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Abstract

The growing penetration of inverter-based resources (IBRs) in modern power systems has raised significant challenges related to
system strength and stability. Unlike traditional synchronous generators, which provide inherent inertia and short-circuit system
strength, renewable sources such as wind and solar lack these stabilising characteristics, making networks more vulnerable
to instability. Addressing system strength is therefore critical, but the exact requirements and methods of assessment remain
uncertain.
Conventional electromagnetic transient (EMT) simulations are often employed to study small signal oscillations, but these are
computationally intensive and not always necessary. An alternative is impedance-based frequency domain stability analysis,
which characterises the interaction between system components by evaluating network impedance. This approach offers valuable
insights into stability margins using the Nyquist criterion and is particularly effective for analysing power electronic systems.
Although both synchronous machines and grid-forming (GFM) inverters are recognised as contributors to system strength, there
is no generally accepted methodology to quantify their impact. This paper presents an impedance-based approach to assess
the contribution of System Strength Mitigating Devices (SSMDs), focusing on small-signal stability. Three SSMDs; two GFM
Battery Energy Storage Systems (BESS) and a synchronous condenser are compared, highlighting that stability support depends
more on frequency response characteristics than nominal MVA short circuit capacity.

1 Introduction

Sustained sub/super-synchronous oscillations (SSOs) arising
from the instability of grid-following (GFL) inverters (most
commonly employed for wind and solar IBRs) are a well-
documented phenomenon [5][4]. They are typically observed
in networks with high penetrations of GFL IBRs connected
electrically distant from synchronous generation, in series com-
pensated systems, and during major transmission outages. The
underlying cause of this instability lies in the control archi-
tecture of GFL inverters, which rely on a stable and strong
voltage waveform for proper operation. In weak grid condi-
tions, where network impedance is high (low fault level), the
inverters phase-locked loop (PLL) and inner current control
loops cannot maintain stable operation, leading to SSOs.
The concept of system strength has been applied by system
operators to evaluate the capability of a GFL inverter plant
to connect at a given network location. At present, system
strength at a node is often estimated based on RMS short cir-
cuit capacity (i.e short-circuit impedance). A compensation
factor is then introduced to reflect the contribution of exist-
ing GFL IBRs, usually based on the minimum short-circuit
ratio (SCR) withstand level specified by the inverter manufac-
turer. This minimum SCR withstand requirement of a GFL IBR

is subtracted from the available short-circuit capacity (some-
times with an additional safety factor) to derive proxy system
strength value for the node [6]. If the calculated value is neg-
ative, the location is considered to require system strength
remediation, which may involve GFM inverters, synchronous
condensers, or network augmentations.
While this approach provides a rapid screening method, it is
inherently approximate and lacks accuracy in complex oper-
ating conditions. For this reason, system operators typically
supplement it with EMT simulations to determine the required
scale of SSMDs and/or network reinforcements. While EMT
analysis offers detailed insight into large-signal dynamic per-
formance, it only provides limited visibility of stability margins
and the mechanisms driving instability. Moreover, EMT stud-
ies are computationally intensive and time-consuming, mak-
ing them less practical for early-stage screening or wide-area
system strength assessments.
Since GFL inverter driven SSOs persist even after the net-
work has reached a new steady-state operating point, the
phenomenon can be effectively analysed within the small-
signal domain. Accordingly, an alternative to the conventional
RMS short-circuit capacity assessment is to apply small-signal
stability techniques, such as immittance-based analysis.
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The objective of this paper is to demonstrate the capability
of immittance-based methods to characterise system strength
requirements and determine the contribution of SSMDs. This
approach enables appropriate sizing of GFL inverter plants
while ensuring stable operation and mitigating the risk of SSO
instability.

2 Study Case

Fig.1 illustrates the test network considered in this study. The
network consists of a 330 kV substation interconnected with
the broader transmission system via three overhead transmis-
sion lines. The objective of this assessment is to determine the
maximum size of a GFL inverter-based generating plant (e.g.,
wind or solar farm) that can be connected at the point of con-
nection (POC) in parallel with 240 MVA of system SSMD,
such as a GFM BESS or synchronous condenser.

