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 A B S T R A C T

This paper investigates the damping and synchronizing characteristics that a grid-forming (GFM) converter 
should offer to the grid by analyzing the influence of its control parameters. With a focus on the virtual-
admittance-based GFM (VA-GFM) control strategy, the analysis is based on the controller’s frequency response, 
obtained from a linearized model of the GFM converter. Such frequency domain-based assessments have 
recently been recommended by system operators, as they enable the converter to be treated as a black box 
model, thereby simplifying the evaluation process. However, existing approaches offer limited insight into how 
control parameters affect damping and synchronization across varying frequency regions. The results show that 
GFM control parameters influence these damping and synchronization properties differently depending on the 
frequency range, offering valuable insights for control system design. The analytical findings are validated 
through detailed time-domain simulations in MATLAB/Simulink.
1. Introduction

Driven by global objectives to reduce greenhouse gas emissions, 
modern power systems are undergoing a transition from conventional 
fossil-fuel-based generation to renewable energy sources (RES), which 
are predominantly interfaced with the grid through voltage-source 
converters (VSCs) [1]. The growing penetration of such converter-based 
resources introduces new stability concerns, leading to the development 
of grid-forming (GFM) control strategies, initially conceived to replicate 
the dynamic behavior of synchronous generators, as a means of address-
ing these challenges [2]. Converters equipped with GFM functionality 
can establish the grid voltage, support the short-circuit power (fault 
level), and provide inertial support, thereby contributing to the overall 
system stability [3].

Moreover, similar to synchronous machines, which should desirably 
have a positive damping and synchronizing power [4], it is essential 
for GFM converters not only to exhibit an inherently damped dynamic 
response, but also to actively contribute to the overall damping of the 
system, particularly during disturbances. Additionally, GFM convert-
ers must possess strong synchronizing capabilities to maintain stable 
operation and remain in synchronism with the grid, ensuring reliable 
performance [5].

To examine the damping and synchronizing characteristics of a 
GFM converter, both nonlinear and linear analytical methods can be 
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applied [6]. Within the nonlinear category, electromagnetic transient 
(EMT) simulations and root-mean-square (RMS) dynamic models are 
the most widely used tools [7]. EMT simulations offer a detailed repre-
sentation of fast converter dynamics and switching effects, while RMS 
models use phasor-domain representations of voltages and currents, 
reflecting steady-state conditions from the electrical perspective. RMS 
models capture slower system dynamics, such as electromechanical 
dynamics in synchronous generators, and preserve nonlinear system 
behaviors. This results in lower computational effort compared to 
EMT models while retaining the required dynamics. These nonlinear 
approaches allow the converter’s response to large disturbances, control 
nonlinearities, and varying network conditions to be studied in depth, 
providing valuable insight into its overall dynamic performance.

Although nonlinear analysis can provide highly accurate results, it 
often requires considerable computation effort. Therefore, linearized 
analysis methods, applied either in the time domain or frequency 
domain, are commonly used to obtain quicker evaluations of system 
behavior [8]. Linearization enables analytical investigation of how 
system and control parameters affect the converter’s dynamic response, 
such as damping and overshoot. Among these linear approaches, eigen-
value analysis of the system’s state-space model is widely adopted for 
power systems studies. For example, the impact of virtual impedance 
variations or different damping controllers on the eigenvalues of GFM 
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converters is analyzed in [9,10], while the eigenvalue-based stabil-
ity of GFM converters under different short-circuit ratios (SCRs) is 
investigated in [11]. However, developing a complete state-space rep-
resentation requires full knowledge of system parameters and control 
structures, which may not always be available [12]. In situations where 
such information is limited, frequency-domain methods, for exam-
ple network frequency perturbation (NFP) analysis, Nyquist criterion, 
or passivity-based techniques, provide effective alternatives [13–17]. 
Frequency methods offer clear advantages over the aforementioned 
approaches. In particular, the converter can be treated as a black-box 
system. Small-signal perturbations are injected at selected frequencies 
to directly measure the output response, without requiring detailed 
knowledge of internal control implementations [18,19]. However, they 
primarily serve as tools for assessing system stability.  However, such 
analyses typically offer limited insight beyond stability margins. In 
particular, they do not adequately capture system requirements across 
different frequency regions, nor do they clarify how control parameters 
affect damping and synchronization characteristics both within and 
across these regions. In addition, the trade-offs in controller design 
between damping characteristics and synchronizing performance are 
seldom considered. These limitations highlight the need for a more 
comprehensive and physically interpretable framework to understand 
how GFM converters meet grid requirements and how control design 
choices affect system behavior.

Although the standardization and grid-code requirements for GFM 
converters are still under development, several widely accepted char-
acteristics are outlined in the literature. In particular, GFM converters 
are expected to operate as a voltage source behind an impedance, 
with outer control loops whose bandwidth is limited below a specified 
frequency [20]. This paper categorizes the frequency-domain response 
into three regions, as illustrated in Fig.  1. At low frequencies, typically 
up to 5 Hz, the GFM converter is expected to exhibit a constant-
power behavior by accurately tracking its power setpoints. In this 
frequency range, the converter dynamics are mainly governed by the 
outer power-control loops, and the characteristic of a slowly varying 
voltage source inherent to GFM operation is realized [20]. At very low 
frequencies, beyond the close-to-zero but still well below the funda-
mental frequency, the system may become susceptible to low-frequency 
oscillations. Ideally, proper tuning of the power controllers results 
in a well-damped first-order response. In practice, insufficient damp-
ing, caused by unfavorable power controller tuning or adverse system 
conditions, may prevent this ideal behavior, allowing low-frequency 
oscillatory modes to emerge.  Around the fundamental frequency in the 
rotating dq-frame, the converter should provide sufficient damping to 
minimize the amplification of DC components during transient events. 
These DC components originate from electrical modes associated with 
the resistance-to-inductance ratio of the system. Adequate damping in 
this frequency range is therefore essential, as DC components pose 
a serious risk to grid-connected equipment such as transformers and 
must be effectively suppressed [14]. This can be achieved by intro-
ducing transient or virtual resistive elements to provide additional 
damping.  Beyond this, in the harmonic range, the influence of the 
outer loops diminishes and the GFM converter is expected to behave 
as a passive element. In this region, the converter should function as a 
constant impedance, predominantly defined by the physical filter and 
any implemented virtual impedance. This impedance-based behavior 
ensures predictable and stable interaction with the rest of the system, 
while enabling the converter to contribute to harmonic attenuation and 
overall system robustness [21].

