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Executive Summary 
This report describes some examples of the operation of two grid-forming (GFM) inverter-based 
photovoltaic-battery hybrid power plants connected to the electric system of the island of Kauai 
in Hawaii. Both plants are photovoltaic power plants with battery energy storage and are 
connected to the networked transmission system operated by Kauai Island Utility Cooperative 
(KIUC), along with several other power plants including an oil-fired plant, diesel generators, 
small hydroelectric plants, a biofuel plant, and several other photovoltaic plants. 

While many studies have examined the potential benefits of GFM operation to enhance grid 
stability in regions with high levels of inverter-based resources (IBRs), nearly all grid-connected 
IBRs have historically been operated using grid-following (GFL) controls. At the time of the 
events described in this report, the two GFM plants in Kauai were the only known IBR plants in 
the U.S. that operated in grid-forming mode while in parallel with a transmission system. A 
primary goal of this report is to demonstrate the feasibility, potential benefits, and challenges of 
operating IBR plants in GFM mode. In particular, this report describes two major grid stability 
events that, along with related studies by the authors and others, indicate significant benefits of 
GFM operation.  

This report also compares the performance of the two GFM plants to a specification for GFM 
IBRs developed by the UNIFI Consortium.  

The benefits described here are enabled in part because the two plants in question include both 
PV and battery energy storage (BESS). For two of the PV-BESS hybrid facilities described in 
this report, the solar inverters operated in GFL mode, while the battery inverters operated in 
GFM mode, known as AC-coupling. The other hybrid facilities use DC-coupled inverters that 
deliver both PV and BESS energy to the grid through the same power electronic device. Battery 
inverters that operate in GFM mode while grid-connected are now available from several 
vendors for utility-scale plants. In addition, some vendors offer GFM inverters that accept DC-
coupled PV and battery inputs simultaneously. However, while GFM operation of PV inverters 
is feasible, GFM-capable inverters for utility-scale PV-only applications are not widely available 
currently.  
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1 Introduction and Background 
1.1 Overview of Grid-Forming Functionality for Inverter-Based 

Resources 
For many years, electric system operators and others have connected photovoltaic (PV) and wind 
generation to power systems. PV and wind generators are typically coupled to the power system 
via power electronic inverters that convert DC energy into AC energy, so they are sometimes 
referred to as inverter-based resources (IBRs). Grid-connected IBR inverters have historically 
been designed to inject a controlled current waveform into the power system, and the magnitude 
and phase of the current are controlled to inject the energy produced by the PV panels or wind 
turbine. This is referred to as grid-following (GFL) operation because the inverter follows the 
frequency and phase angle of the grid voltage waveform at its point of connection. This has 
historically worked well, as evidenced by the high levels of inverter-based generation that have 
been reached by many power systems around the world [1]. Conventionally, synchronous 
generators “form” the grid, and IBRs follow it; hence their controls can be referred to as grid-
following. However, as grid operators draw on increasing amounts of IBRs, a power grid can 
reach a point where its voltage starts to become unstable because the remaining voltage sources 
(conventional rotating generators) no longer provide a strong enough voltage reference for all the 
IBRs to synchronize to [2], [3]. One solution to this is to operate some of the IBRs differently, 
such that instead of following the grid voltage, they provide their own internal voltage reference; 
in other words, they become grid-forming (GFM) [4], [5].  

Inverters that operate in grid-forming mode in off-grid applications have existed for decades. For 
grid-connected operation, GFM inverter controls must allow the inverter’s voltage output 
waveform to shift over time to synchronize with other voltages sources on the system, just as a 
synchronous generator connected to a grid with other generators does. Because PV and wind 
energy are weather dependent, GFM inverters available today generally have battery energy 
storage systems (BESS) as a DC input. They may also allow for other input sources such as PV 
in addition to the BESS. (The feasibility of GFM PV and GFM wind has also been demonstrated 
at a large scale in laboratory settings [6], but GFM PV inverters and GFM wind turbine 
generators are not yet commercially available at the time of this writing.) 

Many studies have shown that operation of some of the IBRs on a power system in GFM mode 
can not only allow the GFM IBRs to be stable in weak grid conditions, but also can help provide 
a stable voltage reference for nearby GFL inverters [7]. However, only limited large-scale 
examples exist of GFM IBRs connected to a transmission system. This report presents an 
example of two GFM PV-battery plants operating on the same transmission system along with 
other resources on the Hawaiian island of Kauai. 
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1.2 Basic Information on the Kauai Power System 
One of the first examples of a large-scale grid-connected GFM inverter-based plant is in Kauai, 
as described subsequently. The Kauai power system is operated by Kauai Island Utility 
Cooperative (KIUC). It has a peak load of about 82 MW and a 57.1 kV transmission system, 
shown in Figure 1. Table 1 summarizes the generation resources on Kauai.  

Figure 1. Kauai island and its transmission system 

 
Table 1. Kauai electric generation capacity summary (MW) 

 2016 2023 

Distributed PV (MW) 22 41 

Central station PV and PV-BESS (MW) 31 78 

Biomass (MW) 7 7 

Oil/Diesel (MW) 103 103 

Hydro (MW) 10 16 

Renewable generation (% of total energy) 42% 58% 

Since 2019, KIUC’s system has often operated with up to 90% inverter-based generation (PV 
and BESS) during peak solar generation times [8]. Renewable generation reaches as high as 
100% on sunny days, with the remaining renewable generation provided by small run-of-river 
hydroelectric generators and a biomass plant [8]. When solar output is low and battery energy is 
not available, the remaining generation is provided by a 26 MW steam-injected gas turbine that 
is fueled by diesel or naphtha (Plant A in Figure 1) and/or several reciprocating engine diesel 
generators, located at a second plant about 20 miles away. The gas turbine at Plant A is able to 
operate as a synchronous condenser when active power is not required during times of high IBR 
operation; it typically operates in synchronous condenser mode during the mid-day period on 
sunny days. The inverter-based generation has been provided by four utility-scale PV-BESS 
plants; three utility-scale, central station PV plants; and many small distribution-connected PV 
systems, as summarized in Table 1. The next subsection focuses briefly on the first grid-forming 
IBR plant. 

Kaua`i Molokai 

Hawaii 

Maui 

O’ahu 

Lana`i 

Plant A 
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Figure 2. Kauai power generation profile on a typical sunny day (December 7, 2019)1 

1.3 Kauai’s First GFM PV-Battery Plant 
In March 2017, a 13 MW AC PV system with a 13 MW, 52 MWh BESS was connected (IBR 4). 
This PV-BESS hybrid power plant is AC-coupled, meaning that the PV portion of the plant and 
the BESS portion of the plant use separate inverters. The BESS portion of the plant was 
converted from GFL to GFM operation in March 2019 via an inverter control upgrade. The GFM 
BESS inverters use a control approach that includes a virtual synchronous machine (VSM). The 
change was made by the plant owner-operator in cooperation with KIUC to improve system 
frequency response and stability. This plant has continued to operate in GFM mode since 2019. 
This is one of the first examples of a transmission-connected GFM IBR plant in the world [9]. 
KIUC later would convert an additional existing PV-BESS plant to GFM, as discussed in Section 
3. 

