
 

 

FINAL REPORT  

Understanding power system dynamics with high levels of grid-

forming inverters 

 



   

 

 

Final report  

RACE for Network Program򩂙 

Understanding power system dynamics with high levels of 

grid-forming inverters 

Project Code: 22.N2.S.0481 

Citations  

Abbasi, M., Dargahi, M., Ghosh, A., Harjula, A., Mishra, Y., 

Paice, K., Zhang, Y. (2026). 22.N2.S.0481: Understanding 

power system dynamics with high levels of grid-forming 

inverters. Prepared for RACE for 2030. 

 
Project team   

Queensland University of Technology 

• Maysam Abbasi 

• Yuchen Zhang 

• Yateendra Mishra 

Curtin University 

• Arindam Ghosh 

Powerlink 

• Kevin Paice 

• Mahdi Dargahi 

• Antti Harjula 

 

Project partners  

 

 

 

Acknowledgement of Country  

The authors of this report would like to respectfully acknowledge the Traditional Owners of the ancestral lands 

throughout Australia and their connection to land, sea and community. We recognise their continuing connection to the 

land, waters, and culture and pay our respects to them, their cultures and to their Elders past, present, and emerging. 

 

What is RACE for 2030?  

RACE for 2030 is a 10-year cooperative research centre (CRC) with $350 million of resources to fund and support 

research towards a reliable, affordable, and clean energy future.  

 

Disclaimer  

The authors have used all due care and skill to ensure the material is accurate as at the date of this report. The authors do 

not accept any responsibility for any loss that may arise by anyone relying upon its contents. 

https://www.racefor2030.com.au/


 

 
Understanding Power System Dynamics with High Levels of Grid -forming Inverters. 3 3 

Executive s ummary  

The increasing penetration of inverter-based renewable generation is changing the dynamic behaviour 

of modern power systems and reducing the support traditionally provided by synchronous machines 

for frequency and oscillation control. Grid -following renewable interfaces may satisfy steady -state 

operating requirements. However, under severe disturbances, they can provide only limited dynamic 

support. In some cases, they may introduce stability challenges, especially in low-inertia networks. In 

contrast, grid-forming inverters (GFMs) can establish voltage and frequency while also emulating 

aspects of synchronous-machine behaviour. This feature enables them to contribute to damping during 

disturbances. This project addresses the need for improved modelling and evaluation of GFMs in 

Australian networks.  

This project was motivated by the need to improve understanding of how GFMs should be modelled, 

analysed, and deployed in Australian power systems. Specifically, the project addressed three linked 

practical questions. First, how does the increasing penetra tion of inverter -based resources affect 

oscillatory behaviour when synchronous support is displaced? Second, how can GFM models be 

represented, validated, and tuned so that their dynamic behaviour can be evaluated with confidence? 

Third, in larger interconnected systems, do the benefits of GFMs depend only on the number of devices 

employed, or must other factors, such as parameter tuning, electrical location, and modal participation, 

also be considered? 

To address these questions, the project progressed through several modelling and analysis stages. The 

work began with baseline renewable-integration studies in a simplified 14-generator Australian/NEM 

model. It then proceeded to the use, assessment, and validation of the REGFM_B1 grid-forming inverter 

model. This was followed by benchmark studies using SMIB and Kundur systems, before the analysis 

was extended to multiple-GFM placement studies in the simplified 14-generator NEM model. Across 

these stages, PSSE, DSATools, and PowerWorld Simulator were used together with Python, MATLAB, 

and automation workflows to support steady-state, transient, eigenvalue, and modal analyses. 

The results show that increasing renewable penetration without equivalent dynamic support can 

worsen post-disturbance oscillatory behaviour. In contrast, appropriately tuned GFMs can improve 

damping and dynamic performance. In addition, the studies show that these benefits do not depend 

on device count alone. They also depend on network strength, controller settings, and GFM placement 

relative to d ominant inter-area oscillation patterns. In the simplified 14 -generator NEM system, 

representative placement studies indicated that GFMs can provide stronger damping improvement 

when located at electrically influential locations associated with the selected inter-area mode examined 

through GFM placements in NSW and QLD. Damping improvement was weaker when these devices 

were concentrated at weakly participating locations. The multiple-GFM studies further showed that, 

for the selected inter -area mode, damping improvement was clearer when GFMs were placed to 

influence the dominant modal structure, rather than being concentrated within one area or selected 
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only by device count. Overall, these results show that successful GFM deployment depends not simply 

on device count, but on whether the devices reshape the dominant modal structure of the system. 

Overall, this project has established a strong technical basis for evaluating GFMs in modern and low-

inertia power systems. It has developed a modelling and analysis workflow and generated validated 

insights into GFM parameter tuning and system-strength dependence. These findings are relevant to 

Australia’s energy transition and to the secure integration of inverter-based renewable generation.  
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1. Project Progress  

1.1 Research activities and technical progress  

The project began with the development and refinement of a simplified 14-generator Australian/NEM 

model in PSSE. In this stage, selected synchronous generators were replaced by available generic 

converter-interfaced wind and photovoltaic renewable models. This established a baseline 

understanding of how increasing inverter-based renewable penetration affects steady-state and post-

disturbance behaviour. The steady-state responses remained broadly acceptable. However, as shown 

in Figures A1.2–A1.4 and Table A1.1, post-fault oscillatory behaviour worsened as more synchronous 

generators were replaced by converter-interfaced wind and PV generation. It should be noted that 

Python automation was developed to support scenario generation and simulation analysis. This phase 

established the initial PSSE-based Australian/NEM study platform and the dynamic problem context for 

the later GFM studies. 

The research then moved toward explicit modelling of grid-forming inverter behaviour using a SMIB 

benchmark in DSATools, in consultation with the IRG. This stage focused on steady-state verification, 

transient studies, and iterative refinement of inverter control structures. It also included work on low-

voltage and fault -related behaviour. Practical issues were identified in transient simulation and 

controller implementation. These issues led to repeated model refinement. This step was important 

because it provided a controlled benchmark environment. In this environment, inverter behaviour 

could be isolated, tested, and improved before moving to broader benchmark and system-level studies. 

The supporting results for this transition and early GFM modelling stage are provided in Appendix A.2 

and Appendix A.3, including Figures A2.1–A2.2, Table A2.1, Figures A3.1–A3.2, and Table A3.1. 

The next major stage centred on the use, assessment, and validation of the REGFM_B1 grid-forming 

inverter model. SMIB studies in PowerWorld Simulator and DSATools were used to examine the effects 

of short-circuit ratio, line impedance, and virtual inertia on oscillation frequency and damping. These 

results are illustrated in Figures A4.2–A4.4 and summarised in Table A4.1. Grid-strength cases ranged 

from SCR 6.25 down to 1.0. Both small disturbances and three-phase bus faults were considered. This 

stage supported systematic small -signal and time -domain studies using a validated REGFM_B1 

modelling workflow. Further supporting results for the REGFM_B1 validation studies are provided in 

Appendix A.5, including Figures A5.1–A5.6 and Table A5.1. 

The work then expanded to the Kundur two-area benchmark system. This stage combined time-domain 

simulation, eigenvalue analysis, and matrix-pencil-based mode extraction. These methods were used to 

compare GFM and synchronous-generator behaviour. They were also used to derive a tuning approach 

for approximate equivalence between REGFM_B1 and GENROU under selected conditions, as shown in 

Figure A6.2. The same stage examined the effects of inertia and damping parameters. Multi -GFM 

interaction studies were then performed in Kundur  using several parameter sets and placement 

combinations. The main parameter-sensitivity and placement outcomes are summarised in Table A6.1. 