To address the gap for providing a unified and frequency-resolved 
view of key dynamic behaviors, the aim of this paper is to investigate 
the damping and synchronizing properties of GFM converters, and to 
analyze how these properties manifest across different frequency re-
gions to meet grid requirements. The focus of this work is on providing 
qualitative insight into how control parameters influence damping and 
2 
Fig. 1. Desired GFM control behavior at different frequencies.

synchronizing characteristics, and on highlighting that controller tun-
ing inherently involves trade-offs between damping characteristics and 
synchronizing performance across different frequency regions, based on 
an analysis of the converter’s intrinsic behavior independent of specific 
grid conditions, rather than on establishing explicit quantitative design 
limits. The study focuses on the influence of key control parameters 
within the virtual-admittance-based GFM (VA-GFM) control strategy, 
which is selected for its promising performance characteristics [22]. 
Frequency-domain analysis is employed, as it effectively represents the 
behavior of the converter during grid disturbances and has been recom-
mended for compliance testing of GFM systems in recent grid codes [6,
23]. In this work, the frequency response of the exchanged active power 
under frequency and angle perturbations is analyzed to investigate 
how different control parameters influence the converter’s dynamic 
behavior across distinct frequency ranges. Considering frequency and 
angle variations as system inputs also provides a more physically 
intuitive interpretation compared to impedance-based methods, since 
damping and synchronization properties are directly reflected in the 
power response to these perturbations. Furthermore, nonlinear time-
domain simulations are conducted to validate the trends observed 
in the frequency domain. The main contributions of this paper are 
summarized as follows:

• a dedicated analysis of the VA-GFM control strategy with respect 
to its damping and synchronizing characteristics;

• a frequency-domain based characterization of these properties 
across distinct frequency regions;

• a consolidated dynamic characterization that connects small-
signal frequency-response behavior with system-level damping 
and synchronizing performance.

The rest of the paper is organized as follows: Section 2 describes 
the system under study together with the controllers. The linearized 
equations are derived in Section 3 to obtain the frequency-domain 
responses and Bode plots. In Section 4, damping properties of the GFM 
converter are discussed based on the frequency analysis and a veri-
fication follows using time-domain simulation. Section 5 extends the 
analysis and verification to synchronizing characteristics and finally, 
conclusions are drawn in Section 6.

2. System and controller description

In this section, the structure of the system under study is presented 
and the adopted GFM strategy is introduced.

As can be seen from Fig.  2(a), the system consists of a VSC con-
nected through an inductive filter and a step-up AC transformer to a 
grid, represented using a simplified Thévenin equivalent model.

The control structure of the VA-GFM is illustrated in Fig.  2(b). In 
VA-GFM, the VSC appears as a virtual machine with a virtual back elec-
tromotive force (EMF) and a virtual impedance, including the physical 
converter filter and a tunable virtual part [21]. Generally, VA-GFM has 
advantages over other GFM strategies in terms of less dependency on 
grid strength as it increases the electrical distance between point-of-
common-coupling (PCC) and the voltage that is controlled, 𝑒EMF [22]. 
Moreover, the virtual inductance and resistance are additional con-
trol parameters, providing more degree of freedom in controlling the 
system [22].
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Fig. 2. (a) Structure of the system under study. (b) Control structure of VA-
GFM.

The synchronization angle 𝜃EMF in VA-GFM is obtained from the 
active-power control (APC) loop as: 

𝜃𝐄𝐌𝐅 = 1
𝑠
[

𝐺pc
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

(𝐾p,pc +
𝐾i,pc
𝑠

)(𝑃⋆
g − 𝑃g) − 𝑅a𝑃g + 𝜔N] (1)

where 𝜔N is the rated angular frequency (in rad/s) of the AC grid. 
Moreover, 𝑃g and 𝑃⋆

g  are the injected active power and its reference, 
respectively. 𝐾p,pc and 𝐾i,pc denote the proportional and integral gains 
of the PI regulator, while 𝑅a denotes an active damping term, which is 
included to improve the dynamic performance of the controller and is 
set equal to 𝐾p,pc [24]. The parameters of the controller are selected in 
order to obtain a first-order closed loop response from 𝑃⋆

g  to 𝑃g.
The AC-voltage controller (AVC) is based on an integral term with 

the gain of 𝐾i,vc, and is used to regulate the magnitude of the voltage at 
the PCC (𝐸g) to its reference value (𝐸⋆

g ). In the block diagram, 𝐸N is the 
rated system voltage, and 𝑅′

𝑎 is a transient damping term implemented 
through a high-pass filter with the bandwidth of 𝛼HPF [22]. The AVC 
relation can be written as: 

𝑒𝐄𝐌𝐅 = 𝐸N +

𝐺vc
⏞⏞⏞
𝐾i,vc
𝑠

(𝐸⋆
g − 𝐸g) −

𝐺HPF
⏞⏞⏞⏞⏞⏞⏞

𝑠
𝑠 + 𝛼HPF

𝑅′
𝑎𝑖𝑔 (2)

It is worth mentioning that underlined variables represent vectors in 
the converter 𝑑𝑞-frame defined by the angle output of active-power 
controller (using power-invariant transformation), and capital letters 
denote the amplitude of the vector in this section.

In VA-GFM strategy, in addition to active-power controller and AC-
voltage controller, the virtual impedance should be implemented in 
the control system as shown in Fig.  2(b). 𝐿v and 𝑅v are the virtual 
inductance and resistance, respectively, while 𝑋v = 𝜔N𝐿v arises from 
the abc–dq transformation and represents the virtual reactance at the 
rated frequency. The VA block calculates the reference current 𝑖⋆g , 
which is the input of the current controller, as: 

𝑖⋆𝑔 =
𝑒EMF − 𝑒g

𝑅v + 𝑠𝐿v + 𝑗𝑋v
(3)

The implemented current controller has a classical structure and is 
based on a PI regulator with cross-coupling cancellation and voltage 
feed-forward, low-pass filtered with a cut-off frequency of 𝛼ff. The 
current controller calculates the converter-voltage reference as [25]: 

𝑒⋆c =

𝐻f f
⏞⏞⏞
𝛼f f

𝑠 + 𝛼f f
𝑒g + 𝑗𝜔N𝐿f 𝑖g +

𝐺cc
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

(𝐾p,cc +
𝐾i,cc

𝑠
)(𝑖⋆g − 𝑖g). (4)

where 𝐿f is the physical filter inductance. The terms 𝐾p,cc and 𝐾i,pc
denote the proportional and integral gains of the PI regulator for the 
current controller, respectively.
3 
Table 1
Circuit and base-case control parameters of studied GFM-VSC.
 Parameter Symbol Unit  
 Nominal apparent power 𝑆N 100 MVA (1 p.u.)  
 Nominal RMS voltage 𝐸N 20 kV (1 p.u.)  
 Nominal frequency 𝑓N 50 Hz  
 Grid impedance (1/SCR) 𝐿g 1 p.u.  
 Active-power controller bandwidth 𝛼pc 5 Hz  
 Transient damping HPF bandwidth 𝛼hpf 5 Hz  
 Voltage controller bandwidth 𝛼vc 1 Hz  
 Filter resistance and inductance 𝑅f, 𝐿f 0.015 p.u., 0.15 p.u. 
 Active damping term 𝑅a 0.065 p.u.  
 Virtual inductance 𝐿v 0.5 p.u.  
 Virtual resistance 𝑅v 0.25 p.u.  

The main controller and system parameters are presented in
Table  1.

3. Theoretical framework

This section presents the theoretical basis for analyzing the con-
verter’s frequency-domain behavior under frequency and angle vari-
ations at its point of connection to the grid. As suggested by several 
power system operators [19,26], the focus is on the resulting active-
power response, as it represents a useful indicator for the converter’s 
damping and synchronizing properties. In the following, the converter’s 
input admittance is derived first. Thus, the transfer functions of active 
power to frequency and angle perturbations are derived.