GFLIGFMI

Sync Con

GFLI

Case A: GFLI & GFMI Case B: GFLI & SyncCon

Fig. 1 (left) Study case with GFM as SSMD, (right) Study case
with synchronous condenser as SSMD.

To ensure a fair comparison of the system strength contribu-
tion from different SSMDs, the total machine/inverter rating
is standardised at 240 MVA for each technology. The equiv-
alent short-circuit impedance of the SSMD collector system
and transformers is assumed to be 1504 MVA (impedance of
15.96% on 240 MVA).
For the GFL plant, the collector system/transformer impedance
corresponds to a fault level of 407 MVA at the inverter termi-
nals (impedance of 14.74% on 60 MVA); however, this value is
derived from the base case plant size of 60 MVA. As the GFL
plant size is increased, the associated collector system/trans-
former impedance will be scaled proportionally to reflect the
higher MVA rating (i.e. higher main and equivalent inverter
transformer rating).

It is observed that the majority of short circuit power at the
POC is provided by Line 0 (around 1000 MVA). In accor-
dance with the Australian National Electricity Rules (NER) [7],
the generating plant must maintain stability following the loss
of a single transmission element. Consequently, small-signal
stability analysis is carried out with Line 0 out of service. Addi-
tionally, it is noted that when Line 1 & 2 are in service the total
short circuit capacity at the POC is 600 MVA. For operation
with line 2 in service only the POC short circuit capacity is 500
MVA.
The study approach is as follows:

• Identify the marginally stable GFL plant size with both
Lines 1 and 2 in service,

• Verify that the outage of Line 1 results in unstable perfor-
mance (100 MVA short circuit capacity reduction),

• Repeat the process for all three types of SSMDs,
• Determine system strength provision of various SSMDs.

3 System strength estimate based on
short-circuit capacity

The first step in the systems strength evaluation is to estimate
the maximum capacity of the GFL plant that can be con-
nected using the conventional RMS short-circuit method. This
is undertaken by applying a balanced three-phase fault at the
GFL inverter terminals, with all GFL inverters out of service
and both Line 1 and 2 in operation. The GFL plant rating is
then incrementally increased until the calculated short-circuit
power at the inverter terminals equals the minimum withstand
requirement specified by the original equipment manufacturer
(OEM).
For the GFL inverter considered in this study, stable operation
is guaranteed provided that the SCR at the inverter terminals
exceeds 2.1 (based on the plant MVA rating), in accordance
with manufacturer recommendations.
It should be noted that, since the focus of this paper is on
small-signal system strength provision from various SSMD
options, the short-circuit power calculations neglect the impact
of current-limiting devices. This assumption is reasonable, as
small-signal disturbances are not expected to drive the inverters
into current-limited operation.
A summary of the assessment results is provided in Table 1.

Table 1 GFL plant sizing using short-circuit capacity with both
Line 1 & 2 in service (600 MVA)
Case SSMD SC GFL Plant GFL SCR SCR

Cont. (MVA) (MVA) (MVA) (pu)
No SSMD - 198 415 2.10
GFM I 1506 690 1452 2.10
GFM II 635 390 826 2.12
Sync Con 718 420 884 2.10

Based on the short-circuit analysis, the GFL inverter plant can
be installed up to a capacity of 198 MVA without the need for
additional SSMDs. The GFM II plant and the synchronous con-
denser provide comparable short-circuit strength, as the GFM
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II inverter incorporates a virtual impedance of 0.2 pu, while the
synchronous condenser is characterised by a sub-transient reac-
tance of Xd"=0.194 pu. As a result, their effective short-circuit
power contributions are of similar magnitude.
In contrast, the application of the GFM I plant results in
a significantly higher short-circuit strength, thereby allow-
ing a larger GFL inverter capacity compared to the other
SSMD options. This is attributed to the fact that the GFM I
inverter does not employ virtual impedance for current limita-
tion; instead, current is constrained through advanced control
techniques. Consequently, the short-circuit power contribution
of the GFM I plant is determined primarily by its inher-
ent electrical impedance, enabling greater support for GFL
integration.