  

 
 
1 https://www.kiuc.coop/sites/default/files/documents/presentations/2020-0722-AnnualMeeting.pdf   
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2 November 21, 2021, Loss-of-Generation Event 
On November 21, 2021, the oil-fired plant designated Plant A tripped offline due to an internal 
failure while generating 26.1 MW. The total system load at the time was 43.1 MW, so the trip 
caused a sudden generation loss of 60.6% of the total load. The trip occurred at 5:30 am, so no 
solar generation was online, but the BESSes at IBR1, IBR2, IBR3, and IBR4 and IBR4 were 
online. The four IBRs ramped up generation within about 50 ms, keeping the power system 
online; Figure 3 shows how the generation mix transitioned from 87% synchronous and 13% 
inverter-based immediately before the trip to 27% synchronous and 73% inverter-based 
immediately after the event as the four IBRs quickly increased their output. This event and some 
of the analysis of it has been described in [10], [11]. 

 
Figure 3. KIUC generation mix before (left) and after (right) the 11/21/2021 trip event 

Besides Plant A, the only other synchronous generators online were a biomass plant and several 
small customer-owned hydro plants, so the generation became 100% renewable when Plant A 
tripped. None of the synchronous generators provided frequency response (aside from a small 
amount of inertial response). All the frequency response was provided by the four IBRs, as 
summarized in Table 2. 

Table 2. Kauai generation immediately before and after the frequency event 

Plant name Before event After event Net change 

 Power 
(MW) 

Percent 
of total 

Power 
(MW) 

Percent 
of total 

Power 
(MW) 

Percent 
of plant 
rating 

Plant A (gas) 26.1 60.6% 0 0 -26.1 -100% 

Biomass plant (steam) 6 13.7% 6 14% 0 0 

Small hydro plants 5.7 13.0% 5.7 13% 0 0 

IBR1 1.8 4.1% 6 14% +4.2 +30% 

IBR2 2 4.6% 9 21% +7 +35% 

IBR3 0 0.0% 6 14% +6 +100% 

IBR4 1.8 4.1% 10 23% +8.2 +63% 
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Plant name Before event After event Net change 

 Power 
(MW) 

Percent 
of total 

Power 
(MW) 

Percent 
of total 

Power 
(MW) 

Percent 
of plant 
rating 

Total load demand 43.9   42.7   -1.2  
 
This is a notable demonstration of the ability of the four IBRs to rapidly increase active power 
and keep the system loads online in response to a sudden loss of generation. While IBR4 was in 
GFM model (virtual synchronous machine), the remaining three IBRs were in GFL mode. They 
had been designed to provide very fast frequency response per KIUC’s requirement to respond in 
less than 50 ms [12]. However, as the four IBRs began responding, the frequency and active 
power of the four plants began to oscillate with a frequency of 18 to 20 Hz at a high amplitude, 
as shown in Figure 4 and Figure 5. The oscillation was measured throughout the island by digital 
fault recorders (DFRs) and was visible in frequency, voltage, active power, and reactive power 
measurements. This system-wide subsynchronous oscillation had not previously been observed.  

 

 
Figure 4. KIUC grid frequency following the 11/21/2021 trip event.  

Data for Figure 4 and subsequent figures were taken from DFRs located near the four plants’ 
points of interconnection. Fifteen kHz DFR waveform data was processed to obtain most of the 
measurements shown. No high-speed (i.e., waveform-level) DFR data was recorded near IBR3 
for this event, so the data shown here come from the DFR’s slower-speed recordings (60 samples 
per second). Notably, the GFM IBR plant, IBR4, reached its post-event quasi-steady-state active 
power of 10 MW within about 20 ms of the trip, as seen in Figure 5. Also note that while IBR3 
had the largest increase in active power on a per-unit basis (per Table 2), its initial increase in 
active power during the crucial first few cycles of the event was quite small.  
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Figure 5. Active power output of the four large PV-BESS plants on Kauai immediately following 

the 11/21/2021 trip event 

The oscillation was sustained for about one minute before dampening out as the frequency 
returned to the normal operating range, as seen in Figure 6. The oscillation frequency ranged 
over the course of the event between 18 and 20 Hz. A small amount of load was shed (1.7 MW) 
due to the operation of an underfrequency load shedding (UFLS) relay. KIUC attributed this to a 
UFLS relay misoperation, as the frequency never remained below the UFLS setting of 59.2 Hz 
for more than a few milliseconds at a time. 

 
Figure 6. Frequency recording during the oscillation event showing the fundamental frequency 

(top) and the spectrogram of frequency indicating the 18 to 20 Hz oscillations (bottom). 

It is remarkable that the power system survived this event given that more than 60% of the 
generation tripped. This would not be possible in a system of this size without IBRs because the 
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power frequency droop response of a synchronous generator typically takes 500 ms or longer to 
start responding and several seconds to reach full output, so the system frequency would drop too 
low to be recovered, likely causing all generation to trip and blacking out the entire power 
system. Therefore the fact that the power system recovered and only a small number of 
customers lost power can be seen as a successful and novel outcome for such a severe loss of 
generation. 

However, the high-amplitude system-wide subsynchronous oscillation that immediately followed 
the IBRs’ rapid response is clearly problematic.  

2.1 Oscillation Investigation and Source Identification 
KIUC, the National Laboratory of the Rockies (NLR, formerly NREL), and the owner of IBR1 
and IBR2 initiated an investigation of the event with a goal of understanding its cause and 
mitigating it. NLR’s work on this was funded by a DOE Integrated Energy Systems Office 
project for which KIUC and the plant owner were partners at the time of the event. Several 
findings from the oscillation analysis are used as examples in a recently published guide from the 
Energy Systems Integration Group titled Diagnosis and Mitigation of Observed Oscillations in 
IBR-Dominant Power Systems [13]. 

When Plant A tripped, in addition to causing a sudden loss of 60% of the system’s instantaneous 
generation, it also resulted in a sudden loss of inertia. The total synchronous inertia of the 
generators online dropped from 121 MVA-seconds (an inertia constant, H, of 0.9 seconds, which 
is already low by conventional standards) to 58 MVA-seconds (H = 0.7 seconds). This loss of 
inertia contributed to a maximum rate of change of frequency (ROCOF) of about -2.7 Hz/s, 
neglecting the 18-20 Hz component, as seen in Figure 7a. Note that if the initial downward spike 
in frequency is considered, a much higher ROCOF of around -53 Hz/s or more can be estimated, 
for example as shown in Figure 7b, where 60 Hz DFR frequency data at multiple locations is 
shown, and the magnitude of this ROCOF can vary significantly depending on measurement 
method [14], [15], [16]. However, these measurements during and shortly after the initial 
transient event are heavily influenced by the distortion of the voltage waveform caused by the 
fault and the tripping transient, so frequency and ROCOF measurements during these initial few 
milliseconds should not be considered reliable. ROCOF calculation is further complicated by the 
18-20 Hz oscillation that occurred during the frequency event. For this reason, we focus on the 
ROCOF approximation made when ignoring the initial fault-induced transient and removing the 
18-20 Hz oscillatory component.  
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Figure 7. A) Approximate maximum ROCOF magnitude during the 11/21/2021 trip event, 

neglecting the 18-20 Hz component and the initial portion of the event with high voltage waveform 
distortion. B) One of many other ROCOFs that could be calculated for the event, but that are not 

considered useful. 

Perhaps more important than the loss in inertia is loss of grid strength resulting from the trip of 
Plant A. The short circuit ratio (SCR) measured at each IBR before and after the trip is shown in 
Table 3. Note that SCR is not an ideal method of measuring grid strength in systems with many 
IBRs located in close proximity, as is the case on Kauai. Nevertheless, Table 3 gives an idea of 
the change in grid strength that occurred. 