3.1. Input admittance derivation

The input admittance defines the relationship between voltage per-
turbations at PCC and the induced current response, represented by the 
matrix below. 
[

𝛥𝑖𝑆sd
𝛥𝑖𝑆sq

]

=

[

𝑌dd 𝑌dq
𝑌qd 𝑌qq

][

𝛥𝑒𝑆d
𝛥𝑒𝑆q

]

(5)

In the notation, 𝛥 denotes perturbation quantities, and the super-
script ‘‘S ’’ indicates variables expressed a rotating dq-frame defined by 
the angle 𝜃N obtained by integrating the rated angular frequency 𝜔N
and initialized with zero phase. The input admittance of the converter 
is derived in this rotating dq-frame, hereafter referred to as the system
dq-frame. To perform this derivation, the controller dynamics described 
in Section 2 must be transformed into this frame. Using (1), the angle 
𝜃L is defined 

𝜃L = 𝜃𝐄𝐌𝐅 − 𝜃N = 1
𝑠
[𝐺pc(𝑃⋆

g − 𝑃g) − 𝑅a𝑃g] (6)

where 𝜃L represents the phase-angle difference between the emulated-
voltage source and the infinite bus, and can be interpreted as the 
converter’s load angle. Thus, any vector 𝑦 defined in Section 2 can be 
transformed to the system dq-frame using the following relation 

𝑦𝑆 = 𝑦𝑒𝑗𝜃L (7)

Using the linearized forms of (3) and (4), we obtain 

𝛥𝑖⋆𝑔 = (𝛥𝑒EMF − 𝛥𝑒g)
𝑍̃v − 𝑗𝑋v

𝑍̃v
2 +𝑋2

v

, (8)

and 
𝛥𝑒⋆c = 𝐻f f𝛥𝑒g + 𝑗𝜔N𝐿f𝛥𝑖g + 𝐺cc(𝛥𝑖⋆g − 𝛥𝑖g), (9)

where 𝑍̃v = 𝑅v + 𝑠𝐿v. The linearized form of (7) results in 

𝑒𝑗𝜃L0𝛥𝑦 = 𝛥𝑦𝑆 − 𝑗𝑦𝑆𝛥𝜃 , (10)

0 L



K. Kamalinejad et al. International Journal of Electrical Power and Energy Systems 182 (2026) 112185 
where the subscript ‘‘0’’ denotes steady-state quantities. By multiplying 
both sides of (9) by 𝑒𝑗𝜃L0  and utilizing (10), we obtain 
𝛥𝑒𝑆⋆c − 𝑗𝑒𝑆⋆c0 𝛥𝜃L = 𝐻f f (𝛥𝑒𝑆g − 𝑗𝑒𝑆g0𝛥𝜃L)

+ 𝑗𝜔N𝐿f (𝛥𝑖𝑆g − 𝑗𝑖𝑆g0𝛥𝜃L) + 𝐺cc(𝛥𝑖𝑆⋆g − 𝑗𝑖𝑆⋆g0 𝛥𝜃L)

− 𝐺cc(𝛥𝑖𝑆g − 𝑗𝑖𝑆g0𝛥𝜃L).

(11)

Similarly, by multiplying both sides of (8) by 𝑒𝑗𝜃L0  and using (10), we 
obtain 

𝛥𝑖𝑆⋆g = 𝑗𝑖𝑆⋆g0 𝛥𝜃L + (𝛥𝑒𝑆EMF − 𝑗𝑒𝑆EMF0𝛥𝜃L)
𝑍̃v − 𝑗𝑋v

𝑍̃v
2 +𝑋2

v

− (𝛥𝑒𝑆g − 𝑗𝑒𝑆g0𝛥𝜃L)
𝑍̃v − 𝑗𝑋v

𝑍̃v
2 +𝑋2

v

.
(12)

By substituting (12) into (11), and subsequently rearranging the 
resulting expression and decomposing it into its real and imaginary 
components, the small-signal model of the converter voltage reference 
in the system dq-frame is obtained as 

[

𝛥𝑒𝑆⋆cd
𝛥𝑒𝑆⋆cq

]

=

𝐆ee
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
⎡

⎢

⎢

⎢

⎣

𝐻f f −
𝐺cc𝑍v

𝑍2
v+𝑋2

v
− 𝐺cc𝑋v

𝑍2
v+𝑋2

v
𝐺cc𝑋v

𝑍2
v+𝑋2

v
𝐻f f −

𝐺cc𝑍v

𝑍2
v+𝑋2

v

⎤

⎥

⎥

⎥

⎦

[

𝛥𝑒𝑆gd
𝛥𝑒𝑆gq

]

+

𝐘i
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
[

−𝐺cc −𝜔N𝐿f

𝜔N𝐿f −𝐺cc

][

𝛥𝑖𝑆gd
𝛥𝑖𝑆gq

]

+

𝐙v
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
⎡

⎢

⎢

⎢

⎣

𝐺cc𝑍v

𝑍2
v+𝑋2

v

𝐺cc𝑋v

𝑍2
v+𝑋2

v

− 𝐺cc𝑋v

𝑍2
v+𝑋2

v

𝐺cc𝑍v

𝑍2
v+𝑋2

v

⎤

⎥

⎥

⎥

⎦

[

𝛥𝑒𝑆EMFd

𝛥𝑒𝑆EMFq

]

+

𝐆Te
⏞⏞⏞⏞⏞⏞⏞
[

𝐴e 0

𝐵e 0

][

𝛥𝜃L
𝛥𝐸⋆

g

]

(13)

The terms 𝐴e and 𝐵e are given by 
𝐴e = −𝑒𝑆cq0 +𝐻f f 𝑒

𝑆
gq0 + 𝑖𝑆gd0𝜔N𝐿f − 𝐺cc𝑖

𝑆
gq0

+
𝐺cc𝑒𝑆EMFq0𝑍̃v − 𝐺cc𝑒𝑆EMFd0𝑋v

𝑍2
v +𝑋2

v

+
−𝐺cc𝑒𝑆gq0𝑍̃v + 𝐺cc𝑒𝑆gd0𝑋v

𝑍2
v +𝑋2

v

;

𝐵e = 𝑒𝑆cd0 −𝐻f f 𝑒
𝑆
gd0 + 𝑖𝑆gq0𝜔N𝐿f + 𝐺cc𝑖

𝑆
gd0

−
𝐺cc𝑒𝑆EMFd0𝑍̃v + 𝐺cc𝑒𝑆EMFq0𝑋v

𝑍2
v +𝑋2

v

+
𝐺cc𝑒𝑆gd0𝑍̃v + 𝐺cc𝑒𝑆gq0𝑋v

𝑍2
v +𝑋2

v

(14)

Furthermore, the small-signal model of the virtual back-EMF in the
dq-frame can be obtained by linearizing expressions (2) and (6), and 
by following a procedure similar to that described above for the frame 
transformation of the linearized form of (2). The resulting small-signal 
model of the virtual back-EMF in the system dq-frame is given by 