4 System strength estimate based on the
immittance method

4.1 Methodology

This section aims to determine the size of the GFL inverter
plant that can be installed with SSMDs using the impedance-
based stability techniques [1][2][3][8]. The technique involves
injecting small signal voltage oscillations at various frequen-
cies (e.g. 1-1000 Hz) into an EMT model and measuring the
current and voltage response at various frequencies. The mea-
sured inverter/plant impedance, combined with the impedances
of various plant controllers and network passive elements, are
used to calculate any potential resonance and hence SSO.
Therefore, for the intent of this study the GFL inverter immit-
tance was extracted from the EMT model at three different
operating points (50 MW 0 MVAr, 50 MW 20 MVAr, and 50
MW -20 MVAr). Similarly, the GFM inverter and synchronous
condenser immittances were extracted for 0 MW and 0 MVAr
operation (most common operating condition). Finally, the
external grid impedance high frequency model was extracted
by carrying out harmonic scans of the connecting lines.
In order to determine the maximum size of GFL plant that can
be installed at the 330kV POC, the following methodology was
adopted:

• The number of GFL units is progressively increased, and the
corresponding inverter immittance is scaled in proportion to
the number of units.

• The MVA ratings of both the main and inverter transform-
ers associated with GFL are scaled to reflect the increased
number of inverters.

• The scaled EMT impedance of GFL (inclusive of the
associated collector system) is compared against the grid
impedance under two network topologies:

◦with Lines 1 and 2 in service, and
◦with only Line 2 in service, to evaluate stability margins.

• The process is repeated until the number of GFL reaches
the threshold where the system exhibits marginally stable
behaviour with both Lines 1 and 2 in service. At this point,
the system is expected to be unstable with only Line 2 in
service.

• The stability is assessed using both the Bode plot and
simplified Nyquist criterion [2][8].

• The assessment is carried out without and with 240 MVA of
SSMDs.

4.2 GFL plant size with no SSMD

An investigation was conducted to assess the system strength
requirements of the GFL in the absence of any supplementary
SSMDs. The objective was to determine the maximum feasible
capacity of the GFL plant when system strength is provided
exclusively by the grid.
Fig. 2 demonstrates the immittance assessment results for a
GFL plant rated at 55 MW / 66 MVA with both Line 1 & 2 in
service. It is evident that the plant demonstrates stable perfor-
mance (with both Line 1 and Line 2 in service) as the minimum
gain and phase margins are 0.9dB and 4.9°respectively.
Fig. 3 demonstrates the immittance assessment results for a
GFL plant rated at 55 MW / 66 MVA with only Line 2 in ser-
vice. The results predict unstable operation of the plant (with
only Line 2 in service) as the minimum gain and phase margin
are -4.1dB and -14.2°respectively. It is also noted that the point
of intersection between the external grid (with only Line 2 in
service) and the GFL inverter plant occurs at 136 Hz with a
difference of around 194°. This indicates that the resonant fre-
quency of the GFL SSO is expected to be around 136 Hz (86
Hz in RMS quantities) when Line 1 is taken out of service.
Therefore it can be concluded that the 66 MVA of the GFL
inverter plant can operate in a stable manner based on the
immittance stability assessment. This is significantly less than
198 MVA estimated using the short-circuit power method.
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Fig. 2 Frequency response of 66 MVA of GFL with Line 1
& 2 in service with no SSMD (Top) Bode plot, (bottom left)
Nyquist plot, (bottom right) Nyquist plot zoomed in.
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Fig. 3 Frequency response of 66 MVA of GFL with only Line
2 in service with no SSMD (Top) Bode plot, (bottom left)
Nyquist plot, (bottom right) Nyquist plot zoomed in.