Table 3. Short-circuit ratio at each IBR location before and after the trip of Plant A 

 Prior to trip After trip 

IBR1 4.3 3.2 

IBR2 3.4 2.6 

IBR3 6.2 5.8 

IBR4 4.4 2.9 

After reviewing the event with KIUC and one of the IBR plant owners, the team collected data 
from various sources. A key data source, without which most of our analysis would not have 
been possible, was digital fault recorder (DFR) data, which KIUC and the plant owners collect 
near each plant’s point of interconnection. The DFRs produce two types of data: 

1. High-speed voltage and current waveform (point-on-wave) data at 7,680 samples per 
second on each phase. The high-speed data measured continuously but is only stored for 
brief intervals when triggered by preconfigured thresholds. 

2. “Low-speed” data at 60 samples per second (similar to phasor measurement unit data) 
showing magnitude and angle of voltage and current on each phase, active power, 
reactive power, and frequency. This data is calculated and stored continuously based on 
the high-speed data, so it is always available. 

Based on an initial visual inspection of the data, it appears that IBR1 and IBR2 had the largest 
oscillation magnitudes and oscillated in phase with each other, as seen in Figure 5. Note that no 
high-speed data was available at IBR3 for the oscillation event. Mode shape analysis using the 

-53 Hz/s

-2.7 Hz/s

A) B)
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Prony method [17] shows that IBR1 and IBR2 oscillated against IBR3 and IBR4 as seen in 
Figure 7.  

 
Figure 8. Mode shape analysis of active power data from the four IBRs online during the event. 

NLR also applied dissipating energy flow (DEF) analysis [18], [19] to the IBR data from the 
event. Briefly, DEF analysis identifies sources of power system oscillations by computing the 
energy injected at the oscillatory frequency at any source or line,  

𝑊𝑊 = �Δ𝑃𝑃dΔ𝜃𝜃 + Δ𝑄𝑄d(ln Δ𝑉𝑉)     (1). 

Here, P, Q, V, and θ are the active power, reactive power, voltage magnitude, and voltage phase 
angle of the source under analysis. The Δ operator denotes the filtered component of each 
variable at the oscillatory frequency. If the integral (1) is positive, it indicates that the plant is a 
net source of oscillatory energy, and if (1) is negative, it indicates that the plant is a net sink of 
oscillatory energy. In addition, the two terms in the integral can be analyzed separately to learn 
the effects of the plant’s active power and reactive power injections on the oscillation. It is also 
possible to visually estimate the result of the DEF integral when looking at a plot of active power 
and voltage phase angle over time: if active power and frequency generally oscillate in phase 
with each other, the first term of the integral will be positive, and the active power of the source 
in question is likely driving the oscillation. Conversely, if active power and frequency oscillate 
out of phase with each other, the source is sinking oscillatory energy (i.e. damping the 
oscillation). The same logic can be applied to the reactive power-voltage term of the integral.  

DEF analysis of the DFR data from the 18-20 Hz event showed that IBR1 and IBR2 sourced 
oscillatory energy, while IBR 3 and IBR4 had negligible impact on oscillatory energy, as seen in 
Figure 9. Thus, the team suspected that IBR1 and IBR 2 were responsible for the oscillation.  

IBR1 (GFL)
IBR2 (GFL)
IBR3 (GFL)
IBR4 (GFM)
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Figure 9. DEF analysis of data from the four IBRs online during the event. 

At the time when the team first applied DEF to the 18-20 Hz event, DEF analysis was not proven 
to provide trustworthy results for faster IBR-driven oscillations, but it was trusted for slower 
electromechanical oscillations and was in use by at least one system operator. A recent paper 
proposes a theoretical basis for DEF analysis of oscillations involving IBRs under certain 
assumptions [10]. That paper also provides more detail on the application of DEF to this 
oscillation event. 

To confirm the DEF results, the team also applied the sub/supersynchronous power flow method 
[20] to each IBR. This method requires point-on-wave data, so it was not possible to apply it to 
IBR3. The results are shown in Figure 10. Like the DEF analysis, the sub/supersynchronous 
power flow analysis indicated that IBR1 and IBR2 provided negative damping (i.e. were 
oscillation sources). IBR4 was neither a source nor a sink of the oscillation according to this 
analysis.  

 
Figure 10. Sub/supersynchronous power flow analysis of the three IBRs with point-on-wave data 

available during the event. 

To better understand the event, the team developed dynamic models of the KIUC system. While 
it was not expected that a positive sequence phasor domain model could capture an 18-20 Hz 
oscillation, the only model of KIUC’s system available at the time of the event was a PSS/E 
model. The team simulated the event in PSS/E, and as expected, found that the 18-20 Hz mode 
did not appear, as shown in Figure 11.  

IBR1 (GFL) IBR2 (GFL) IBR4 (GFM)
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Figure 11. Simulation of the Nov 21, 2021, event in positive sequence phasor domain software 

(red) compared to the recorded field data. The fast Fourier transform (FFT) of both datasets is also 
shown. 

Fortunately, the KIUC system has fewer than 80 buses and only 7 synchronous generators were 
online at the time of the event. This relatively small size made it feasible to develop an 
electromagnetic transient (EMT) model of the entire system. Because an EMT model can capture 
the full details of the IBR controls, we expected it would be possible to recreate the event in 
simulation. The team developed an EMT model in PSCAD software and included vendor-
supplied black-box models of IBR1 and IBR2. The PSCAD model was derived from KIUC’s 
PSS/E model. Note that based on the pre-event power flow recording in KIUC’s supervisory 
control and data acquisition (SCADA) software, we revised the settings of the breakers, 
generation units, loads, and switched shunts in KIUC’s PSS/E model before the conversion. In 
the KIUC EMT model, generic EMT models of IBR3 and IBR4 were included, with control 
parameters tuned so that their output closely matched the recorded DFR data when replaying the 
recorded DFR data at the plant terminals in simulation. Tuning of the vendor-supplied PSCAD 
models of IBR1 and IBR2 included matching power setpoints to SCADA data and matching 
some control parameters for which it was not possible to determine the actual values in use in the 
field during the event. The tuned IBR models were incorporated into the full system PSCAD 
model. The tuned EMT model was able to replicate the 18-20 Hz oscillations as well as the 
important characteristics of the IBR responses. For example, Figure 12 compares the PSCAD 
simulated time-domain response of IBR1 to the measured response. The team also performed 
mode shape analysis and DEF analysis on the PSCAD simulation traces. Figure 13 compares the 
DEF and mode shape analyses of the simulation data to the same analyses of the measured event 
data. The match is not perfect, but it is good enough to capture the salient characteristics of the 
event. 
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Figure 12. Simulation of IBR1’s response to the Nov 21, 2021, event in PSCAD. The fast Fourier 

transform (FFT) of both datasets is also shown. 

 
Figure 13. Comparison of EMT simulation and field data. Mode shape analysis and DEF analysis 

are shown for each IBR. 