[

𝛥𝑒𝑆EMFd

𝛥𝑒𝑆EMFq

]

=

𝐆′
T

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
[

−(𝑒𝑆EMFq0 + 𝐺HPF𝑅′
a𝑖
𝑆
gq0) 𝐺vccos𝜃L0

(𝑒𝑆EMFd0 + 𝐺HPF𝑅′
a𝑖
𝑆
gd0) 𝐺vcsin𝜃L0

][

𝛥𝜃L
𝛥𝐸⋆

g

]

+ 𝐆PVv1

[

𝛥𝑒𝑆gd
𝛥𝑒𝑆gq

]

+𝐆DH

[

𝛥𝑖𝑆gd
𝛥𝑖𝑆gq

]

(15)

where 

𝐆PVV1 =

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝐺𝑣𝑐 cos 𝜃𝐿0𝑒𝑅𝑔𝑑0
𝐸𝑔0

𝐺𝑣𝑐 cos 𝜃𝐿0𝑒𝑅𝑔𝑞0
𝐸𝑔0

𝐺𝑣𝑐 sin 𝜃𝐿0𝑒𝑅𝑔𝑑0
𝐸𝑔0

𝐺𝑣𝑐 sin 𝜃𝐿0𝑒𝑅𝑔𝑞0
𝐸𝑔0

⎤

⎥

⎥

⎥

⎥

⎥

⎦

,

𝐆DH =

[

−𝐺HPF𝑅′
𝑎 0

′

]

.

(16)
0 −𝐺HPF𝑅𝑎

4 
Fig. 3. Frequency perturbation implementation (a) from PCC, and (b) for the 
entire system.

with 
[

𝛥𝜃L
𝛥𝐸⋆

g

]

=

[𝐺pc
𝑠 0

0 1

][

𝛥𝑃⋆
g

𝛥𝐸⋆
g

]

+

𝐆PVc2
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
⎡

⎢

⎢

⎣

−
(𝐺pc+𝑅a)𝑒𝑆gd0

𝑠 −
(𝐺pc+𝑅a)𝑒𝑆gq0

𝑠

0 0

⎤

⎥

⎥

⎦

[

𝛥𝑖𝑆gd
𝛥𝑖𝑆gq

]

+

𝐆PVv2
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
⎡

⎢

⎢

⎣

−
(𝐺pc+𝑅a)𝑖𝑆gd0

𝑠 −
(𝐺pc+𝑅a)𝑖𝑆gq0

𝑠

0 0

⎤

⎥

⎥

⎦

[

𝛥𝑒𝑆gd
𝛥𝑒𝑆gq

]

(17)

where the expressions 𝑃g = 𝑒𝑆gd𝑖
𝑆
gd + 𝑒𝑆gq𝑖

𝑆
gq, and 𝐸g =

√

(𝑒𝑆gd)
2 + (𝑒𝑆gq)2

are used for the active-power injected into the grid and PCC-voltage 
magnitude, respectively. Neglecting the impact of delays and using 
(13), (15), (17), and the linearized expression for the current dynamics 
in the system dq-frame, which is given by 

[

𝛥𝑒𝑆cd
𝛥𝑒𝑆cq

]

=

[

𝛥𝑒𝑆gd
𝛥𝑒𝑆gq

]

+

𝐙f
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
[

𝑅f + 𝑠𝐿f −𝜔N𝐿f

𝜔N𝐿f 𝑅f + 𝑠𝐿f

][

𝛥𝑖𝑆gd
𝛥𝑖𝑆gq

]

(18)

the input admittance of the converter system seen from the PCC can be 
obtained as 
𝐘conv = [𝐘i + 𝐙v𝐆DH + 𝐙v𝐆′

T𝐆PVc2 +𝐆Te𝐆PVc2 − 𝐙f ]
−1

[𝐆ee + 𝐙v𝐆PVv1 + 𝐙v𝐆′
T𝐆PVv2 +𝐆Te𝐆PVv2 − 𝐈]

(19)

3.2. Derivation of linearized equations for frequency response analysis

In this section, the analytical linearized model of the system is 
derived. The accuracy of the linearized model then is verified by the 
detailed time-domain simulation model.

Note that the voltage 𝑒 represents either 𝑒g or 𝑒s in Fig.  3, depending 
on the point where the frequency perturbation is applied.

The general active power relation is given as follows: 
𝑃s = 𝑒𝑆d 𝑖

𝑆
sd + 𝑒𝑆q 𝑖

𝑆
sq (20)

Linearizing (20) results in: 
𝛥𝑃s = 𝑖𝑆sd0𝛥𝑒

𝑆
d + 𝑒𝑆d0𝛥𝑖

𝑆
sd + 𝑖𝑆sq0𝛥𝑒

𝑆
q + 𝑒𝑆q0𝛥𝑖

𝑆
sq (21)

Furthermore, the voltage vector in the system dq-frame can be written 
as 
𝑒𝑆 = 𝑒 𝑒𝑗(𝜃S−𝜃N) (22)
0



K. Kamalinejad et al. International Journal of Electrical Power and Energy Systems 182 (2026) 112185 
Fig. 4. Comparison between analytical (blue solid) and simulation (red stars) results for 𝐺𝐝 (left) and 𝐺𝐬 (right).
The variation of the voltage vector during a frequency perturbation can 
be obtained by linearizing (22) as 

𝛥𝑒𝑆 = 𝑗𝑒0 𝑒𝑗(𝜃s0−𝜃N0)𝛥𝜃s; 𝛥𝜃s =
𝛥𝜔s
𝑠

(23)

Note that 𝜃s0 = 𝜃N0 is assumed before a frequency perturbation, 𝛥𝜔s is 
applied in (23). Using (23) and (5), the 𝑑𝑞-components of the current 
variation can be obtained as follows: 
𝛥𝑖𝑆sd =

𝑒0
𝑠
𝑌dq𝛥𝜔s, 𝛥𝑖𝑆sq =

𝑒0
𝑠
𝑌qq𝛥𝜔s (24)

Utilizing (21), (23) and (24), the variation in the active power can be 
obtained as 

𝛥𝑃s = 𝑌dq
𝑒20
𝑠
𝛥𝜔s + 𝑖sq0

𝑒0
𝑠
𝛥𝜔s (25)

Finally, the transfer function from the applied frequency perturbation 
to the active-power variation can be obtained as follows: 

𝐺𝐝 =
𝛥𝑃s
𝛥𝜔s

= 𝑌dq
𝑒20
𝑠

+ 𝑖sq0
𝑒0
𝑠

(26)

Using (26), the applied angle perturbation can also be correlated 
with variations in active power as follows: 

𝐺𝐬 =
𝛥𝑃s
𝛥𝜃s

= 𝑌dq𝑒
2
0 + 𝑖sq0𝑒0 (27)

It can be seen that the transfer functions from variation in frequency 
and angle to active-power change are dependent on only one compo-
nent of the input admittance matrix (𝑌dq) as well as the voltage and 
current steady-state values. The input admittance of the converter with 
VA-GFM strategy has been derived, which will be used to obtain the 
frequency-domain responses in the rest of the paper. While the transfer 
function 𝐺d gives a valuable insight to the damping characteristics, the 
response from 𝐺s is used to investigate synchronizing characteristics 
of the VSC in this paper. To validate the accuracy of the analytical 
model, the derived transfer functions 𝐺𝑑 and 𝐺𝑠 are compared with 
simulation results using the parameter values listed in Table  1. In the 
EMT simulation model, a small perturbation in the PCC frequency or 
phase angle is applied as the input and swept across the frequency 
range, while the resulting output power magnitude and phase relative 
to the input are measured. As shown in Fig.  4, the analytical and 
simulation results exhibit close agreement, confirming the correctness 
of the linearized model.