4.3 GFL plant size with SSMDs

Fig. 4 to Fig. 9 demonstrate the immittance assessment results
when various SSMD devices are provided. For each SSMD,
immittance stability assessment plots (Bode and Nyquist) are
provided for a case when the external grid Line 1 & 2 are in
service and when only Line 2 is in service.
Table 2 provides a summary of the GFL inverter plant size for
each SSMDs, including the gain margin (GM) and phase mar-
gin (PM) for operation with Line 1& 2 in service and only Line
2 in service. It is evident that GFL plant cannot be increased
further as there is minimal GM and PM for operation with both
Line 1 & 2 in service. Similarly, the operation with only Line
2 in service indicates negative GM and PM and such predicts
unstable behaviour.
The immittance method results predict a significantly smaller
GFL inverter plant size with SSMDs as compared to the short-
circuit power method.

Table 2 GFL plant size and stability margins for various
SSMDs
Case GFL Plant Size Line 1&2 Line 2

MW/MVA GM & PM GM & PM
GFM I 312.5/375 0.5 dB/4.1° -0.4 dB/-3.2°
GFM II 190/228 0.7 dB/5.4° -0.6 dB/-3.9°
Sync Con 200/240 0.4 dB/2.9° -1.2 dB/-7.3°
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Fig. 4 Frequency response of 375 MVA of GFL with Line 1 &
2 in service with with 240 MVA GFM I plant (Top) Bode plot,
(bottom left) Nyquist plot, (bottom right) Nyquist plot zoomed
in.
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Fig. 5 Frequency response of 375 MVA of GFL with only Line
2 in service with with 240 MVA GFM I plant (Top) Bode plot,
(bottom left) Nyquist plot, (bottom right) Nyquist plot zoomed
in.
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Fig. 6 Frequency response of 228 MVA of GFL with Line 1
& 2 in service with 240 MVA GFM II plant (Top) Bode plot,
(bottom left) Nyquist plot, (bottom right) Nyquist plot zoomed
in.
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Fig. 7 Frequency response of 228 MVA of GFL with only Line
2 in service with 240 MVA GFM II plant (Top) Bode plot, (bot-
tom left) Nyquist plot, (bottom right) Nyquist plot zoomed in.
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Fig. 8 Frequency response of 240 MVA of GFL with Line 1
& 2 in service with 240 MVA synch. con. (Top) Bode plot,
(bottom left) Nyquist plot, (bottom right) Nyquist plot zoomed
in.
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Fig. 9 Frequency response of 240 MVA of GFL with only Line
2 in service with 240 MVA synch. con. (Top) Bode plot, (bot-
tom left) Nyquist plot, (bottom right) Nyquist plot zoomed in.
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5 Time Domain EMT Analysis

This section presents a comparison between the immittance-
based stability analysis results and detailed EMT simulations.
Fig.10 through Fig. 13 illustrate the outcomes of the EMT stud-
ies. For each scenario, the network is initially operated with
both Line1 and Line 2 in service, and the GFL inverter plant is
sized according to the limits determined from the immittance
stability assessment. At t=1 s, Line 1 is taken out of service
to evaluate the dynamic response of the network and the GFL
inverter plant under a contingency. This approach enables a
direct assessment of how well the immittance-based predic-
tions align with the time-domain behavior captured by the EMT
simulations, including voltage stability, oscillatory modes, and
potential interactions between the GFL plant and the external
grid.
For each case considered including the base case and scenarios
with SSMDs the GFL inverter terminal response exhibits SSOs
when Line 1 is taken out of service. This behaviour is consistent
with the predictions obtained from the immittance-based stabil-
ity assessment, confirming the methods capability to accurately
capture potential oscillatory interactions. Furthermore, Table 3
summarises the SSO frequencies identified through both the
immittance stability analysis and EMT simulations. A strong
correlation is generally observed between the two approaches,
providing further validation of the immittance method as a reli-
able tool for quantifying system strength and evaluating the
incremental contributions of SSMDs. The immittance based
approach predicts the onset of SSO and accurately estimates
their frequencies, making it a valuable tool for designing and
assessing system strength in IBR-rich grids