While a validated EMT model provides the ability to replay the event and experiment with 
oscillation mitigation techniques using trial and error, it does not provide fundamental insight 
into the causes of the oscillation. Therefore the team collaborated with Purdue University to 
develop state-space small-signal model of the entire KIUC system using the techniques described 
in [21]. Because the internal details of the controls of the IBRs were not available, the state-space 
model used selected generic models that were tuned to emulate the responses of IBR1-IBR4. 
Additional information on the state-space model can be found in [10]. The small signal analysis 

DEF analysis comparisonMode shape comparison

EMT 
simulation

Field data

IBR1 (GFL)  IBR2 (GFL)  IBR3 (GFL)  IBR4 (GFM) IBR1 (GFL)  IBR2 (GFL)  IBR3 (GFL)  IBR4 (GFM)
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indicated that the phase-locked loops (PLLs) and active power controllers of IBR1 and IBR2 are 
highly related to modes near 20 Hz. The eigenvalue analysis indicated that reducing the PLL 
gains or increasing the power-frequency droop constants of IBR1 and IBR2 can dampen modes 
near 20 Hz [10]. 

As a final step in the oscillation root cause analysis, we developed a single-inverter infinite-bus 
model that captures the 18-20 Hz mode. Because IBR1 and IBR2 oscillated together and not 
against each other, and they have similar controls and settings, a single-inverter model was found 
to be able to capture the important characteristics of the oscillatory mode. To investigate the 
effect of internal control details that are not externally visible in the black-box model, a generic 
GFL inverter controller was again used in this step. The model is shown in Figure 14. More 
details of this model can also be found in [10]. 

 
Figure 14. A generic GFL inverter controller connected to an infinite bus through a grid 

impedance. 

Using this simplified model and performing a frequency scanning study as visualized in Figure 
15, we were able to identify four key parameters that influence the 18-20 Hz mode: 

1. The frequency measurement delay, shown in red in Figure 14. Higher delays contribute 
to instability. 

2. The power-frequency droop constant. Lower droop constants (i.e. more aggressive 
droops) contribute to instability 

3. The PLL gain. Higher PLL proportional gains (i.e. faster PLLs) contribute to instability. 
4. The grid impedance. Higher grid impedances (i.e. lower SCRs, weaker grid conditions) 

contribute to instability. 
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Figure 15. Nyquist plots of the open-loop transfer function 𝑯𝑯(𝒔𝒔)𝒆𝒆−𝒔𝒔𝒔𝒔 of the infinite-bus system in 

Figure 14. The GFL becomes stable if (a) reducing the frequency measurement delay, (b) adopting 
a less aggressive P/f droop constant, (c) reducing the PLL gain, or (d) increasing the SCR. 

When all four of the above parameters are in the range that contributes to instability, the 18-20 
Hz oscillation mode has zero or negative damping, as was the case on November 21, 2021. 
Changing any one of the four key parameters beyond a certain threshold can cause the oscillation 
mode to have positive damping. Of course, the desired level of damping of system-wide 
oscillatory modes is typically significantly greater than zero, so it may be difficult to achieve a 
desirable stability status by adjusting just one parameter. In addition, adjusting any of the above 
parameters would have other implications. For example, increasing the grid strength (SCR ratio) 
implies keeping more synchronous machines online or decreasing line or transformer impedance, 
both of which have cost implications. Reducing the PLL speed would have implications for 
control system performance, especially fast frequency response, which is a requirement for IBRs 
on Kauai. Reducing the delay in the frequency-power control loop may require control hardware 
changes or may affect how the system responds to transient events that affect the ability to 
measure frequency accurately. In addition, changes to PLL gains or control system delays 
generally are not possible without significant work by the inverter manufacturer. And using a 
less aggressive droop response reduces the amount of power the IBRs inject for a given change 
in frequency, which reduces the system’s ability to control frequency.  

In practice, shortly after the event, KIUC did temporarily increase the droop constant of the IBRs 
from 3% to 4%, moving from a fairly aggressive droop response to a more moderate one. This is 
a change that KIUC was able to make easily via SCADA. (It is believed to be uncommon for 
other utilities to have direct control over IBR droop gains today.) KIUC deemed the resulting 
reduction in system frequency response to be worth compromising to achieve improved 
oscillatory stability. This change was made shortly after the event and without the benefit of the 
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analysis described above, based on the knowledge that aggressive droop gains often lead to 
stability issues [22]. The PSCAD model of the system had not yet been developed at that point, 
and the PSS/E model did not capture the oscillation, so it was not possible to simulate the 
change, but it was expected to increase damping. 

It is also worth noting that two of the four contributing factors to the oscillatory event are related 
to frequency measurement, which is a requirement of GFL control and is not typically a 
requirement of GFM control.2 In addition, instability in weak (low-SCR) grids is a known 
challenge for GFL IBRs. This observation points towards another potential mitigation that is 
examined below: converting one or more IBRs to GFM mode.  

Finally, note that because of the high proportion of IBRs on their system, KIUC had required an 
extremely fast frequency response time from their IBRs of less than 50 ms [12]. While this helps 
with system frequency response, it creates a control design challenge for IBR manufacturers. It is 
not easy to design a grid-following IBR controller that can measure a frequency change, take 
control action, and increase power output within just three line cycles. While designing such a 
controller may not be impossible, it may lead to design compromises that sacrifice oscillatory 
stability. In contrast, GFM IBR controls naturally inject active power in much less than 50 ms 
following frequency changes simply by following their short timescale control objective, which 
is to maintain a constant or nearly constant voltage magnitude and phase angle in the first few 
line cycles following a grid disturbance [23]. Because frequency is the time derivative of phase 
angle, maintaining a constant phase angle inherently requires injecting active power to resist 
frequency changes.  

Based on the oscillation investigation described above, it was concluded that IBR1 and IBR2, 
which were both in GFL mode, were the primary drivers of the oscillation. Both use inverters 
from the same manufacturer. The combination of reduced grid strength due to the tripping of 
Plant A, aggressive droop response, and a fast PLL with a significant delay in its control path led 
to the 18-20 Hz oscillation. 

2.2 Oscillation Mitigations 
Based on the oscillation source analysis summarized above, the team examined three potential 
oscillation mitigation methods: 

1. Method 1: Increasing the droop constant of IBR1 and IBR2 from 3% to 4% (as already 
implemented by KIUC) 

2. Method 2: Reducing the PLL proportional gains of IBR1 and IBR2 
3. Method 3: Converting one or more IBRs to GFM mode. 

 
 
2 While typical GFM IBR controls do not depend on frequency measurement for fast, low-level controls or 
synchronization with other resources, they may measure frequency for other purposes. 
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Two other potential mitigations were not examined in detail because they were not considered 
practical. Reducing the delay in the frequency measurement path of IBR1 and IBR2 would 
require different control hardware in the already-installed IBRs, so it was not considered 
feasible. Similarly, maintaining SCR above a certain value (for example, 3) at IBR1 and IBR2 at 
all times was not considered feasible because it would cause KIUC to incur significant operating 
costs (to maintain synchronous machines online and/or keep IBRs offline, for example) or capital 
costs (to reduce line or transformer impedances, for example). Therefore, the three mitigation 
methods considered were related to the droop constant (which is easily adjustable), the PLL gain 
(which may be adjustable via a software change with the help of the inverter manufacturer), and 
the conversion to GFM, which was on the development roadmap of the plant owner and inverter 
manufacturer of IBR1 and IBR2.  

Regarding method 3, note that while converting a GFL IBR to GFM does not increase the 
conventional SCR calculation at nearby generators (because a weakness of the conventional SCR 
metric is that it does not distinguish between GFL and GFM IBRs), it does increase the grid 
strength by reducing the sensitivity of voltage to current changes, so, for other IBRs near the 
converted IBR, this mitigation option can be considered a way of addressing the impact of grid 
strength on the oscillation.  