4. Analysis of damping characteristics

In this section, frequency response of transfer function 𝐺d obtained 
in (26)1 is analyzed. Different values of the converter’s control param-
eters are selected to analyze their impact on damping characteristics. 

1 These are also referred in the literature as Network Frequency 
Perturbation (NFP) plots [26,27].
5 
The control parameters investigated include active damping (𝑅𝐚), tran-
sient damping(𝑅′

𝐚), and virtual impedance (𝐿𝐯 and 𝑅𝐯), owing to their 
direct influence on the system’s damping characteristics. Subsequently, 
frequency response for the entire system is obtained, to demonstrate 
that the damping behavior provided by the GFM converter remains 
consistent at the system level. Finally, the analyses are validated by 
time-domain simulation results.

4.1. Resonances under damping investigation

Recent research indicates that GFM-VSCs commonly exhibit two 
typical resonances in their output power, occurring at low and mid 
frequencies [28]. This is primarily due to the use of low-pass filters 
in the power measurement and the inherently slow dynamics of the 
outer control loops to suppress high-frequency components. As a result, 
the low- and mid-frequency resonances, referred to as sub-synchronous 
and synchronous resonances respectively, become more prominent. 
In this paper, synchronous resonance refers to resonance phenomena 
occurring in the vicinity of the nominal grid frequency, i.e., around 
the synchronous frequency (𝑓𝑁 = 50 Hz in this study), whereas sub-
synchronous resonance refers to resonance phenomena occurring at 
frequencies below the synchronous frequency (𝑓 < 𝑓𝑁 ), typically in the 
low-frequency range around the bandwidth of the active-power con-
troller. In addition, high-frequency resonances are generally mitigated 
to some extent by the damping provided by system filters and parasitic 
resistances and are therefore not the main focus of this paper, which 
centers on the resonances that are more consequential at the system 
level. Therefore, this paper focuses on the analysis of synchronous and 
sub-synchronous resonances. Synchronous resonance is caused by the 
virtual and physical impedances of the GFM system [29], which has 
two conjugate poles at 

𝜌1,2 = −𝑅
𝐿

± 𝑗𝜔N (28)

where R and L denote the resistance and inductance between the 
internal voltage of the VSC system (𝑒EMF) and either the PCC or the grid 
voltage. In (28), the imaginary part corresponds to the synchronous 
frequency in the rotating system 𝑑𝑞 frame which corresponds to the 
DC component in the current response of the system in the stationary 
frame. On the other hand, the real part of the poles is determined by 
the 𝑅∕𝐿 ratio. This resonance requires damping provision as discussed 
in Section 1 using Fig.  1, and is highlighted with yellow dashed lines 
in Fig.  5. Sub-synchronous resonance, on the other hand, is primarily 
associated with the second-order dynamics of the APC, arising from ei-
ther design deficiencies or system disturbances. It generally appears just 
beyond the APC bandwidth, where the GFM’s power-constant behavior 
starts to degrade. This behavior is highlighted with a green dashed line 
in Fig.  5. In Fig.  5, the frequency response of 𝐺d is shown, including 
an approximate estimation of its amplitude and phase-transition around 
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Fig. 5. Synchronous and sub-synchronous resonances in the Bode plot of 𝐺d, 
representing either the converter or the overall system.

the resonances to be used for later discussion. In the estimates, 𝜎 repre-
sents the real part of the conjugate poles, 𝜔d represents the resonance 
frequency and 𝐾 is a numerator constant.

4.2. Damping characteristics analysis

To investigate the damping characteristics of the GFM converter for 
the aforementioned resonances using the Bode plots of 𝐺d, the impact 
of the two resonance modes on the gain and phase characteristics of 
the Bode plot in Fig.  5 should be understood. As such, a rapid phase 
transition and high gain in the Bode plots are indicative of undesirable 
damping properties, as they imply a small real part of the pole which 
is contrary to system operators recommendations [26]. Based on this, 
when assessing the impact of a controller parameter on damping, the 
preferred scenario is the one in which the Bode plot of the converter (or 
the overall system) does not exhibit excessive gain or abrupt phase-shift 
in the frequency of interest where the resonance resides. This behavior 
reflects the GFM converter’s contribution to damping across different 
frequency regions.

4.3. Impact of control parameters on damping characteristics

The Bode plots obtained solely for the converter, excluding the grid 
and evaluated at the PCC terminal, are presented in Fig.  6. It can be 
seen from Fig.  6(a) that the active-damping term (𝑅𝐚) mainly impacts 
sub-synchronous frequencies in the dq frame, particularly around the 
loop bandwidth of the active-power controller, where it is imple-
mented, and enhances the damping in this region. It is also observed 
that its impact is not confined to the constant power region, where 
the implementation is designed to yield a first order response to ac-
tive power reference changes, but extends, albeit weakly here but 
generally based on the loop bandwidth of APC, into the damping 
provision region. This indicates that the term can also slightly influence 
synchronous resonance damping.

The transient damping term (𝑅′
𝐚) is mostly active after its high-pass 

filter cut-off frequency (𝛼HPF = 5 Hz in this case). Therefore, it enhances 
the damping characteristics around the synchronous frequency (50 Hz 
in the dq-frame) by reducing the gain and smoothing the phase vari-
ation within the damping provision region discussed in Section 1, as 
shown in Fig.  6(b).

Moreover, as presented in Fig.  6(c), a higher value of the virtual 
resistance (𝑅v) effectively reduces the magnitude and smooths the 
phase transition at the synchronous frequency. However, it slightly 
reduces the magnitude and sharpens the phase shift at sub-synchronous 
frequencies, which is undesirable. It should be noted that the virtual re-
sistance cannot be set arbitrarily high to damp synchronous resonance. 
6 
Fig. 6. Bode plots (𝐺d) of the VSC. (a) impact of active damping term (𝑅a). (b) 
impact of transient damping term (𝑅′

a). (c) impact of virtual resistance (𝑅v). 
(d) impact of virtual inductance (𝐿v).

Increasing the resistance strengthens the coupling between active and 
reactive power dynamics, as the controllers are designed under the 
assumption of a highly inductive system [21]. This can negatively affect 
the power-constant region, as already indicated by the slight impact 
observed here. Conversely, Fig.  6(d) illustrates that an increased virtual 
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inductance (𝐿v) degrades damping at the synchronous frequency, as it 
amplifies the magnitude and sharpens the phase transition. Neverthe-
less, it mitigates sub-synchronous amplification and smooths the phase 
shift, leading to improved damping. The differing impact of 𝐿𝐯 and 𝑅𝐯
at synchronous frequency are readily observed from (28). It is worth 
noting that, as will be shown in the next section, higher values of 𝐿𝑣
have an adverse impact on synchronizing characteristics. Therefore, 
when designing a system that is not strong from a synchronizing 
perspective, it should be carefully considered whether damping subsyn-
chronous oscillations using virtual inductance may jeopardize transient 
stability. On the other hand, as a general guideline, in a system that 
is weakly damped, priority should be given to tuning parameters that 
have a beneficial impact on resonances in the desired frequency region. 
Therefore, the analysis conducted in this paper demonstrates that a 
trade off is required.