Table 3 SSO frequency with only Line 2 in service
(impedance-based stability vs EMT simulation)
Case IBS EMT IBS RMS Simulated RMS

Freq. [Hz] Freq. [Hz] Freq. [Hz]
No SSPD 136 86 86
GFM I 150 100 100
GFM II 142 92 89
Sync Con 148 98 97

Table 4 provides a summary of the size of the GFL plant that
can be connected to operate with no SSMDs and with vari-
ous SSMDs. The system strength provision column refers to
the additional amount of GFL plant MVA that can be con-
nected with the SSMD in question as compared to a case with
no SSMDs. It is observed that the GFL plant size determined
via the immittance based stability techniques (and in align-
ment with EMT) is considerably smaller as compared to the
short-circuit capacity method (see Table 1).
The primary reason for the discrepancy between the
immittance-based and EMT simulation results lies in the mod-
elling of the external grid. The short-circuit power approach
inherently assumes a constant inductance over the entire
frequency range, effectively neglecting frequency-dependent
characteristics. In contrast, the external grid in this study

exhibits a parallel resonance near 180 Hz. This resonance
causes a substantial increase in grid impedance for frequen-
cies above 100 Hz, which in turn reduces the GM and
PM of the GFL inverter compared to the idealised constant-
inductance assumption. As a result, the system appears less
stable in the EMT simulations at these frequencies, highlight-
ing the importance of capturing detailed frequency-dependent
impedance effects when assessing system strength. This obser-
vation underscores the advantage of the immittance-based
approach, which can account for resonant behaviour and pro-
vide a more accurate prediction of stability margins in networks
with complex impedance profiles.

Table 4 System strength provision of SSMDs
Case GFL Size SS Provision

[MVA] [MVA]
No SSMD 66 -
GFM II 375 309
GFM II 228 162
Sync Con 240 174
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Fig. 10 Time domain response of 66 MVA of GFL for outage
of the Line 1 with no SSMDs
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Fig. 11 Time domain response of 375 MVA of GFL for outage
of the Line 1 with 240 MVA GFM I
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Fig. 12 Time domain response of 228 MVA of GFL for outage
of the Line 1 with 240 MVA GFM II
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Fig. 13 Time domain response of 240 MVA of GFL for outage
of the Line 1 with 240 MVA synchronous condenser

6 Further insight

In order to develop a deeper understanding of the system
strength contribution of SSMDs, this section assesses their
impact on the external grid impedance. Fig. 14 illustrates the
external grid impedance as observed at the terminals of the
GFL plant inverters with both Line 1 and Line 2 in service.
The case without SSMDs is shown in blue, the case with the
GFM I plant in orange, and the case with the GFM II plant in
green.
It is evident that both GFM plants reduce the overall external
impedance as the addition of GFM plants provides another par-
allel impedance path. The reduction of external grid impedance
results in higher GM and PM and as such a larger GFL plant
can be connected. Reduction of external grid impedance can be
viewed as increase in system strength capacity.
The GFM I plant reduces the overall network impedance more
effectively than the GFM II plant up to approximately 230Hz.
This explains why the GFM I plant provides superior system
strength compared to the GFM II plant. The primary reason is
that the GFM I plant does not employ virtual impedance and
effectively behaves as an ideal voltage source in the small-
signal domain, whereas the GFM II plant includes a virtual
impedance of 0.2 pu, which limits its impedance reduction
capability.

Above approximately 230Hz, which lies outside the typical
controller bandwidth of IBRs, the GFM II plant reduces the
overall network impedance more than the GFM I plant. Conse-
quently, if the GFL inverter were to experience potential reso-
nance issues at frequencies above 230Hz, the GFM II inverter
would provide more effective system strength mitigation.
However, SSO of GFL in this paper occur at frequency range
less than 200 Hz and as such the performance of the GFM I
inverter is significantly better.
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Fig. 14 GFM I vs. GFM II impact on the external grid
impedance