This analysis moved the project from SMIB-based and single-device benchmarking to a standard multi-

machine oscillation problem. It allowed the project team to study inter -area effects and placement 
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interactions more meaningfully. The detailed tuning, equivalence, parameter-sensitivity, and Kundur 

placement results are presented in Appendix A.6, including Figures A6.1–A6.9 and Table A6.1. 

The project then investigated the simplified 14-generator NEM model. This stage focused on multiple-

GFM placement across Area 2 (NSW) and Area 4 (QLD) buses. Using PowerWorld Simulator, SimAuto, 

MATLAB, and automation workflows, the project evaluated a range of placement patterns. It also 

analysed the dominant inter-area modes using participation, phase-angle clustering, and generator 

opposition measures. Representative best-versus-worst placement outcomes are shown in Figures 

A7.4–A7.5 and summarised in Table A7.2. This was the most deployment-oriented stage of the work. It 

translated the earlier benchmark findings into an Australian -relevant power-system setting. The 

detailed multiple-GFM placement results are provided in Appendix A.7, including Figures A7.3–A7.18 and 

Tables A7.1–A7.4. 

The overall progression of the project activities is summarised in Figure 1. 

 

 

Figure 1. Project workflow, from PSSE-based baseline studies to SMIB, Kundur, and simplified 14-generator NEM multiple-GFM placement studies. 

1.2 Data and sources used in the project  

The project used benchmark and partner-supported study systems, and the main system-level platform 

was the simplified 14 -generator Australian/NEM model implemented in PSSE and PowerWorld  

Simulator. For the final-stage multiple-GFM placement studies, the study system was selected from the 

six available simplified 14-generator system versions reported by Gibbard and Vowles in [1]. A SMIB 

benchmark model in DSATools was used for early GFM modelling and validation. The Kundur two-area 

system was used as a standard benchmark for inter-area oscillation studies. Across these systems, the 

project analysed steady-state results, transient responses, eigenvalues, modal frequencies, damping 

ratios, participation patterns, and placement comparisons. 

The software environments used in the project were PSSE, DSATools, and PowerWorld Simulator, while 

Python, MATLAB, and SimAuto  were used to support scenario generation, result extraction, 

automation, and comparative analysis. Accordingly, the project data were primarily simulation-based, 

and the resulting dataset consisted of model outputs under defined operating points, parameter sets, 

grid-strength conditions, disturbance cases, and GFM placement scenarios. 
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1.3 Key findings  

The first main finding is that increased renewable penetration can worsen disturbance -related 

oscillatory behaviour when synchronous support is displaced without equivalent dynamic support. This 

was established in the early 14 -generator studies. Based on the results, steady -state performance 

remained broadly acceptable but post-disturbance oscillatory behaviour became less satisfactory as 

more synchronous generators were replaced by converter-interfaced wind and PV generation (Figures 

A1.2–A1.4 and Table A1.1). This deterioration in oscillatory behaviour remains the key motivation for the 

project. 

The second key finding is that GFMs based on REGFM_B1 can provide strong damping support and 

improve dynamic performance when appropriately tuned and deployed [2, 3]. The benchmark studies 

report satisfactory transient and small-signal performance of the REGFM_B1 model, and the broader 

project results show damping improvement across the studied benchmark and system-level cases. 

The third finding is that GFM behaviour depends on system strength. In the SMIB studies, changes in 

line impedance and SCR affected both damping ratio and oscillation frequency. For the mode reported 

in Figure A4.4, increasing virtual inertia at fixed line reactance reduced both damping ratio and natural 

frequency. At fixed H, reducing line reactance increased natural frequency but reduced damping ratio. 

These findings highlight the need to interpret network strength and controller settings together, as 

summarised in Table A4.1. 

The fourth significant finding is that controller-parameter effects are systematic. In SMIB and Kundur 

studies, increasing virtual inertia ( H) generally reduced damping and frequency [2, 3]. Moreover, 

increasing the main damping term (D1) generally improved damping while reducing frequency, although 

the Kundur damping response was not monotonic over the full range shown in Figure A6.4 [2, 3]. 

However, increasing the secondary damping term ( D2) produced only minor changes [2, 3]. These 

findings are summarised in Table A6.1 and illustrated in Figure A6.4. These results indicate that GFM 

performance depends on coordinated tuning rather than on high virtual inertia alone. 

Another important outcome concerns the relationship between GFM and synchronous -generator 

behaviour. REGFM_B1 can be tuned to approximately match selected modal behaviour of a 

synchronous generator, as shown by the tuning approach in Figure A6.2. However, this equivalence is 

valid only under selected conditions. If the operating condition changes, the GFM parameters may need 

to be re-tuned. This means that synchronous-machine behaviour can provide useful guidance, but GFM 

behaviour should not be treated as universally identical to conventional synchronous -machine 

dynamics.  

The sixth and most practically significant finding is that multiple GFMs can improve damping, but 

placement matters more than number alone. In the Kundur system, the baseline case had 10.2% 

damping at 0.671 Hz. One GFM increased damping to about 15.9–18.8%. The best two-GFM symmetric 

cross-area placement reached 40.9% damping. By contrast, the weakest same-area placement reached 



 

 
Understanding Power System Dynamics with High Levels of Grid -forming Inverters. 9 9 

only 18.6% (Table A6.1). The 14-generator NEM results show a similar principle in an Australian-relevant 

setting. Damping improvement was strongest when GFMs were placed at electrically influential 

locations that reshaped the dominant inter-area mode. Weakly participating placements left the modal 

structure close to baseline (Table A7.2). The results also suggest that distributing GFMs across both 

NSW and QLD can be more effective than concentrating them within one area, provided that the 

selected buses are electrically influential for the dominant inter-area mode. 

Taken together, these findings show that the strongest damping gains occur when GFMs are placed at 

locations that reshape the dominant inter-area mode, rather than being selected only by device count. 

More broadly, the dynamic value of GFMs depends on moda l participation, electrical location, and 

controller tuning, not only on the number of devices installed.  

1.4 Research gaps and limitations  

Although the project has established a strong technical workflow and produced consistent trends 

across several systems, some important limitations remain. First, the larger -system studies were 

conducted on a simplified 14-generator Australian/NEM model rather than on the full NEM. This was 

appropriate for research benchmarking and controlled comparison, but it means the results should be 

interpreted as planning-oriented and deployment-guiding insights rather than as direct operational 

prescriptions for the full network. In particular, the simplified model does not capture all network 

details, operating constraints, protection settings, control interactions, and regional operating 

conditions that would be present in a full-NEM operational study. 

Second, not all inter -area modes, disturbance locations, and parameter combinations could be 

exhaustively examined within the project scope. The project focused on selected representative modes, 

disturbance cases, parameter settings, and GFM placement scenarios to identify clear technical trends. 

The latest workshop outcomes identified the need to extend analysis across additional inter -area 

modes and examine selected combinations involving synchronous condensers and GFM -BESS 

arrangements. These extensions would help test whether the observed placement and tuning trends 

remain consistent across a wider range of system conditions. 

Third, the cross -platform studies showed broadly consistent trends across PSSE, DSATools, and 

PowerWorld, which increased confidence in the main findings. Some discrepancies were observed in 

detailed GFM -related damping behaviour and higher -frequency contr ol-related modes. These 

discrepancies are expected in detailed dynamic studies and reinforce the need for careful model 

validation and controller interpretation in future planning or operational studies.  