To evaluate the damping contribution of the GFM converter to the 
overall system, the Bode plots for the entire system are obtained, where 
the grid is represented with the short circuit ratio (SCR) of 1 pu. As 
shown in Fig.  7, both the synchronous and sub-synchronous resonances 
are clearly shown. From Fig.  7(a), it can be observed that the active 
damping term (𝑅𝐚) has a positive impact on sub-synchronous oscilla-
tions (around 3 Hz in this case-study), as can also be interpreted from 
Fig.  6(a). In addition, its impact in the synchronous frequency range 
is minimal as expected, although it does introduce a slight detrimental 
effect. On the other hand, the transient damping term (𝑅′

a) improves 
the damping of synchronous oscillation whereas its impact in the sub-
synchronous frequency range is minimal, as illustrated in Fig.  7(b). 
Then, the impact of 𝑅v is shown in Fig.  7(c). It is evident that larger 
value of 𝑅v increases damping in synchronous frequencies while it can 
have a slight undesirable impact on sub-synchronous frequencies. Fig. 
7(d), on the other hand, reveals the detrimental impact of higher value 
of 𝐿v at synchronous frequency, although this can enhance damping at 
sub-synchronous frequencies.

To verify the correctness of the conducted analysis, a phase jump in 
the grid voltage is considered as an example case for the time-domain 
simulation to trigger both sub-synchronous and synchronous frequency 
oscillations, allowing the corresponding damping characteristics to be 
observed in the active power response, as shown in Fig.  8. Fig.  8 
has two oscillation frequencies, namely, the higher frequency which 
is the synchronous resonance and the lower (slow oscillation) being 
the sub-synchronous resonance. From the results, it is evident that 
increased 𝑅a enhances the damping of sub-synchronous oscillations, 
while having minimal, though slightly adverse, impact on synchronous 
oscillations. On the other hand, increased 𝑅′

a enhances damping of 
synchronous oscillation without affecting sub-synchronous oscillation. 
The impact of 𝑅v to improve damping for synchronous oscillation as 
well as the contradicting impact of increased 𝐿v in deteriorating the 
synchronous oscillation and enhancing the subsynchronous oscillation 
are demonstrated, verifying the analytical findings. In addition to the 
phase-jump disturbance, voltage dip disturbances are applied in Fig. 
9 as representative grid-side events. This provides a more realistic 
condition and serves as an additional validation of the analytical re-
sults. It can be observed that, regardless of the type of disturbance 
applied to the system, the impact of the parameters on the damping 
of subsynchronous oscillations and synchronous oscillations (zoomed 
boxes) remains consistent with the conducted analysis. This behavior 
is confirmed when a 40% voltage dip occurs at the zero operating 
point, followed by a step change in the active power reference and a 
subsequent 60% voltage dip.

5. Analysis of synchronizing characteristics

Unlike damping characteristics, which are determined solely
through linearized dynamic analysis, the synchronizing characteristics 
of a GFM converter depend on both static constraints and dynamic 
response. Therefore, in this section, the synchronizing characteristics of 
the GFM are analyzed using frequency-domain response in conjunction 
with a quasi-steady-state approach based on power-angle (𝑃−𝛿) curves.
7 
Fig. 7. Bode plots (𝐺d) of the entire system. (a) impact of active damping 
term (𝑅a). (b) impact of transient damping term (𝑅′

a). (c) impact of virtual 
resistance (𝑅v). (d) impact of virtual inductance (𝐿v).

5.1. Criteria determining synchronizing performance

In this section, the criteria used to characterize the synchronizing 
performance of a GFM converter are defined. Subsequently, the in-
fluence of controller parameters on these characteristics is examined 
through frequency-domain analysis and 𝑃 –𝛿 curves.
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Fig. 8. Time-domain simulation results for a phase jump disturbance. (a) 
impact of active damping term (𝑅a). (b) impact of transient damping term 
(𝑅′

a). (c) impact of virtual resistance (𝑅v). (d) impact of virtual inductance 
(𝐿v).

Fig. 9. Time-domain simulation results for voltage dips of 0.4 pu and 0.6 pu 
at 2 s and 6 s, occurring at zero and non-zero operating points, respectively. 
(a) impact of active damping term (𝑅a) and transient damping term (𝑅′

a). (b) 
impact of virtual resistance (𝑅v) and virtual inductance (𝐿v).

The synchronizing performance of the GFM converter is assessed 
based on three key criteria in this paper:

• Existence of a stable steady-state operating point after a distur-
bance;

• Ability to avoid exceeding the critical angle;
8 
Fig. 10. 𝑃 − 𝛿 curve with key characteristics.

• Speed of response following a disturbance.
Achieving a stable post-disturbance steady state depends primarily 

on the converter’s ability to supply sufficient active power. This is 
constrained by the terminal voltages and the system impedance, which 
together define the maximum transferable power (𝑃𝐦𝐚𝐱). The shape of 
the 𝑃 −𝛿 curve, representing the relationship between the active power 
and the load angle, helps to determine the converter’s operational 
limits, as shown in Fig.  10. If the required power exceeds 𝑃𝐦𝐚𝐱, as 
indicated by the 𝑃 − 𝛿 curve, the converter will fail to reach to a 
steady-state operating point and loss of synchronism occurs [4].

Avoiding the load angle exceeding the critical angle (𝛿cri) during 
transient, on the other hand, is not only related to the shape of the 𝑃 −𝛿
curve, but also closely tied to the dynamic response of the controller. 
Large overshoots in the load angle, influenced by the controller’s 
dynamics and damping characteristics, can push the system beyond the 
critical angle, resulting in loss of synchrony as well [30].

Finally, in addition to the two criteria outlined earlier that de-
termine system stability, when stability is achievable, the speed of 
response of the converter following a phase-jump disturbance and how 
fast is the recovery defines the concept of synchronizing strength. This 
characterizes how closely the converter remains coupled to the grid 
during the transient. Also, from a practical perspective, this property 
is valuable because it reduces reliance on large energy storage systems; 
by limiting prolonged active power imbalances, the converter requires 
less stored energy to stay synchronized with the grid.