The initial method of evaluating the three mitigation methods was by using the newly developed 
PSCAD model to simulate the event with and without the proposed methods implemented. For 
method 1, droop constants are user-accessible in the black-box PSCAD models of IBR1 and 
IBR2, so the team tested that change in simulation. The results are shown in Figure 16. As 
expected, this causes the oscillation to have positive damping, though it is still visible in the 
response to the disturbance. 

 
Figure 16. PSCAD simulation of mitigation method 1: changing droop constant from 3% to 4%. 

Simulating method 2 required collaboration with the manufacturer of the inverters in IBR1 and 
IBR2 because PLL parameters are not accessible to the user of the black-box model, as is often 
the case. The plant owner facilitated this collaboration, and the team was able to simulate method 
2, as shown in Figure 17. As with method 1, method 2 also causes the oscillation to have positive 
damping, though it is again still visible. 
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Figure 17. PSCAD simulation of mitigation method 2: reducing the PLL proportional gain from 0.15 

to 0.10. 

It was also investigated via simulation whether implementing method 2 would cause the IBRs to 
no longer meet the fast frequency response time requirement of 50 ms. It was found that IBR1 
and IBR2 could still meet the requirement with the slower PLL.  

There are multiple possible ways of implementing method 3, conversion of a second IBR plant to 
GFM mode, because there are three different IBRs that could be converted, and there are many 
ways of implementing GFM controls. The two common implementations of GFM control are 
droop-based GFM control and virtual synchronous machine (VSM) GFM control [4]. Many 
variations of those two methods exist, and other methods exist as well. And of course, inverter 
manufacturers generally do not share the details of their GFM implementations (or GFL 
implementations), which are typically considered intellectual property. To keep the number of 
simulations reasonable, the team chose to use representative generic versions of droop-based 
GFM control [24] and VSM-based GFM control [25]. We simulated each of these two GFM 
implementations at the locations of IBR1, IBR2, and IBR3. The stability of each case is 
summarized in Table 4, and case 2 (IBR1 converted to droop-based GFM control) is pictured in 
Figure 18. In summary, converting any IBR to either form of GFM control stabilized the 18-20 
Hz mode. Table 4 also shows that converting all the large PV-BESS plants on Kauai to either 
form of GFM control also stabilizes the oscillation. 
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Table 4. Summary of various implementations of mitigation method 3: conversion of IBRs to GFM 

 

 
Figure 18. PSCAD simulation of mitigation method 3: converting IBR1 to GFM control (case 2 in 

Table 4). 

Note that even though IBR3 was found not to be a driver of the oscillation, converting IBR3 to 
GFM mode still mitigates the oscillation (cases 4 and 7 in Table 4). This is because adding a 
second GFM IBR to the system improves the grid strength enough to stabilize IBR1 and IBR2, 
causing their 18-20 Hz mode to have positive damping. This finding aligns with other work that 
has found that not only are GFM IBRs stable in weak grid conditions, they also can stabilize 
other nearby GFL IBRs [5], [7], [26]. 

In summary, all three proposed mitigation methods were found to be effective in EMT 
simulation. Comparing Figure 16, Figure 17, and Figure 18, note that method 3 (GFM 
conversion) provides better damping of the 18-20 Hz mode than the other two methods. 

To further validate the findings, the team conducted a series of power hardware-in-the-loop 
(PHIL) experiments and NLR’s Flatirons Campus laboratory. These experiments connected a 
scaled-down replica of IBR1 and IBR2 to a real-time EMT model of an island power system, as 
shown in Figure 19. The replica of IBR1/IBR2 (which use different quantities of the same 
inverters) consisted of a single 800 kVA inverter and a plant controller. Both the inverter and the 
plant controller were of the same make and model used on Kauai. The DC-coupled inverter was 
powered by a 250 kVA BESS, and when available, by a 350 kVA PV array.  
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Figure 19. PHIL test setup for oscillation mitigation testing. 

At the time of the PHIL testing described here, we had not yet completed a real-time model of 
the KIUC system. Because the 18-20 Hz oscillation had been found to be observable in weak 
grid conditions in general and not to be specific to the KIUC grid, we used a previously 
developed real-time model of the Maui power system as a proxy. The Maui system model is 
implemented in RSCAD software, runs on 4 RTDS cores, and is based on the PSCAD model 
described in [27]. It can be configured for various grid strengths by adjusting which synchronous 
condensers and synchronous generators are connected, as described in [7] and shown in Figure 
20. The hardware IBR plant was scaled up inside the real-time model to represent one of two 30 
MVA IBR plants connected adjacent to each other at the locations circled in red and labeled K1 
and K2 in Figure 19. The Maui RSCAD model base case, called scenario S1 in Figure 20, is 
based on a Hawaiian Electric planning case from 2020 that was developed to predict the daytime 
minimum load for 2023; the actual day minimum dispatch in 2023 differed significantly for 
various reasons. In the planning case, 96% of the generation comes from GFL IBRs, mostly 
rooftop PV, but significant grid strength is provided by six synchronous condensers.3 The 
dispatch and other system data for scenario S1 are summarized in Table 5. 

 
 
3 Note that Hawaiian Electric now plans to install only two synchronous condensers on Maui, in part based on EMT 
studies that found better stability benefits from GFM IBRs due to the need for rapid, sustained active power during 
generation loss events [28]. 
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Table 5. Maui RSCAD model power dispatch (scenario S1) 

Total load 145.2 MW 

Total generation output 145.9 MW 

Total synchronous generation 
output 5.7 MW 

Total synchronous condenser 
capacity 136.4 MVA 

Total synchronous inertia 370 MVA·s 

Inertia constant (H) 0.97 s 

Distributed PV output 104.3 MW 

Utility-scale PV output 
(2 plants) 

5.3 MW 

Wind output (4 plants) 24.9 MW 

Utility-scale PV-BESS output 
(3 plants) 5.7 MW 

Minimum voltage level 0.48 kV 

Maximum voltage level 69 kV 
 

 
Figure 20. PHIL test scenarios S1 (highest inertia, highest grid strength) through S7 (zero inertia, 

very low grid strength). 

Initial experiments demonstrated that the oscillation observed in the field also appeared when 
connecting the inverter at the test site to the PHIL system even in the strongest grid scenario, S1. 

S1: 2023 
DayMin (pre 
Stage II RFP)

S2: Low 
inertia

S3: Very low 
inertia (KPP 

SCs only)

S4: Very low 
inertia (1 MPP 

SC only)

S5: No SCs

S6: No SGs

S7: No utility 
inertia

Remove all 3 SGs 
(M4, M5, M6)

Remove 2 SCs 
(M17, M19)

Remove 2 more SCs 
(M14, M16)

Remove both KPP SCs 
(K3, K4); Remove M16 SC

SC: Synchronous Generator
SC: Synchronous Condenser
MPP: Maalaea Power Plant
KPP: Kahului Power Plant
DER PV: Distribution-connected PV

*Inertia constant calculation 
includes IBR capacity in MVA base

Remove remaining SC (M14) Remove remaining 
SCs (K3, K4) 

Remove all 3 SGs 

Inertia 
constant 
“H” (s)*

Inertia 
(MVA·s)

Scenario

0.97370S1, S8, S9

0.76244S2

0.48124S3

0.43112S4

0.2353S5

0.89322S6

0.035.3S7

http://www.nlr.gov/publications
http://www.nrel.gov/


21 
This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications.  

    
    

   
   

The observed oscillations are visible in Figure 21 and have a frequency of 18 Hz. In this test, the 
relevant inverter and plant controller settings were configured as in IBR1 and IBR2 on Kauai. 