Fourth, the project has shown that damping ratio alone is not sufficient for interpreting larger-system 

multi-GFM behaviour. As the work progressed from single -device to multi -placement studies, 

meaningful interpretation required participation patterns, an gle clustering, generator opposition 

measures, and modal -structure analysis. This means that future GFM placement studies should 
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consider not only whether damping improves, but also how the dominant mode shape, participating 

generators, and inter-area relationships are changed by the selected GFM locations. 

1.5 Issues and difficulties encountered, if any, during the course of the 

research activities  

The project encountered several technical challenges. In the early 14-generator renewable studies, wind 

and PV representations produced convergence and dynamic -simulation issues that required 

refinement before the results could be used confidently.  

A second challenge was the configuration and validation of GFM models in DSATools  and related 

environments. Project records identified transient -simulation errors and multiple iterations in 

establishing a stable and analytically useful GFM representation. This progression is shown through the 

original and refined fault-capable versions in Figures A3.1–A3.2 and Table A3.1.  

A third challenge was the need to reconcile results across PSSE, DSATools, and PowerWorld Simulator. 

Cross-tool comparisons were broadly consistent, but some discrepancies were observed, especially 

when interpreting model-dependent damping behaviour.  

A final challenge emerged in the larger-system multi-GFM studies. As the project moved from single-

device analysis to multiple -placement scenarios, damping ratios alone were insufficient for 

interpretation. Meaningful assessment required modal participation, angle clustering, and system -

structure analysis.  

1.6 Actions proposed or undertaken to overcome the issues and 

difficulties  

Several measures were taken to address these issues. Python automation was introduced in the early 

PSSE studies to improve repeatability, reduce manual setup errors, and support consistent comparison 

across large numbers of scenarios.  

To resolve inverter-model and transient-simulation difficulties, the project progressively improved the 

modelling workflow and validated the REGFM_B1 model for SSAT and TSAT studies. Earlier project 

documentation notes that DSATools transient issues were partly resolved by modifying inverter models 

and simulation parameters, while later project updates report satisfactory transient and small-signal 

behaviour of the REGFM_B1 model. 

To improve confidence in the results, the project used cross -validation across PSSE, DSATools, and 

PowerWorld Simulator and applied complementary analytical methods, including transient simulation, 

eigenvalue analysis, and matrix-pencil mode extraction.  
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To improve practical relevance and scalability, the project deliberately expanded from baseline 

renewable studies to SMIB and Kundur  benchmarks and then to the simplified 14 -generator NEM 

model. Further extensions could examine additional inter -area modes, fault locations, parameter 

combinations, and selected combinations involving synchronous condensers and GFM -BESS 

arrangements.  

2. IRG and Stakeholder Workshops  

IRG and stakeholder participation included representatives from Powerlink, Ausgrid, and RACE for 

2030, together with the QUT project team.  

The workshops helped guide the project from broad renewable-integration concerns toward a more 

focused and tech nically useful investigation of grid -forming inverter dynamics. Early discussions 

supported the use of a simplified Australian/NEM benchmark and confirmed that dynamic behaviour 

under faults was a more critical issue than steady-state feasibility alone. 

As the work matured, the workshops supported the transition to benchmark-system studies in SMIB 

and Kundur  configurations, the explicit use and validation of REGFM_B1, and deeper analysis of 

controller tuning, system strength, and modal behaviour. Later project directions, including the 

extension of the 14-generator NEM analysis across multiple modes and fault locations, were also shaped 

through these discussions. 

The later workshop-informed stages were especially important since they shifted the project from 

asking whether GFMs improve damping to asking where they should be placed and how they should be 

tuned to improve inter-area modes in Australian-relevant networks. This represented a move from 

model validation toward deployment-oriented guidance for planning and operation. 

The workshops therefore contributed in three main ways. First, they improved technical relevance by 

aligning the research questions with practical industry concerns. Second, they improved model -

validation quality by testing the evolving results against external feedback. Third, they helped move the 

project from model validation toward deployment -oriented interpretation that is more useful for 

planners, operators, and stakeholders interested in future GFM deployment strategies. The overall 

milestone progression shaped through these activities is summarised in Figure 2. 
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Figure 2. Project milestone progression, from PSSE-based renewable-integration studies to multiple-GFM placement analysis in the simplified 14-generator 

NEM model. 

3. Conclusions and Next Steps  

3.1 Conclusions  

This project has shown that the displacement of synchronous generation by inverter-based renewable 

generation can worsen oscillatory behaviour if equivalent dynamic support is not provided. It has also 

shown that appropriately tuned GFMs can provide meaningful damping support across benchmark and 

Australian-relevant study systems. 

The project developed and validated a practical workflow for GFM analysis using PSSE, DSATools, 

PowerWorld Simulator, Python, MATLAB, and SimAuto. Through this workflow, the project established 

that GFM behaviour depends strongly on system strength, controller tuning, and electrical location. 

The studies further showed that high virtual inertia alone is not a sufficient design principle; tuning 

must balance damping improvement against slower oscillatory response and other control effects. 

Most importantly, the project showed that in larger systems, the benefit of GFMs depends more on 

placement and modal influence than on the number of units alone. In both Kundur and the simplified 

14-generator NEM model, the strongest improvements occurred when GFMs were placed at electrically 

influential locations that materially changed the dominant inter-area mode. This was the project’s main 

deployment-oriented conclusion. 

Detailed discussion of selected results from this project is presented in [2] and [3], where these findings 

are reported in greater depth.  
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 3.2 Response to project objectives  

The first project objective was to develop tools for evaluating the impact of GFMs across electricity 

networks. This objective was met through the development of a multi-platform modelling and analysis 

workflow covering baseline renewable studies, benchmark GFM validation, tuning studies, and multi-

placement analysis. 

The second project objective was to use the developed tools to assist in the operation and control of 

GFMs for secure power-system operation. This objective was addressed by producing practical findings 

on system -strength dependence, parameter tuning, appr oximate equivalence with synchronous 

generators under selected conditions, and location-dependent damping benefit in larger systems. 

The third project objective was to address technical capability needs relevant to industry. This objective 

was addressed through model validation, cross -platform comparison, benchmark studies, and 

structured interaction with industry and stakeholder participants throughout the project. 

3.3 Value of findings  

For network planners and operators, the project provides a clear analytical message: GFM deployment 

should be evaluated in relation to inter-area mode structure. Electrically influential locations, including 

interface locations where relevant, can provide materially greater damping benefit than less influential 

locations.  

For investors in GFM-capable BESS, the project indicates that the system-level damping contribution 

of an installation is location-dependent. A GFM-capable BESS placed where it participates strongly in 

the dominant oscillation mode is likely to deliver greater system-level damping benefit than one placed 

at a weakly participating location. This should be interpreted as a technical planning insight rather than 

as a direct commercial forecast.  

For market and system operators, the project provides evidence that GFM placement and tuning can 

materially influence oscillatory performance in low-inertia settings following disturbances. The findings 

are therefore relevant to future secure -operation frameworks in systems with increasing inverter -

based penetration. 