As noted previously, GFL II plant and synchronous condenser
provide similar system strength for the GFL inverter plant. In
order to get a further insight, Fig.15 shows the external grid
impedance without SSMDs in blue, with the GFM II plant in
orange, and the with the synchronous condenser in green.
Similar to the GFM I & II inverters, the addition of the
synchronous condenser reshapes and decreases the external
equivalent grid impedance, which improves the system stabil-
ity GM and PM. This subsequently allows for the connection
of a larger GFL plant.
The impact of the synchronous condenser and the GFM II plant
on the equivalent external grid impedance is nearly identical
within the 10-100Hz frequency range. Between approximately
100-200Hz, however, the synchronous condenser achieves a
slightly greater reduction in external impedance compared to
the GFM II plant. As the GFL inverter exhibits subsynchronous
oscillations (SSO) with the external grid in the 100-150 Hz
range, the synchronous condenser is therefore observed to pro-
vide marginally stronger system strength support under the
conditions analyzed in this study.
However, it is noteworthy that the GFM II plant reduces the
external grid impedance more effectively than the synchronous
condenser at frequencies above 200 Hz. Furthermore, the GFM
II plant modifies the impedance characteristics such that the
grid appears more resistive in the high-frequency range, which
is beneficial for damping potential resonance phenomena.
Taken together, these observations highlight a complementary
nature between synchronous condensers and GFM inverters.
The synchronous condenser offers more effective reinforce-
ment against oscillatory risks in the lower frequency range,
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whereas the GFM II inverter delivers advantages in the high-
frequency range by providing both greater impedance reduc-
tion and a more resistive grid response. This suggests that the
optimal system strength strategy may depend on the dominant
stability concern (low frequency versus high frequency reso-
nance) and that coordinated deployment of both technologies
could provide the most robust solution.
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Fig. 15 GFM II vs. synchronous condenser impact on the
external grid impedance

7 Conclusion

The analysis presented in this paper demonstrates that the
small-signal system strength contribution of a synchronous
machine is inversely proportional to its unsaturated sub-
transient d-axis reactance (Xd). While the immittance of the
synchronous machine exhibits negative resistance in subsyn-
chronous range (due to the induction generator effect of the
damper winding), the value of resistance is minimal and the
equivalent impedance is very close to being purely inductive.
Hence, the synchronous machines typically improve small sig-
nal domain system strength by adding a parallel inductive
impedance path.
For grid-forming (GFM) inverters, the provision of small-
signal system strength is approximately inversely proportional
to the selected virtual impedance. Although this relationship
is strong, the system strength contribution of GFM invert-
ers is also influenced by other factors, including the tuning
parameters and the underlying control philosophy of the virtual
machine.
A comparison between a synchronous condenser and a GFM II
inverter indicates that when the total plant impedance (compris-
ing transformer impedance and machine/virtual impedance) is
equivalent, both technologies provide a comparable level of
small-signal system strength (in the frequency range between
10-200 Hz).
It is important to note that, although not explicitly demon-
strated in this paper, the system strength contribution of
SSMDs is strongly dependent on the tuning and control strate-
gies of the grid-following (GFL) inverters they are intended
to support. Furthermore, SSMDs effectiveness is contingent

upon the external grid impedance and the prevailing operating
conditions of both GFL and GFM inverters.
Overall, the immittance-based stability assessment technique
demonstrates itself as a robust and insightful approach for
quantifying system strength at specific network nodes. In
addition to providing a clear measure of the baseline sys-
tem strength, this method enables detailed evaluation of the
incremental contributions of SSMDs, including synchronous
condensers and GFM inverters, to overall network stability.
By capturing both the magnitude and phase characteristics of
the external grid impedance, the technique allows engineers to
assess how each device affects gain and phase margins, identify
potential resonance or instability issues, and make informed
decisions regarding the optimal sizing and placement of system
strength resources in networks with high IBR penetration.
The immittance based stability technique provides consider-
ably more accurate results as compared to the short-circuit
capacity method, allowing for accurate assessment of system
strength short falls in various network locations and system
strength provision of SSMDs.
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