 
Figure 21. Initial PHIL test with default IBR settings: active and reactive power. 

Once the ability of the PHIL test setup to reproduce the oscillations had been confirmed, the next 
step was to test the mitigation methods. Method 1, increasing the power-frequency droop 
constant from 3% to 4%, resulted in a reduction in the oscillation magnitude to a negligible level 
in scenario S1, as shown in Figure 22. For each of scenarios S1 through S7, two events were 
simulated: a low impedance 3-phase transmission fault and the trip of the largest generator. As 
shown in Table 6, the mitigation method stabilized the system in all but scenarios S5 and S7, the 
two very weak grid scenarios. (Scenario S6, despite having no synchronous generation online, is 
relatively strong due to the presence of all six synchronous condensers.) It is not expected that S5 
or S7 would be stable with no GFM IBRs. Thus, mitigation method 1 was considered to be 
effective. 

 
Figure 22. PHIL test with droop constant increased from 3% to 4% (mitigation method 1). 
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Table 6. Response of Maui system with mitigation 1 implemented 

 
Mitigation method 2 was tested in PHIL in a similar manner. The owner of IBR1 and IBR2 
worked with their inverter vendor to reduce the PLL proportional gain of the inverter under test 
at NLR from 0.15 to 0.10. As seen in Figure 23, the magnitude of the 18 Hz oscillation is 
reduced to a nearly negligible level in scenario S1. Table 7 summarizes the stability of the PHIL 
tests for scenarios S1 through S7; as with method 1, the system was stable using method 2 all but 
the two weakest scenarios. Thus method 2 was considered validated. 

 
Figure 23. PHIL test with PLL proportional gain decreased from 0.15 to 0.10 (mitigation method 2). 
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Table 7. Response of Maui system with mitigation 2 implemented 

 
Despite the validation of both method 1 and method 2 in PHIL, a low magnitude 18 Hz 
oscillation was observed in PHIL tests of both methods in scenario S5 and S7, so the methods 
were not considered ideal long-term solutions.  

Mitigation method 3, converting the plant to GFM, was also tested in PHIL. The owner of IBR1 
and IBR2 worked with their inverter manufacturer to convert the inverter under test at NLR to 
GFM mode via a firmware upgrade. Figure 24 compares the results of a transmission fault test 
under scenario S1 with the hardware inverter in GFL mode and GFM mode. When in GFL mode, 
the 18 Hz oscillation is clearly visible following the fault. In GFM mode, no 18 Hz oscillation is 
visible. There is waveform distortion visible in the GFM test; this is due to a small DC offset in 
the grid simulator voltage that causes transformer saturation. This is an artifact of the PHIL test 
setup and would not occur if the IBR were connected to a real grid. In addition to removing the 
18 Hz mode, the conversion to GFM also resulted in a more robust fault current response, which 
in turn maintained voltage higher at the IBR’s point of connection during the fault. 
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Figure 24. PHIL tests of a transmission fault under scenario S1 with default GFL controls (left) and 

with GFM controls (right). 

Based on the EMT simulations and PHIL tests, it was concluded that all three mitigation 
methods were feasible, but that method 3, conversion to GFM, was preferable. 
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3 Transition of IBR1 to GFM Operation 
The PV-BESS plant identified as IBR1 in Figure 5 had previously been scheduled to be 
converted to GFM mode to allow it to power a microgrid consisting of local loads at times when 
the main grid is not available. In part to allow for microgrid loads to remain online during 
planned and unplanned island transitions, the conversion to GFM mode was planned to be 
permanent, such that the plant would operate in GFM mode both when the microgrid is 
connected to KIUC’s system and when it is islanded. This also allows the GFM IBR plant to 
contribute to the grid strength of the KIUC power system.  

To prepare for the conversion to GFM operation, the owner of IBR1 had collaborated with NLR 
to test one duplicate inverter and the power plant controller at NLR’s Flatirons test site [29]. This 
occurred prior to the PHIL tests of the three mitigation methods described in the previous 
section. 

From March of 2022 till August of 2022, KIUC and the plant owner-operator of IBR1 
collaborated to convert the plant to GFM operation. Inverters were converted to GFM mode one 
inverter at a time and tested to verify reliable operation.  

IBR1 is rated at 14 MW AC and consists of twelve 1.4-MW DC-coupled PV-BESS inverters. 
When in GFM mode, the inverters use a droop-based GFM control algorithm.  

At the time of its conversion to GFM mode, this was the only known transmission-connected 
microgrid in the U.S. (and maybe the world) where an IBR always operated in GFM mode, even 
when grid-connected. It was also only the second transmission-connected GFM IBR plant in the 
U.S., with the first being IBR4, also on Kauai [9].  

 
Figure 25. IBR1 was converted to operate in GFM mode starting in August 2022. 
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4 April 2, 2023, Loss-of-Generation Event 
On April 2, 2023, Plant A again tripped at nearly full output. In this case, it was producing 26.2 
MW. This event occurred at 4:25 pm, so PV output was relatively low (around 1 MW per plant). 
The BESS at IBR3 had been decommissioned, so the only large BESS online were at IBR1, 
IBR2, and IBR4. Table 8 compares the two generation trip events. Unlike in the previous event, 
no significant subsynchronous oscillation occurred following the April 2, 2023, event (Figure 
26). This aligned with the expectations based on the analysis described above, which predicted 
that converting at least one additional PV-BESS plant to GFM mode would mitigate the 18-20 
Hz oscillation.  

Table 8. Comparison of 11/21/2021 and 4/2/2023 generation trip events 

 11/21/2021 event 4/2/2023 event 

Start time 05:30:47 am (HST), early morning 16:25:30 pm (HST), late afternoon 

Disturbance Plant A tripped with 26.1 MW output Plant A tripped with 26.2 MW output 

Pre-event 
generation mix 

• Four large BESS (IBR1, IBR2, 
IBR3, IBR4) online 

• IBR4 in GFM mode; other 
IBRs in GFL mode 

• Large PV plants offline 
• No diesel generator online 
• Biomass and small hydros are 

online 

• Three large BESS (IBR1, 
IBR2, IBR4) online; and 
IBR3 BES offline. 

• IBR1 and IBR4 in GFM 
mode; other IBRs in GFL 
mode 

• Large PV plants online with 
low output (~2.64 MW) 

• One 9.8 MW diesel 
generator online 

• Biomass and small hydros 
are online 

Observations 

• High amplitude 18-20 Hz 
oscillation sustained for one 
minute. 

• Frequency nadir is ~59.3 Hz, 
neglecting 19 Hz component 

• No 18-20 Hz oscillation 
observed. 

• Frequency nadir is ~59.1 
Hz. 
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Figure 26. Frequency measurements and fast Fourier transforms of frequency for the two Plant A 

trip events showing a much more stable response during the 2023 event. 

Figure 27, Figure 28, and Figure 29 show the responses of each of the three large PV-BESS 
plants during the April 2, 2023, event. Note that in some locations, the frequency computed from 
DFR phase data (red trace) is erroneous. All three IBRs provided a very fast increase in active 
power in response to the drop in frequency. While IBR2, the largest IBR on Kauai and the only 
large PV-BESS plant in GFL mode during this event, provided a fairly rapid active power 
response, keep in mind that its response may be unstable if not for the GFM resources providing 
grid strength. Also note that IBR2 is designed to have a very fast power frequency droop 
response time compared to most GFL plants, so that on the time scale shown, its response is very 
similar to that of IBR1, which is GFM. IBR4, which uses a virtual synchronous machine control 
that includes an explicit inertial control parameter, provides the largest initial response. 
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Figure 27. Active power, reactive power, frequency, and voltage at IBR1 during the 2023 event. 