3.4 Next steps  

Future work could extend the simplified 14-generator NEM analysis across additional relevant inter-

area modes, compare the impact of disturbance location more systematically, investigate additional 

virtual inertia and damping settings, and examine scenarios involving synchronous condensers and 

combined GFM-BESS arrangements. 
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Further work could also improve consistency across simulation tools and refine the interpretation of 

control-related modes so that future studies can be translated more confidently from benchmark 

systems to broader Australian network applications. 
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5. Glossary  

 

AEMO Australian Energy Market Operator 

AVR Automatic Voltage Regulator 

BESS Battery Energy Storage System 

CER Customer Energy Resources 

DSATools Dynamic Security Assessment Tools 

ETFG IEEE International Conference on Energy Technologies for Future Grids 

GENCLS  Classical synchronous generator model 

GENROU Round-rotor synchronous generator model 

GFI Grid-forming inverter 

GFL Grid-following 

GFM Grid-forming 

IBR Inverter-based resource 

IRG Industry Reference Group 

NEM National Electricity Market 

NSW New South Wales 

PoC Point of Connection 

PSS Power System Stabiliser 

PSAT Powerflow & Short-Circuit Analysis Tool 

PSSE Power System Simulator for Engineering 

PWS / PowerWorld PowerWorld Simulator 

QLD Queensland 

REGFM_B1 The grid-forming inverter model used and validated in this project 

RES Renewable Energy Sources 

SCR Short-Circuit Ratio 

SG Synchronous generator 

SimAuto PowerWorld automation interface 

SMIB Single-Machine Infinite-Bus 

SSAT Small-signal stability analysis tool/module in DSATools 
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Syn Con / SynCons Synchronous condenser(s) 

TSAT  Transient stability analysis tool/module in DSATools 

UDM User-defined model 

VSM Virtual synchronous machine 
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6. APPENDIX  

6.1 Supplementary Technical Figures and Tables by Project Stage  

This appendix presents selected supporting figures and tables by project stage so that the technical 

progression of the research can be followed clearly, from baseline renewable-integration studies in the 

simplified Australian/NEM model to benchmark-system validation and finally to deployment-oriented 

multiple-GFM placement analysis. The appendix is intended not only to document results, but also to 

explain at the start of each subsection how that stage contributed to the project’s final conclusions. 

A.1 Baseline Renewable-Integration Studies in the Simplified Australian/NEM Model  

This stage established the initial simulation platform for the project. The work focused on the simplified 

14-generator Australian/NEM mod el in PSSE and examined the impact of replacing selected 

synchronous generation with available generic converter-interfaced wind- and PV-based renewable 

resources, treated here as grid-following rather than grid-forming. The main result was that steady-

state operation remained broadly acceptable, but post-disturbance oscillatory behaviour became less 

satisfactory as renewable penetration increased. This stage is important because it provides the 

baseline motivation for the later grid -forming inverter studies: the key issue was not power -flow 

feasibility alone, but the deterioration of dynamic performance as synchronous support was displaced.  
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Figure A1.1. PSSE-based simulation model of the simplified 14-generator Australian/NEM system for cases with zero to three renewable units. 

 

                             (a)                                                     (b)                                                      (c)                                                     (d) 

 

                         (e)                                                     (f)                                                      (g)                                                       (h)  

Figure A1.2. Comparison of steady-state responses in the simplified 14-generator NEM model for cases with different numbers of synchronous generators 
replaced by converter-interfaced wind generation: (a) baseline case without generator replacement, bus-voltage profile; (b) one WT4G1 unit at Bus 402, 

bus-voltage profile; (c) two WT4G1 units at Buses 401 and 402, bus-voltage profile; (d) three WT4G1 units at Buses 401-403, bus-voltage profile; (e) baseline 

case without generator replacement, power flow (MW and MVar); (f) one WT4G1 unit at Bus 402, power flow (MW and MVar); (g) two WT4G1 units at 
Buses 401 and 402, power flow (MW and MVar); and (h) three WT4G1 units at Buses 401-403, power flow (MW and MVar). 
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                             (a)                                                             (b)                                                               (c)                                                              (d)  

 

                              (e)                                                             (f)                                                               (g)                                                         (h)  

Figure A1.3. Comparison of dynamic responses in the simplified 14-generator NEM model for cases with different numbers of synchronous generators 

replaced by converter-interfaced wind generation: (a) baseline case without generator replacement, voltage magnitude (p.u.); (b) one WT4G1 unit at Bus 
402, voltage magnitude (p.u.); (c) two WT4G1 units at Buses 401 and 402, voltage magnitude (p.u.); (d) three WT4G1 units at Buses 401-403, voltage 

magnitude (p.u.); (e) baseline case without generator replacement, system frequency (Hz); (f) one WT4G1 unit at Bus 402, system frequency (Hz); (g) two 
WT4G1 units at Buses 401 and 402, system frequency (Hz); and (h) three WT4G1 units at Buses 401-403, system frequency (Hz).  

 

                             (a)                                                              (b)                                                            (c)                                                            (d)  

 

                             (e)                                                               (f)                                                           (g)                                                             (h)  

Figure A1.4. Comparison of dynamic responses in the simplified 14-generator Australian/NEM model for cases with different numbers of synchronous 
generators replaced by converter-interfaced PV generation: (a) baseline case without generator replacement, voltage magnitude (p.u.); (b) one REGCAU1 

unit at Bus 402, voltage magnitude (p.u.); (c) two REGCAU1 with REECAU1 units at Buses 401 and 402, voltage magnitude (p.u.); (d) three REGCAU1 with 
REECAU1 units at Buses 401-403, voltage magnitude (p.u.); (e) baseline case without generator replacement, system frequency (Hz); (f) one REGCAU1 with 

REECAU1 unit at Bus 402, system frequency (Hz); (g) two REGCAU1 with REECAU1 units at Buses 401 and 402, system frequency (Hz ); and (h) three 
REGCAU1 with REECAU1 units at Buses 401-403, system frequency (Hz).  

Table A1.1. Scenarios involving the replacement of synchronous generators with converter-interfaced wind and PV generation considered in the initial 

PSSE-based study.  

Scenario Replacement model Bus locations / configuration  Study type Main observation 

Base case No replacement Original 14-generator system 
Steady-state and 

dynamic 
Reference case used for comparison 

Case 1 
One WT4G1/ REGCAU1 with 

REECAU1 
One selected replacement 

location in the study system 
Steady-state and 

dynamic 

Steady-state performance remained acceptable; 

post-fault oscillations increased relative to the base 
case 

Case 2 
Two WT4G1/ REGCAU1 with 

REECAU1 units 
Two selected replacement 

locations in the study system 
Steady-state and 

dynamic 
Oscillatory deviation increased further after the 

disturbance 

Case 3 
Three WT4G1/ REGCAU1 with 

REECAU1 units 
Three selected replacement 
locations in the study system 

Steady-state and 
dynamic 

Largest post-fault oscillatory deviation among the 

tested cases involving the replacement of 
synchronous generators with wind or PV 

generation. 
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A.2 Transition from Baseline Renewable Studies to Early GFM Modelling  

This stage is important because it bridges the initial PSSE renewable studies and the later, more explicit 

GFM work. It inclu des both continued PSSE -based studies with wind and PV models and the first 

DSATools-based SMIB benchmark studies involving a grid-forming inverter representation. The main 

outcome of this stage was that the project moved from identifying the dynamic problem caused by the 

increasing replacement of synchronous generation with converter-interfaced wind and PV generation 

to beginning a controlled analytical investigation of GFM-based dynamic support. 

 

 

 

Figure A2.1. DSATools-based SMIB benchmark used for early grid-forming inverter analysis. 

 

 

 

(a) 

 

(b)  

Figure A2.2. Early DSATools results for the SMIB benchmark: (a) PSAT steady-state analysis; and (b) TSAT transient-stability analysis for three scenarios 

(SMIB with GENCLS, GFM, and SVC). 
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Table A2.1. Summary of the August 2024 study streams and key outcomes. 

