matrix G
ωN
cl (depicted with star markers) and G

ωg
cl (depicted with diamond markers) for three different values of

loop-bandwidth of APC in converter system: αpc = 2π5 rad/s (blue), αpc = 2π15 rad/s (red), and αpc = 2π20 rad/s (green). An SCR = 3 is considered here.

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.3

Furthermore, Fig. 14 presents the poles of GωN
cl and G

ωg
cl ,

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.

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 GωN
cl and

G
ωg
cl for three different loop bandwidths of the APC in the

converter system: αpc = 2π5 rad/s (blue), αpc = 2π15 rad/s
(red), and αpc = 2π20 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 αpc = 2π20 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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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 dqωN frame allows for the
use of conventional impedance/admittance-based models, the
modeling approach in dqωg 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
Rf and inductance Lf . 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 αpc 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 t = 0.1 s, when the
APC loop bandwidth is increased to 2π20 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

FIGURE 18. Impact of APC’s loop bandwidth on active power response of
system. An SCR = 5 is considered here.

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 αpc

to 2π15 rad/s at t = 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 2π20 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.

VII. CONCLUSION
This article presents a comparative evaluation of small-signal
modeling for GFM converter systems in two distinct system
dq-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 dqωN frame
enables the use of conventional impedance/admittance-based
models, modeling in dqωg 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.
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