 
Figure 28. Active power, reactive power, frequency, and voltage at IBR2 during the 2023 event. 
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Figure 29. Active power, reactive power, frequency, and voltage at IBR4 during the 2023 event. 

While the two trip events were not identical, they were similar enough to provide strong 
experimental evidence that converting one IBR from GFL mode to GFM mode would mitigate 
the 18-20 Hz mode, as predicted by analysis and simulation.  
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5 GFM Plant Performance During Transmission-Level 
Intentional Island Event 

A second event occurred on July 15, 2024, that also highlighted the value of operating IBR1 in 
GFM mode. A wind-driven brush fire (not caused by the utility) spread quickly and was moving 
toward the highway where two transmission circuits connect the west portion of Kauai to the rest 
of the system, as shown in Figure 30. Critical loads in the west portion of the grid included a 
hospital and a shelter for evacuees from the brush fire affected area. Before the brush fire 
reached the highway and transmission circuits, KIUC engineers proactively disconnected both 
ends of the two transmission lines, de-energizing the lines and creating an intentional island 
(microgrid) including three transmission buses as shown in Figure 31. Microgrid operation had 
not been planned for in advance.  

The intentional island included two large generation sources: a customer-owned hydroelectric 
generator and the PV-BESS plant, IBR1. All loads remained online during the island transition. 
An unknown amount of small distribution-connected PV and PV-BESS generation, primarily 
rooftop PV, was also present in the microgrid. The distribution-connected PV was uncontrolled, 
invisible to the utility, and used primarily conventional grid-following inverters. The 
distribution-connected PV-BESS was primarily configured to serve local loads. The microgrid 
load included a hospital and an evacuation center for people who had evacuated due to the fire. 

 

  
Figure 30. The west end of the KIUC power system showing the location of an approaching brush 

fire. (West is shown on the right in this figure.)  

IBR1
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Figure 31. The intentional island formed by de-energizing the transmission lines affected by the 

fire. 

Shortly after the island formation, the hydroelectric plant was taken offline because its power 
could not be controlled, and there was no microgrid controller to balance load and generation, so 
frequency was high, as shown in Figure 32. After the disconnection of the hydro plant, IBR1 was 
the only large generator in the electrical island.  

 
Figure 32. Active power, reactive power, frequency, and voltage just prior to the microgrid 

formation and during the first several minutes of the intentional island. 

The system operators were not sure how long it would take to replace the transmission poles 
burned in the fire. The 70 MWh BESS was at 70% state-of-energy, meaning it had about 49 
MWh of energy. The total microgrid load was about 6.1 MW, so assuming a constant load, the 
BESS would last 8 hours. KIUC manually disconnected about 1.2 MW of load to preserve BESS 
energy for the hospital circuit overnight. The critical loads remained connected to the microgrid 

IBR1
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overnight, while KIUC line crews replaced the burned transmission poles, and the microgrid was 
reconnected to the rest of the KIUC system the next day.  

This is the first example known to the authors of a GFM IBR plant powering a microgrid that 
included multiple transmission buses. While it provides an example of a successful use of GFM 
BESS capability, it also provided an opportunity to learn. For example, because the GFM IBR 
was not designed to power a microgrid consisting of more than the local loads at its bus, the 
utility operators had to manually provide a power command. In addition, when reconnecting to 
the rest of the system, the resynchronization process failed and the microgrid loads had to be 
temporarily taken offline to reconnect to the rest of the system. Subsequent tests improved the 
resynchronization by adjusting relay and control parameters, and KIUC has now demonstrated 
the ability to resynchronize the IBR with the rest of the power system while maintaining all loads 
online. This is now tested monthly. 
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6 Comparison of GFM Plant Performance to UNIFI 
GFM Specifications 

This section compares the performance of the two GFM IBRs on Kauai, IBR1 and IBR4, to the 
UNIFI Specifications for Grid-Forming Inverter-Based Resources, Version 2 [30]. (At the time 
of this writing, the UNIFI Consortium expects Version 3 of their GFM specifications to be 
published in early 2026.) Each subsection below focuses on one requirement from the UNIFI 
specification and compares the GFM IBRs’ performance to the requirement. Note that the UNIFI 
specification was developed after IBR1 and IBR4 were already installed and therefore should not 
be considered a requirement for those IBRs. Nevertheless, it is interesting to compare the two 
GFM IBRs’ performance to the specification. 

Each subsection below briefly paraphrases the applicable UNIFI requirement; for the full 
requirement, see [30]. Most UNIFI requirements note that the IBR is only required to exhibit the 
specified behavior to the extent possible within equipment limits; this report does not repeat that 
caveat for each requirement. Note that version 2 of the UNIFI requirement is largely qualitative 
and does not currently contain quantitative pass-fail criteria. Nevertheless, for each requirement 
we state whether the IBR responses appear to comply. In addition, while some requirements in 
the UNIFI specification are specific to GFM IBRs (i.e., one would not expect a GFL IBR to meet 
those requirements), other requirements in the UNIFI specification apply to all IBRs, both GFM 
and GFL. 

6.1 Autonomously Support the Grid 
The UNIFI specification requires GFM IBRs to autonomously respond to changes in the grid 
based on local measurements over the subtransient and transient time frames. This is vague-
sounding requirement that is intended simply to state that GFM IBRs should not rely on external 
control signals to provide grid support on short timescales, though they may also respond to 
communicated commands (such as automatic generation control signals of SCADA commands) 
over longer timescales. 

The autonomous plant responses to the April 2, 2023, trip event shown in Section 4 demonstrate 
the IBR1 and IBR4 do respond autonomously to changes in voltage and frequency. There may be 
room to improve the autonomous responses through control tuning. Nevertheless, it is the 
autonomous responses of the plants that kept the grid stable and arrested the fall of frequency 
during this very severe generation trip event. 

6.2 Dispatchability of Power Output 
The UNIFI specification requires GFM IBRs to have dispatchable steady-state power output. 
Like the other dispatchable generation sources on Kauai, IBR1 and IBR4 are dispatched at one-
second intervals through KIUC’s SCADA commands, which provide active power setpoints to 
each plant. The active power commands reflect a combination of secondary frequency regulation 
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through automatic generation control (AGC) and scheduling dispatch commands. The state of 
energy (SOE) of each plant’s BESS is fed back to KIUC’s control center for use in dispatch.  

6.3 Positive Damping of Voltage and Frequency Oscillations 
The UNIFI specification requires GFM IBRs to provide non-negative damping, noting that this 
may be achieved simply by being in GFM control mode.  

Contrasting the system responses during the two trip events, as shown in Sections 2 and 4, 
illustrates the improvement in damping of the 18-20 Hz mode when IBR1 was converted to 
GFM mode. The mode had nearly zero damping (or negative damping, depending on the 
moment) during the 2021 event with one GFM IBR, and very high damping during the 2023 
event. This, along with the analysis presented in [10], indicates that changing IBR1 from GFL to 
GFM greatly improved the damping of this mode.  

6.4 Active and Reactive Power Sharing Across Generation Resources 
The UNIFI specification states that GFM IBRs are expected to autonomously share power with 
other resources via a power-frequency droop characteristic, like power sharing between 
conventional resources.  