Study stream System / model Software Cases considered  Main outcome 

Wind integration 
study 

Simplified 14-generator 
Australian/NEM model 

PSSE 
Base case and cases replacing 
synchronous generators with 

WT4G1 wind models 

Steady-state operation remained acceptable, but 

dynamic oscillations increased as more synchronous 
generators were replaced by converter-interfaced wind 

generation. 

PV integration study 
Simplified 14-generator 
Australian/NEM model 

PSSE 
Base case and cases replacing 

synchronous generators with 
REGCAU1-based PV models 

Renewable integration scenarios were successfully 

established for further comparison of steady-state and 
post-disturbance behaviour. 

Early GFM benchmark 
study 

5-bus / SMIB benchmark 
system 

DSATools 
GENCLS, GFM inverter, and 

SVC cases 
Power-flow solution was acceptable and transient 

benchmarking of the GFM representation was initiated 

Project transition 
outcome 

Australian/NEM model + 
SMIB benchmark 

PSSE + 
DSATools 

Renewable studies and early 
inverter studies 

The project moved from analysing the replacement of 

synchronous generation with converter-interfaced 
renewable generation toward explicit investigation of 

grid-forming inverter dynamics. 

  

A.3 Refinement of the GFM Model in DSATools 

This stage documents the first substantial refinement of the GFM representation. The presentation 

shows both the original and modified versions of the SMIB model provided by Powerlink, including 

PSAT, TSAT, and SSAT results, and introduces low-voltage- and fault-related improvements. The main 

result of this stage was that the GFM representation progressed from an initial workable benchmark 

model to a more robust model with improved transient and fault-related behaviour, making it more 

suitable for later systematic analysis. 

 

 

(a) 

 

(b)  

Figure A3.1. Results of the original GFM model in (a) PSAT and (b) SSAT. 
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(a) 

 

(b)  

Figure A3.2. Results of the modified GFM model with improved fault-related behaviour in (a) PSAT and (b) TSAT. 

 

Table A3.1. Comparison of the original and modified GFM models in DSATools. 

Model version 
PSAT 
result 

TSAT result  
SSAT SMIB 

result 
Main remark 

Original GFM 
model 

Desirable Limited / early-stage implementation Desirable 
Baseline SMIB representation used for the first GFM 

benchmark studies 

Modified GFM 
model 

Desirable 
Improved, with fault-related / low-voltage 

capability 
Desirable 

Refined model with more suitable transient behaviour for later 
analytical studies 

 

A.4 SMIB PowerWorld Analysis of Inertia and System Strength  

This stage is the first systematic analytical study of GFM behaviour. It uses PowerWorld to investigate 

the effect of virtual inertia and line impedance on eigenvalues, damping ratio, and oscillation frequency 

in an S MIB system based on REGFM_B1. The main result was that both inertia and system strength 

materially influence oscillatory behaviour: increasing virtual inertia at fixed line reactance reduced both 

the natural frequency and damping ratio of the reported mode, while reducing line reactance at fixed 

H increased natural frequency and reduced damping ratio in the cases shown in Figure A4.4. 

 

(a) 
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(b)  

Figure A4.1. SMIB simulation in PowerWorld Simulator: (a) test system including REGFM_B1; and (b) initial power-flow study using the Newton-Raphson 
method for line parameters R = 0 and X = 0.001, with GFM inertia H = 2.5. 

 

 

   

                                        (a)                                                                                   (b)                                                                                      (c)  

   

                                           (d)                                                                                (e)                                                                                      (f)  

   

                                           (g)                                                                                   (h)                                                                                    (i)  
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                                           (j)                                                                                     (k)                                                                                  (l)  

   

                                         (m)                                                                                    (n)                                                                                     (o)  

Figure A4.2. Transient-stability responses for increasing virtual inertia with line parameters R = 0 and X = 0.001: results for H = 0, (a) generator rotor angles, 
(b) bus frequencies, and (c) generator speeds; results for H = 2.5, (d) generator rotor angles, (e) bus frequencies, and (f) generator speeds; results for H 

= 5, (g) generator rotor angles, (h) bus frequencies, and (i) generator speeds; results for H = 7.5, (j) generator rotor angles, (k) bus frequencies, and (l) 

generator speeds; and results for H = 10, (m) generator rotor angles, (n) bus frequencies, and (o) generator speeds. 

 

 

(a) 

  

                                              (b)                                                                                  (c)                                                                                  (d)  
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                                             (e)                                                                                   (f)                                                                                   (g)  

Figure A4.3. Effect of increasing REGFM_B1 virtual inertia on SMIB eigenvalues and oscillatory response: (a) all cases together; and individual cases for (b) 

H = 0, (c) H = 1, (d) H = 2.5, (e) H = 5, (f) H = 7.5, and (g) H = 10. 

 

 

    

                                               (a)                                                                           (b)                                                                               (c)  

Figure A4.4. Effect of virtual inertia and grid strength on oscillation damping ratio and frequency for different impedances of the line between Buses 2 and 

3: (a) R=0 and X=0.001; (b) R=0 and X=0.01; and (c) R=0 and X=0.1. 

 

 

 

 

 

 

 

Table A4.1. Summary of the observed effects of virtual inertia and line impedance in the SMIB study. 

Variable changed 
Observed effect on 
natural frequency 

Observed effect on damping ratio  Interpretation 

Increase virtual inertia H at 
fixed line reactance 

Decreases over the 
reported H range 

Decreases over the reported H range 
Increasing H reduces both the natural frequency and 

damping ratio of the reported mode under the studied 
settings. 

Decrease line reactance X at 
fixed H 

Increases in the 
reported cases 

Decreases in the reported cases 
Lower line reactance does not imply a higher damping ratio 

for this mode under the studied settings. 

The controller-parameter and network-reactance sweeps should be interpreted separately. Figure A4.4 

shows that increasing H at fixed line reactance reduces both the natural frequency and damping ratio 

of the reported mode. At fixed H, reducing line reactance increases natural frequency but reduces 

damping ratio. Damping ratio and modal decay rate are distinct quantities; these results therefore do 

not support a general statement that strengthening the grid improves damping across the studied 

cases. 

A.5 REGFM_B1 Validation in SMIB and Kundur Benchmark Systems  

This stage marks a major increase in technical maturity. The project now moves beyond preliminary 

model exploration and demonstrates benchmark validation of REGFM_B1 using SMIB and Kundur  

systems, together with eigenvalue analysis, time-domain simulation, and matrix-pencil mode extraction. 

The main outcome was that the broad trends observed in the earlier SMIB studies were validated across 

multiple benchmark systems and analytical methods, thereby increasing confidence in the technical 

credibility of the later placement studies.  
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Figure A5.1. REGFM_B1 in the UDM Editor. 

 

 

(a) 

 

(b)  

Figure A5.2. Single-line block diagrams of the benchmark test systems used in this stage of the study: (a) SMIB; and (b) Kundur. 
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                                                                           (a)                                                                                                         (b)  

   

                                                                             (c)                                                                                                          (d)  

Figure A5.3. Eigenvalue comparison and benchmark validation of REGFM_B1 in PowerWorld Simulator (PWS) and the SSAT environmen t: (a) PWS 
eigenvalues for the SMIB case with GENROU; (b) PWS eigenvalues for the SMIB case with REGFM_B1; (c) SSAT eigenvalues for the complete system with 
GENROU; and (d) SSAT eigenvalues for the complete system with REGFM_B1. 