5.2. Insights into synchronizing characteristics from frequency-domain
analysis

To evaluate the synchronization characteristics of the GFM con-
verter, the Bode plot 𝐺s of the converter is presented in Fig.  11(a). 
In addition, the corresponding time-domain active-power response to 
a phase jump is illustrated in Fig.  11(b). Here, the objective is to link 
the time-domain synchronizing characteristics with the corresponding 
frequency response (𝐺s). In Fig.  11(b), the solid blue curve shows 
the active-power response to a phase jump. Immediately after the 
disturbance, the active-power shows an instantaneous change, typically 
referred to as the instantaneous phase-jump power. This is followed 
by a change in the opposite direction, where the power reaches its 
maximum deviation, referred to as the active phase-jump power. The 
magnitude of this deviation is governed by the 𝑃 − 𝛿 relationship 
and is influenced by parameters such as virtual impedance, as will 
be explained later. Afterward, the active power begins to return to its 
pre-disturbance value. This recovery is driven by the presence of the 
APC, which forces the system to follow the active-power reference. 
The system returns to this value at a specific speed of recovery, and 
during this process, a low-frequency (sub-synchronous) oscillation may 
be observed, originating from the system’s low-frequency resonance 
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Fig. 11. (a) Bode plots of the GFM converter transfer function 𝐺s with APC 
(solid blue) and without APC (dotted light blue). (b) corresponding time-
domain responses to a phase jump of −0.1 rad applied at 2 s.

pole, mainly associated with APC dynamics. For comparison, the dotted 
light-blue curve illustrates the active power response with the APC 
deactivated, achieved by setting 𝐺pc = 0. Under this condition (see Fig. 
2(b)), 𝜃EMF is obtained as the integral of 𝜔N. In this case, It is evident 
that after a phase-jump disturbance, the active power no longer follows 
its reference but settles near a new operating point. This operating point 
is determined by the 𝑃 −𝛿 relationship and is nearly equal to the active 
phase-jump power.

Turning to the frequency response in Fig.  11(a), two key obser-
vations can be made. Firstly, two distinct frequency regions can be 
identified in the Bode plot. Below the APC loop bandwidth, the mag-
nitude remains close to zero in the solid blue curve, indicating a 
constant power behavior of the GFM. In contrast, the dotted blue curve, 
representing the case without APC, shows a specific non-zero value 
in this range. In addition, there is a region near or below the funda-
mental frequency but above the APC loop bandwidth, where damping 
provision occurs, as discussed in Section 1. In this analysis, these two 
regions are grouped together, representing the combined influence of 
APC action and transient damping, both of which significantly affect 
the converter’s dynamic response. These regions are highlighted in the 
figure with a purple dashed outline. The second region appears at 
higher frequencies, where the effects of virtual impedance and filter 
impedance dominate, and the previously mentioned controller param-
eters have no significant influence. This is in line with the constant 
impedance behavior within the harmonic range and is highlighted with 
a red dashed line. Thus, the former region is denoted as controller 
dominance region, and the latter one is the impedance dominance 
region.

Secondly, by examining the frequency response, the transient be-
havior of the GFM converter during a phase jump disturbance can be 
interpreted. From this, information can be obtained about the three 
criteria defined earlier for assessing the synchronizing characteristics 
of the GFM converter. Let us first consider how the active phase-
jump power can be determined. Following an instantaneous change 
in active power caused by the phase jump, the system approaches a 
9 
Fig. 12. Illustration of the relation between active phase-jump power and the 
synchronizing power coefficient.

new operating point. This new operating point can be identified at 
zero frequency (𝑠 = 0) in the dotted blue curve, which represents the 
steady-state value after the disturbance. In the time-domain results, for 
example, the active power reaches approximately 0.62 pu following 
a phase jump of –0.1 rad. This value can be calculated using the 
relationship 𝑃 = −𝐺.𝛥𝛿, where 𝐺 is the magnitude (gain) of the 
Bode plot at zero frequency, and 𝛥𝛿 is the phase jump in rad. The 
negative sign accounts for the converter’s phase being close to 180◦, 
indicating an inverting behavior. However, due to the active-power 
controller’s role to restore the system to its pre-disturbance operating 
point (constant power region), this would be a transient power injection 
or absorption. Based on the definition provided in the grid code, this 
transient injection or absorption of active power from a grid-forming 
plant to the total system as a result of changes in the phase angle 
between the internal voltage source of the grid-forming plant and the 
grid entry point or user system entry point is called active phase-jump 
power, and is an inherent capability of a grid-forming plant that starts 
to respond naturally, within less than 5 ms [26]. This power provides 
valuable insight into the shape of the 𝑃 − 𝛿 curve, as shown in Fig.  12. 
It can be observed that, for a small phase jump, the change in active 
power corresponds directly to the definition of the synchronizing power 
coefficient, given by 𝛥𝑃∕𝛥𝛿, which also represents the slope of the 𝑃 −𝛿
curve. In general, a higher synchronizing power coefficient, and thus a 
steeper slope, implies a larger margin to 𝑃max and to the critical angle, 
which are the first and second criteria defined earlier.

In cases where the APC cannot be deactivated and the GFM is 
treated as a black box, the active phase-jump power can still be 
inferred. This is because it primarily depends on the steady-state 
impedance between the PCC and the back-EMF voltage source (𝑅𝐯 and 
𝑋𝐯). When APC remains active and direct information on the active 
phase-jump power is unavailable, the impedance-dominant region can 
indicate the shape of the 𝑃 − 𝛿 curve, allowing static constraints to be 
analyzed, as will be discussed later.

Moreover, at high frequencies (𝑠 → ∞), the instantaneous phase-
jump power is reflected, which is the instantaneous reaction of the 
converter’s active power to the phase jump. It can be shown from (27) 
that this value depends on the initial value of the current’s 𝑞 component 
(𝑖𝑠𝑞0) in the dq-frame rotating with the nominal frequency. This power, 
however, is not the focus of this paper, as it is not directly linked to 
the synchronizing characteristics.

Finally, The controller-dominant region reflects the low-frequency 
oscillation and the expected overshoot magnitude in case of voltage dip 
for instance, features that, in addition to the shape of the 𝑃 − 𝛿 curve, 
determine the risk of exceeding the critical angle. However, since an 
overshoot is closely related to the damping characteristics, it is more 
effectively observed in the Bode plots presented in Section 4, as these 
plots reveal both the oscillation frequency and the damping, which 
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Fig. 13. Impact of APC parameters on Bode plots (𝐺s) of GFM converter, 
where solid curves include the APC effect, dotted curves exclude it, and 
circles indicate cutoff frequencies. (a) APC bandwidth (𝛼PC) impact. (b) active 
damping term (𝑅a) impact.

together determine the extent of overshoot. Furthermore, this region 
significantly influences the dynamic response speed of the system, 
shaping how quickly it restores to the pre-disturbance operating point 
(third criterion). Based on the concept of synchronizing strength, the 
faster a system returns to its pre-disturbance state, the greater its 
synchronizing strength. By examining the high-pass filter shape of the 
solid blue Bode plot in Fig.  11(a) within the controller-dominance 
region, it can be concluded that a larger cutoff frequency, defined here 
as the frequency at which the magnitude decreases by 3 dB from its 
peak, leads to a faster response to the pre-disturbance operating point, 
and hence a better synchronizing capability. Based on the discussion in 
this section, the impact of parameters on synchronizing characteristics 
will be discussed in the following.

5.3. Controller parameters impact on synchronizing characteristics

In this part, impact of virtual inductance, virtual resistance, and APC 
parameters on the frequency response and hence on the synchronizing 
characteristics will be described.