 

   

                                                                (a)                                                                                                                                       (b)  

   

                                                               (c)                                                                                                                                          (d) 

Figure A5.4. SMIB time-domain plots of active power (MW) in the PowerWorld Simulator environment: for a small disturbance (load perturbation of up 
to approximately 10%), (a) REGFM_B1 and (b) GENROU; and for a large disturbance (three-phase bolted fault, 5 cycles, self-clearing at PCC Bus 2), (c) 
REGFM_B1 and (d) GENROU.  
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                                                             (a)                                                                                                                                        (b)  

 

  

                                                               (c)                                                                                                                                      (d) 

Figure A5.5. SMIB time-domain plots in the TSAT environment: for a small disturbance (load perturbation of up to approximately 10%), (a) REGFM_B1 and 
(b) GENROU; and for a large disturbance (three-phase bolted fault, 5 cycles, self-clearing at PCC Bus 2), (c) REGFM_B1 and (d) GENROU. 

                          

                                                              (a)                                                                                                                                      (b)  

 

(c)  
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Figure A5.6. Kundur-system time-domain plots of active power (MW) in the PowerWorld Simulator environment for a large disturbance (three-phase fault 
at Bus 8, 5 cycles, self-clearing): (a) REGFM_B1; (b) GENROU; and (c) different parameter cases. 

Table A5.1. Summary of benchmark-system validation results from June 2025. 

System Analysis type Main variable examined Main observation Implication 

SMIB 
Time-domain 

simulation 

Disturbance response under 
different grid-strength 

conditions 

REGFM_B1 showed acceptable dynamic 
behaviour and contributed damping support 

The GFM model was suitable for 
transient analysis in a benchmark 

setting 

SMIB Eigenvalue analysis 
Modal characteristics under 

varying system strength 

Damping and frequency changed with grid 

strength, confirming the importance of SCR 
and line conditions 

GFM behaviour must be interpreted 
together with the surrounding network 

SMIB 
Matrix-pencil mode 

estimation 
Oscillatory mode extraction 

Modal estimates were consistent with the 

broad eigenvalue trends obtained from the 
benchmark studies 

Independent modal estimation 

strengthened confidence in the 
observed results 

Kundur two-
area system 

Time-domain and 
modal analysis 

Inter-area mode behaviour 
The GFM model provided damping support in 
a standard multi-machine benchmark system 

The project findings were not limited to 
SMIB behaviour alone 

Kundur two-
area system 

Comparative 
validation 

Behaviour across benchmark 
systems 

Broad trends observed in SMIB were also 
meaningful in the larger benchmark system 

The validation stage justified moving to 

more advanced multiple-GFM 
placement studies 

  

A.6 Tuning, Equivalence, and Multiple-GFM Interaction Studies  

This stage is conceptually important because it addresses three deeper technical questions: how GFM 

and synchronous -machine behaviour can be approximately matched, how inertia and damping 

parameters affect dynamic response, and how multiple GFMs interact in the Kundur system. The main 

results were that approximate equivalence can be achieved only under selected conditions, that the 

main damping term has a stronger stabilising influence than virtual inertia alone, and that multiple GFMs 

are most effective when they are placed so as to participate strongly and appropriately in the oscillatory 

structure of the system.  

 

        

(a)            (b)  
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(c)  

Figure A6.1. (a) SMIB test system used for tuning extraction; and matched modal behaviour of GENROU and REGFM_B1 shown as (b) numerical results and 
(c) a bar chart. 

 

 

Figure A6.2. Tuning approach for approximate equivalence between GENROU and REGFM_B1. 

 

 

                                                         (a)                            (b)  

Figure A6.3. Test systems and case studies used to examine the impact of GFM parameters: (a) Kundur; and (b) SMIB. 
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                                             (a)      (b)           (c)  

Figure A6.4. Impact of H, D1, and D2 on GFM behaviour in the SMIB and Kundur systems: (a) varying inertia H (H = 0-12, D1=0, D2=100); (b) varying D1 (H = 
5, D1=0-100, D2=100); and (c) varying D2 (H = 5, D1=0, D2=0-100). 

 

 

Figure A6.5. Summary of tuning-based equivalence and the effect of operating-condition changes on frequency and damping.  

 

Figure A6.6. Modal-analysis equations and theoretical framework in PowerWorld Simulator. 
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Magnitude and phase patterns support interpretation of the observed responses; damping 

performance is assessed from the reported modal estimates. The magnitude -based participation 
measures describe contributions to the analysed signals. 

 

 

(a) 

        

             (b)                       (c)  

Figure A6.7. Various GFM placements in the Kundur system: (a) outcomes for 0-2 GFM placements; (b) comparison of 0- and 1-GFM placement outcomes; 

and (c) visual summary of GFM placement effects. 

 

 

(a) 
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(b)  

Figure A6.8. Two GFMs with identical parameters (H = 5, D1=0, D2=100) in the Kundur system: (a) modal-analysis results; and (b) quantitative metrics derived 
from the modal-analysis results. 

 

 

Figure A6.9. Placement outcomes in the Kundur system for two GFMs with identical parameters (H = 5, D1=0, D2=100). 

 

Table A6.1. Summary of parameter-sensitivity and GFM-placement results from the September 2025 studies. 

 

Case or parameter  
Approximate effect on damping  

Approximate effect on 
frequency 

Interpretation 

Increase (H) 
Decreases Decreases 

Higher virtual inertia slows the response but can reduce damping if 
not coordinated with damping-related terms 

Increase (D1) Generally increases; non-monotonic 
in the Kundur sweep 

Decreases 
(D1) was the most effective stabilising parameter among those 

examined 

Increase (D2) Small change Small change (D2) had a comparatively weaker influence on modal behaviour 

Baseline Kundur case About 10.2% damping About 0.671 Hz Reference inter-area mode without GFM support 

One GFM added 
About 15.9–18.8% damping About 0.603–0.666 Hz 

A single GFM improves damping, but the result depends on 
location and parameter set 

Best two-GFM case 
About 40.9% damping About 0.587 Hz 

Symmetric cross-area placement with favourable damping support 
produced the best outcome 

Weak same-area two-
GFM case 

About 18.6% damping About 0.505 Hz 
Concentrating both GFMs in one area was much less effective than 

balanced cross-area placement 

  

A.7 Multiple-GFM Placement Analysis in the Simplified 14-Generator NEM Model 

This stage examines how GFM placement affects inter-area oscillations in the simplified 14-generator 

NEM model. The subsection first presents the three-phase fault case at Bus 216, including 

representative best-versus-worst one- and two-GFM placements with H = 5, D1 = 0, and D2 = 100. 
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Table A7.1 presents a separate study using a small load-change disturbance at Bus 216, with H = 5, D1 = 

20, and D2 = 100. The load-change disturbance was selected to help identify the oscillatory modes 

more clearly. These studies were conducted at different stages of the project to examine how 

frequency and damping change with GFM placement and number within each study set. The separate 

study sets were not intended for direct numerical comparison with each other. At K = 0, no GFM is 

present; therefore, the difference between the no-GFM baselines of the two Bus 216 studies is not 

attributable to D1. 

The subsection then presents the Bus 410 fault case and a summary of representative placement 

outcomes. The results show that placement matters, rather than device count alone. Favourable 

placements improve damping, but improvement is not guaranteed. 

The frequencies, damping ratios, and associated complex modal poles in this subsection were 

estimated from simulation responses using the Matrix Pencil method. The disturbance itself does not 

change the eigenvalues of a fixed linearised model; rather, different disturbances can excite different 

modal components in the response, and the extracted estimates are sensitive to the selected analysis 

window. Within each analysed scenario, the identified inter-area modes are numbered from highest to 

lowest estimated frequency: Mode 1 has the highest frequency, followed by Mode 2 and Mode 3. These 

labels are scenario-specific and are not used to track a fixed physical mode across different GFM 

placements or disturbance cases. The polar plots show estimated mode shape s derived from the 

magnitudes and phases of the analysed signals. 