Fig.  13(a) and (b) show the effect of APC bandwidth and the active 
damping term on the Bode plots, respectively. As expected, changes 
in the APC parameters only impact the controller dominance region, 
leaving the active phase-jump power and impedance dominance region 
unaffected. Regarding the high-pass filter–like characteristics in the 
10 
Fig. 14. Time-domain simulation result of active power for phase jump of 
−0.1 pu at 2 s. (a) impact of active-power controller bandwidth (𝛼PC). (b) 
impact of active damping term (𝑅a).

controller dominance region, where a higher cutoff frequency corre-
sponds to a faster response, a smaller APC bandwidth lowers the cutoff 
frequency and thus slows the dynamic response. With respect to the 
active damping term, its influence on the cutoff frequency is less than 
that of the APC bandwidth, but it alters the low-frequency oscillation 
dynamics. As discussed in Section 4, this term is introduced to dampen 
the low frequency oscillations. Therefore, insufficient 𝑅𝑎 can increase 
overshoot noticeably. These behaviors are further illustrated by the 
time-domain simulation results in Fig.  14(a) and (b). A higher APC 
bandwidth (𝛼pc = 5 Hz) enables faster convergence to the steady-state 
operating point, thereby improving synchronizing strength. Conversely, 
a smaller 𝑅𝑎 amplifies low-frequency oscillations, which is undesirable 
from a synchronization standpoint.

Fig.  15(a) and (b) show that varying the virtual inductance or 
resistance influences both frequency regions. Increasing 𝐿v accelerates 
the response and reduces low-frequency oscillation amplification, while 
increasing 𝑅v mainly slows the recovery speed; both also affect the 
impedance-dominant region and thus the active phase-jump power. As 
explained earlier, the value of the active phase-jump power mainly de-
pends on the steady-state impedance; however, this value is unavailable 
in Bode plots when APC is active. In such cases, the impedance-
dominant region still contains information about the impedance dy-
namics (𝑅𝐯 + 𝑠𝐿𝐯). Therefore, active phase-jump power can compar-
atively be analyzed in this region. It can be shown from Fig.  15(a) 
and (b) that increasing virtual inductance or resistance decreases the 
bode plots magnitude in the impedance dominance region, meaning 
decreasing active phase-jump power, also indicated with reduced peaks 
in Fig.  16(a) and (b) following the phase jump. This can also be 
explained based on 𝑃 − 𝛿 curves shown in Fig.  17, where the same 
phase jump results in different new operating points and corresponding 
active power with different values of 𝐿𝐯 and 𝑅𝐯, in agreement with the 
time-domain simulations. Therefore, a lower active phase-jump power 
indicates that 𝑃𝐦𝐚𝐱 is reduced, and from the shape of the 𝑃 − 𝛿 curves, 
it can be seen that typically the margin between possible operating 
points and critical angles decreases, both of which make achieving 
synchronizing stability more challenging.

While the above interpretation holds when only the GFM is under 
consideration, it is important to note that, when the entire system is 
considered and the AVC regulates the PCC voltage to 1 pu, neither 
𝑅𝑣 nor 𝐿𝑣 influence 𝑃max. In this case, unlike in Fig.  15, 𝑃max is 
determined solely by the grid impedance. This is because the AVC 
maintains the PCC voltage magnitude at a fixed value, such that the 
steady-state power transfer is governed by the classical power–angle re-
lationship between two stiff voltage sources connected through the grid 
impedance. Consequently, the virtual impedance parameters mainly 
affect the internal converter voltage, but do not alter the steady-state 
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Fig. 15. Impact of virtual impedance on Bode plots (𝐺s) of GFM converter, 
where solid curves include the APC effect, dotted curves exclude it, and circles 
indicate cutoff frequencies. (a) virtual inductance (𝐿v) impact. (b) virtual 
resistance (𝑅v) impact.

Fig. 16. Time-domain simulation result of active power for phase jump of 
−0.1 pu at 2 s. (a) impact of virtual inductance (𝐿v). (b) impact of virtual 
resistance (𝑅v).

voltage magnitude at the PCC or the maximum transferable power, 
which becomes grid-limited rather than converter-limited. However, 
the critical angle shifts closer to the feasible operating points when 
virtual inductance and resistance increase, as shown in Fig.  18. This in-
dicates that, although increasing 𝑅v or 𝐿v does not significantly change 
the 𝑃 –𝛿 curves compared to the previous case, it still exerts a slight 
11 
Fig. 17. Active phase-jump power analysis based on 𝑃 − 𝛿 curves. (a) impact 
of virtual inductance (𝐿v). (b) impact of virtual resistance (𝑅v).

Fig. 18. 𝑃 − 𝛿 curves with AVC. (a) impact of virtual inductance (𝐿v). (b) 
impact of virtual resistance (𝑅v).

Fig. 19. Time-domain simulation result of load angle (𝛿) for 40% Voltage 
dip and 0.55 pu active power injection. (a) impact of virtual inductance and 
resistance. (b) impact of APC parameters.

negative effect. Therefore, in both scenarios, higher values of virtual 
inductance or resistance can be detrimental from a quasi–steady-state 
perspective.

To validate the analysis, as an example, a 40% voltage dip is applied 
on the grid side as a realistic disturbance that can lead to instability 
in cases where the control parameters are not properly tuned, thereby 
allowing the synchronizing capability of the grid-forming converter to 
be examined. As shown in Fig.  19(a), higher values of virtual induc-
tance and resistance lead to a loss of synchronizing stability. Moreover, 
Fig.  19(b) illustrates a small active damping term can also cause loss of 
synchronization during the dip. A slower APC, on the other hand, does 
not result in instability but changes the system’s response.
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6. Conclusion

In this paper, the impact of control parameters for a virtual-
admittance based grid-forming control strategy on damping and syn-
chronizing characteristics of GFM converter has been investigated. 
In particular, the study focuses on how the converter’s frequency 
response should comply with grid requirements and how it is shaped 
and modified by different parameters. These insights are crucial for 
guiding the systematic design of GFM control systems and for set-
ting control parameters to ensure both robust damping behavior and 
reliable synchronization performance. Based on the analysis of the 
Bode plots obtained from the linearized model, it has been shown 
that virtual impedance and different damping terms in active-power 
controller and AC-voltage controller can affect synchronous and sub-
synchronous oscillations differently. Therefore, the analysis provides 
design awareness by evaluating their impact over the entire frequency 
range, beyond the specific region for which they are primarily in-
tended. Furthermore, the influence of parameters on synchronization 
properties has been extensively studied. It has been demonstrated that 
some parameters, such as active damping term and APC bandwidth, 
affecting the transient response influence the rate at which a system 
converges to its operating point following a disturbance. Additionally, 
these parameters can impact the overshoot, which may compromise the 
system’s synchronizing stability. On the other hand, virtual inductance 
and resistance, aside from their effects on dynamic response, play 
a significant role in determining static stability; incorporating this 
analysis into the evaluation of damping characteristics enhances the 
understanding of virtual impedance selection and highlights the trade-
off between damping and synchronizing performance. The validity of 
these findings has been confirmed through time-domain simulation 
results.
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