For both the Bus 216 and Bus 410 fault cases, the fault is cleared without tripping any transmission line. 

Line connectivity therefore remains unchanged by fault clearing. For the Bus 216 case, the three-phase 

fault is applied at t = 1 s and cleared at t = 1.1 s. 

Table A7.2 summarises representative results from the Bus 216 three-phase fault study with H = 5, D1 = 

0, and D2 = 100. 

 

 

 

Figure A7.1. Normal steady-state operating conditions of available versions of the simplified 14-generator Australian/NEM system based on the report by 
Gibbard and Vowles in [1]. 
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Figure A7.2. Selection of test-system versions of the simplified 14-generator Australian/NEM system reported by Gibbard and Vowles [1], comparing the 
results from their report, SSAT, and PowerWorld Simulator (PWS). 

   

                                                       (a)                                                                                                (b)  

Figure A7.3. (a) GFM placement scenarios and explanatory notes used for the simplified 14-generator Australian/NEM system; and (b) Areas 4 and 2 of the 
simplified 14-generator Australian/NEM system, showing candidate GFM placement locations. 
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Figure A7.4. Best- and worst-case 0-8 GFM placements for Mode 1 in Areas 4 and 2 of the simplified 14-generator NEM model when the disturbance is 
applied to Bus 216; identical GFM parameters are used (H = 5, D1=0, D2=100). 

 

 

Figure A7.5. Best- and worst-case 0-8 GFM placements for Mode 2 in Areas 4 and 2 of the simplified 14-generator NEM model when the disturbance is 
applied to Bus 216; identical GFM parameters are used (H = 5, D1=0, D2=100). 

 

 

(a) 

    

(b)              (c)  

Figure A7.6. Inter-area oscillation study of 0-8 GFM placements for Mode 1 in the simplified 14-generator NEM model when the disturbance is applied to 

Bus 216; identical GFM parameters are used (H = 5, D1=0, D2=100): (a) scenario eigenvalues; (b) damping ratio across scenarios; and (c) frequency across 
scenarios. 
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(a) 

    

(b)              (c)  

Figure A7.7. Inter-area oscillation study of 0-8 GFM placements for Mode 2 in the simplified 14-generator NEM model when the disturbance is applied to 

Bus 216; identical GFM parameters are used (H = 5, D1=0, D2=100): (a) scenario eigenvalues; (b) damping ratio across scenarios; and (c) frequency across 
scenarios. 

  

   

                                                        (a)                                                                                                 (b)  

Figure A7.8. Baseline (no GFM) results for Mode 1 in the simplified 14-generator NEM model when the disturbance is applied to Bus 216: (a) inter-area 
modes, including modes identified by signal; and (b) eigenvector. 
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                                                        (a)                                                                                                 (b)  

Figure A7.9. Baseline (no GFM) results for Mode 1 in the simplified 14-generator NEM model when the disturbance is applied to Bus 216: (a) area-based 
participation and interpretation; and (b) eigenvector. 

  

                                                             (a)                                                                                                 (b)  

Figure A7.10. Baseline (no GFM) results for Mode 1 in the simplified 14-generator NEM model when the disturbance is applied to Bus 216: (a) phase-angle-
based clustering of generators and interpretation; and (b) eigenvector. 

  

                                                   (a)                                                                                                (b)  

Figure A7.11. Baseline (no GFM) results for Mode 1 in the simplified 14-generator NEM model when the disturbance is applied to Bus 216: (a) NSW-QLD 
opposition at generator level and interpretation and key points; and (b) eigenvector.  
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                                                 (a)                                                                                                  (b)  

Figure A7.12. Baseline (no GFM) results for Mode 2 in the simplified 14-generator NEM model when the disturbance is applied to Bus 216: (a) inter-area 
modes, including modes identified by signal; and (b) eigenvector. 

   

                                                  (a)                                                                                                 (b)  

Figure A7.13. Baseline (no GFM) results for Mode 3 in the simplified 14-generator NEM model when the disturbance is applied to Bus 216: (a) inter-area 
modes, including modes identified by signal; and (b) eigenvector. 

 

         

                                                                   (a)                                                                                       (b)   

Figure A7.14. Results for zero- and one-GFM placements in the simplified 14-generator NEM model when the disturbance is applied to Bus 216; GFM 

parameters used are H = 5, D1=0, D2=100: (a) inter-area modes for all cases, with key summary; and (b) best and worst locations in Areas 2 and 4 of the 
system. 
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                                                        (a)                                                                                                       (b)   

Figure A7.15. Results for zero- and two-GFM placements in the simplified 14-generator NEM model when the disturbance is applied to Bus 216; GFM 
parameters used are H = 5, D1=0, D2=100: (a) inter-area modes for all cases; and (b) best and worst locations in the system. 

 

 

 

    

                                                 (a)                                                                              (b)                                                           

    

                                               (c)                                                                                                              (d)    

Figure A7.16. Angle-based clustering interpretation of representative best and worst one- and two-GFM placements in the simplified 14-
generator NEM model for the Bus 216 disturbance case, with REGFM_B1 parameters H = 5, D1 = 0, and D2 = 100: (a) best K = 1 case (GFM 
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at Bus 201, NSW); (b) worst K = 1 case (GFM at Bus 402, QLD); (c) best K = 2 case (GFMs at Buses 201 and 401); and (d) worst K = 2 case 
(GFMs at Buses 401 and 402, QLD). 

 

Table A7.1. Best- and worst-case 0-5 GFM placements for Mode 1 in the simplified 14-generator NEM model for the small load-change disturbance at Bus 

216, with increased damping constant (D1=20). 

K RankKind Mode ScenarioID including GFM placement  Frequency Damping % Eigen (Real)  Eigen (|Im|) 

0 NA 1 S00_BASELINE_A42 0.537494 29.33696 -1.03636 3.377174 

1 
Worst 1 S_K=1_404_A42 0.368324 16.77283 -0.39374 2.314248 

Best 1 S_K=1_201_A42 0.519784 50.00142 -1.88564 3.265899 

2 
Worst 1 S_K=2_403-404_A42 0.36596 16.54996 -0.38587 2.299394 

Best 1 S_K=2_201-204_A42 0.407498 50.71801 -1.50675 2.560385 

3 
Worst 1 S_K=3_402-403-404_A42 0.365258 16.53107 -0.38468 2.294984 

Best 1 S_K=3_201-401-402_A42 0.328119 64.65466 -1.74726 2.061632 

4 
Worst 1 S_K=4_401-402-403-404_A42 0.365951 16.86356 -0.39338 2.299338 

Best 1 S_K=4_201-202-402-404_A42 0.227016 82.49322 -2.08175 1.426384 

5 
Worst 1 S_K=5_203-204-402-403-404_A42 0.343377 19.76527 -0.43502 2.157501 

Best 1 S_K=5_201-203-204-401-402_A42 0.319963 74.81604 -2.26684 2.010387 

 

 

Table A7.2. Representative GFM placement outcomes in the simplified 14-generator NEM model. 

Case GFM placement Approximate damping ratio Main interpretation 

Baseline No GFM About 28.6% Reference dominant inter-area mode 

Best one-GFM case Bus 201 (NSW) About 39.0% 
Strong damping improvement because the GFM occupies an 

electrically influential NSW location and disrupts the compact NSW 
negative cluster 

Weak one-GFM case Bus 402 (QLD)  About 29.2% 
Only minor improvement because the modal structure remains close 

to the baseline case 

Best two-GFM case Buses 201 and 401 About 36.3% 
Cross-area placement improves damping by reshaping the inter-area 

mode more effectively 

Weak two-GFM case 
Buses 401 and 402 

(QLD)  
About 29.9% 

Limited improvement because the placement does not significantly 
alter the dominant modal structure 
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(a)         

 

 

 

 

 

 

(a) (b)  
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Figure A7.17. Inter-area oscillation study of 0-8 GFM placements for Mode 1 in the simplified 14-generator NEM model 
when the disturbance is applied to Bus 410: (a) eigenvalues; and (b) damping ratios. 

 

 

 

Figure A7.18. Inter-area oscillation study of 0-8 GFM placements for Mode 2 in the simplified 14-generator NEM model 
when the disturbance is applied to Bus 410. 

 

Table A7.3. Best- and worst-case 0-8 GFM placements for Mode 1 in the simplified 14-generator NEM model for the Bus 

410 disturbance case. 

K RankKind Mode ScenarioID including GFM placement Frequency Damping % Eigen (Real) Eigen (|Im|) 

0 NA 1 S00_BASELINE_A42 0.382425 15.49412 -0.37685 2.402847 

1 
Worst 1 S_K=1_404_A42 0.373042 17.00346 -0.40443 2.343892 

Best 1 S_K=1_401_A42 0.508564 43.79987 -1.55686 3.195402 

2 
Worst 1 S_K=2_403-404_A42 0.371466 16.04165 -0.37932 2.33399 

Best 1 S_K=2_203-401_A42 0.47742 49.43574 -1.70597 2.999718 

3 
Worst 1 S_K=3_402-403-404_A42 0.370453 15.78031 -0.37197 2.327625 

Best 1 S_K=3_201-402-404_A42 0.36206 74.62588 -2.55035 2.27489 

4 
Worst 1 S_K=4_401-402-403-404_A42 0.370824 16.3465 -0.38606 2.329956 

Best 1 S_K=4_201-204-402-404_A42 0.411733 73.05664 -2.7678 2.586995 

Adding GFMs generally improves stability. 

Adding GFMs generally improves stability. 
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5 
Worst 1 S_K=5_203-401-402-403-404_A42 0.368578 18.70973 -0.44108 2.315844 

Best 1 S_K=5_201-202-204-402-404_A42 0.447308 70.83233 -2.82022 2.810519 

6 
Worst 1 S_K=6_202-203-204-402-403-404_A42 0.34833 21.17233 -0.47413 2.188622 

Best 1 S_K=6_201-202-203-204-402-404_A42 0.467836 69.50461 -2.84171 2.9395 

7 
Worst 1 S_K=7_202-203-204-401-402-403-404_A42 0.344075 23.06885 -0.51255 2.161887 

Best 1 S_K=7_201-202-203-204-402-403-404_A42 0.69962 47.53702 -2.37518 4.395842 

8 NA 1 S_K=8_201-202-203-204-401-402-403-404_A42 0.860522 28.3877 -1.60072 5.406819 

 

Table A7.4. Best- and worst-case 0-7 GFM placements for Mode 2 in the simplified 14-generator NEM model for the Bus 

410 disturbance case. 

 

K RankKind Mode ScenarioID including GFM placement Frequency Damping % Eigen (Real) Eigen (|Im|) 

0 NA 2 S00_BASELINE_A42 0.286563 26.75372 -0.49993 1.800528 

1 
Worst 2 S_K=1_403_A42 0.372438 16.84975 -0.40002 2.340097 

Best 2 S_K=1_404_A42 0.253168 53.57701 -1.00934 1.590701 

2 
Worst 2 S_K=2_401-402_A42 0.371858 17.00455 -0.40318 2.336453 

Best 2 S_K=2_403-404_A42 0.202479 65.92169 -1.11532 1.272213 

3 
Worst 2 S_K=3_401-402-404_A42 0.371511 16.44383 -0.38914 2.334272 

Best 2 S_K=3_204-403-404_A42 0.177866 76.55311 -1.32971 1.117565 

4 
Worst 2 S_K=4_203-401-402-403_A42 0.361845 19.48708 -0.45171 2.273539 

Best 2 S_K=4_204-402-403-404_A42 0.130321 85.23541 -1.33457 0.818831 

5 
Worst 2 S_K=5_204-401-402-403-404_A42 0.356701 20.76884 -0.47585 2.241218 

Best 2 S_K=5_201-204-402-403-404_A42 0.071396 95.78988 -1.49669 0.448594 

6 
Worst 2 S_K=6_202-203-401-402-403-404_A42 0.35407 21.8851 -0.49897 2.224687 

Best 2 S_K=6_202-203-204-402-403-404_A42 0.063736 96.59367 -1.49481 0.400465 

7 
Worst 2 S_K=7_201-203-204-401-402-403-404_A42 0.343615 23.17958 -0.51446 2.158997 

Best 2 S_K=7_201-202-203-204-401-403-404_A42 0.07533 95.0159 -1.4425 0.473312 

 

A.8 Model use, workflow, and availability 

The modelling workflow used in this project was developed through a staged 

process combining benchmark-system studies, partner-supported study files, and 

project-specific automation. The simplified 14-generator Australian/NEM system and 

the associated automation workflow were used as the main research platform for 

system-level studies. The SMIB benchmark provided by Powerlink was used for early 

DSATools-based modelling and validation, while the Kundur system was used as an 

established benchmark for multi -machine oscillation analysis. This subsection 

therefore clarifies the development context, provenance, and practical availability of 

the principal models and workflows used in the project. 
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In terms of availability, the project does not claim unrestricted public release of all 

study files. Some components of the work depend on partner-provided benchmark 

material and on commercial software environments such as PSSE, DSATools, and 

PowerWorld. The workflow, analytical approach, and benchmark logic are therefore 

reproducible in principle, but direct redistribution of all model files should remain 

subject to relevant permissions and software access conditions. 

A.9 Key lessons learned from the research process  

This subsection summarises the principal methodological and technical lessons that 

emerged from the research process. These lessons are included not as additional 

results, but as concise reflections on the modelling, validation, and interpretation 

issues that shaped the project and informed its final conclusions. 

1. Lesson 1: Renewable integration studies should not stop at steady -state 

feasibility. The early 14-generator studies showed that acceptable power-flow 

results can coexist with less satisfactory post -disturbance oscillatory 

behaviour. 

2. Lesson 2: GFM modelling studies require careful validation. Early controller 

and transient-simulation issues were not incidental; resolving them was 

necessary before meaningful small -signal and time -domain conclusions 

could be drawn. 

3. Lesson 3: Cross -platform validation is essential. Broad consistency across 

PSSE, DSATools, and PowerWorld Simulator increased confidence in the 

findings. Observed discrepancies highlighted where controller interpretation 

requires care. 

4. Lesson 4: System-level deployment questions require modal interpretation, 

not damping ratio alone. As the projec t progressed to multiple -GFM 

placement studies, participation, clustering, and opposition measures 

became essential for explaining why some placements worked well and 

others did not. 

A.10 Relation of project outcomes to future research  

The project has established a credible platform for future research on larger and 

more complex Australian -relevant systems. Possible future extensions include  

broader inter-area mode coverage, disturbance-location sensitivity, deeper tuning 

studies, and structured comparison of GFMs with synchronous condensers and 

combined GFM-BESS arrangements. These extensions would build on the project’s 

current outcomes rather than alter its central conclusions. 
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