The two GFM plants on Kauai (as well as the GFL plants) have power-frequency droop 
characteristics that autonomously adjust power output in response to frequency changes. For the 
GFM plants, this is implemented in the plant controllers and occurs on a timescale that is slower 
than the inverter-level GFM response and faster than the AGC timescale. At any given time, the 
output of each GFM inverter is the sum of its GFM power response to any disturbance and the 
power command from the plant controller, which in turn is the sum of the plant-level droop 
response plus the AGC signal from the utility. Figure 27 and Figure 29 show the droop responses 
of IBR1 and IBR4 to a frequency change caused by a major loss of generation. Note that the 
response of the GFL plant, IBR2, as shown in Figure 28, is quite similar to that of IBR1. This is 
as expected: the droop responses of GFL and GFM IBRs are not necessarily distinguishable 
externally, though their implementations inside the inverter controls are different. The difference 
between GFM and GFL controls is on a shorter timescale than droop response. 

Note that while IBR1 employs a droop-based GFM control structure and IBR4 uses a virtual 
synchronous machine control structure, they are able to synchronize and share power with each 
other and with the other resources on Kauai, as expected and as required by the UNIFI 
specification. 

6.5 Operation in Grids With Low System Strength 
The UNIFI specification requires GFM IBRs to operate stably in weak grid conditions. It also 
notes that GFM IBRs can improve system strength. 
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Following the trip of the largest generator in the 2021 and 2023 events described above, the 
KIUC grid strength was greatly reduced. As noted in Section 2, one cause of the oscillation 
during the 2021 event was the response of two GFL IBRs (IBR1 and IBR2) to the weakened 
system strength. During the 2023 event, the conversion of IBR1 for GFM mode not only 
prevented it from exciting the 18-20 Hz mode, but also improved the system strength enough that 
IBR2 did not excite the 18-20 Hz mode either. Qualitatively, IBR1 and IBR4 meet the 
requirement to operate in low system strength.  

The ability of IBR1 to operate in a grid that conventionally would be considered weak can also 
be observed in its ability to operate in an electrical island without any synchronous machines. 
Conventionally, the SCR seen by IBR1 when islanded would be zero, since there is no 
synchronous resource providing fault current. However, because IBR1 is operating as a strong 
voltage source, the island grid is actually not weak in the sense that the voltage is not highly 
sensitive to changes in current. This illustrates a weakness in traditional grid strength metrics that 
do not account for GFM IBR contributions, a point also noted by the UNIFI specifications 
document.  

6.6 Operation Under System Unbalance 
The UNIFI specification requires that GFM IBRs not oppose the flow of negative sequence 
current for small levels of voltage unbalance, as often occur in normal operations, and should aid 
in reducing the voltage unbalance factor (VUF).  

An example of IBR1 operating with unbalanced voltages within the normal operating region 
occurred during the unplanned island event mentioned in Section 5. The level of voltage 
imbalance within the island increased when the island formed, as seen in Figure 33 and Figure 
34. Figure 33 also shows that the current (Ia, red trace) increased on the lowest-voltage phase 
(Va, red trace); in Figure 34 this shows up as an increase in negative sequence current magnitude 
in response to the increase in negative sequence voltage from near zero to around 0.005 p.u. 
Thus IBR1 appears to comply with this requirement. 
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Figure 33. IBR1 voltage and current on each phase before and after the formation of an intentional 

island at time 0. 

 
Figure 34. IBR1 negative sequence voltage and current before and after the formation of an 

intentional island at time 0. 

An example of IBR4 responding to voltage imbalance in the continuous voltage operating region 
is shown in Figure 35 and Figure 36. The level of imbalance in this event is larger than the one 
analyzed for IBR1; voltage on two phases drops to between 0.8 and 0.9 p.u. (KIUC’s IBR 
interconnection requirements consider voltages above 0.8 p.u. to be in the continuous operation 
region; this is wider than in many other power systems, which often define the low end of the 
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continuous region around 0.88 or 0.9 p.u.) This event involves a fault at time 0 and a trip of two 
utility-scale PV plants (not among IBR1-IBR4) around time 2 seconds; the event is described in 
more detail in Section 6.8. IBR4 begins producing significant negative sequence current at the 
time when the imbalance emerges, so it also complies with the UNIFI requirement. 

 
Figure 35. IBR4 voltage and current on each phase before and during an unbalance event starting 

at time 0. 

 
Figure 36. Sequential components of IBR4 voltage and current before and during an unbalance 

event starting at time 0. 
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6.7 Ride-Through Behavior 
The UNIFI specification requires that GFM IBRs (like all IBRs) meet the ride-through 
requirements that apply where they are interconnected. KIUC requires voltage and frequency 
ride-through capabilities that exceed those common in mainland grids (for example those 
specified in IEEE 1547 [31] and IEEE 2800 [32]), as is common for island power system 
operators. KIUC’s frequency and voltage ride-through requirements at the time of this writing 
are shown in Table 9 and Table 10 [12]. Operating modes during ride-through are not shown, but 
the expectation is that IBR plants shall continue to export current (i.e., not enter momentary 
cessation or current blocking mode) in all ride-through regions. These represent the most 
demanding known voltage and frequency ride-through requirements in the United States. 

Table 9. KIUC frequency ride-through requirements for PV and BESS plants 

Frequency range Frequency values (Hz) Ride-through time (s) 

0 67 < f None 

1 65.5 < f ≤ 67 0.16 

2 65.0 ≤ f ≤ 65.5 1.00 

3 63.0 ≤ f < 65.0 120.00 

4 57.0 ≤ f < 63.0 Continuous 

5 55.0 ≤ f < 57.0 10.00 

6 53.0 ≤ f < 55.0 0.16 

7 f < 53.0 None 
 

Table 10. KIUC voltage ride-through requirements for PV and BESS plants 

Voltage range Voltage values (p.u.) Ride-through time (s) 

0 1.40 < V None 

1 1.37 < V ≤ 1.40 0.16 

2 1.22 ≤ V ≤ 1.37 0.60 

3 1.10 ≤ V < 1.22 30.00 

4 0.80 ≤ V < 1.10 Continuous 

5 0.70 ≤ V < 0.80 30.00 

6 0.15 ≤ V < 0.70 5.00 

7 0.00 ≤ V < 0.15 2.00 
 
All of the IBRs on Kauai are designed to meet KIUC’s ride-through requirements. In practice, 
some of the IBRs on Kauai have tripped or partially tripped due to fault events, as has also been 
observed on other power systems [33], [34]. This has occurred with both GFL and GFM IBRs. 
The plant owners and inverter manufacturers are working to address these issues. 
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6.8 Response to Symmetrical Faults 
The UNIFI specification requires GFM IBRs to inject current in response to symmetrical faults 
to resist the voltage drop, up to the IBR’s short-term rated current.  

A fault event on January 4, 2024, provided a somewhat rare opportunity to observe the GFM 
IBR responses to a three-phase fault, though the event is somewhat complex and also involved 
other fault types. The fault started as a phase-to-phase fault on a generator step-up (GSU) 
transformer at the other oil-fired generation station (not Plant A) but was not able to be cleared 
due to a protection setting error that has since been fixed. The phase-to-phase fault evolved into a 
three-phase fault after 4.86 seconds and was eventually cleared when all the generation on the 
island tripped several seconds later. Figure 37 shows the voltage on each phase at the 57 kV 
substation where IBR1 is connected. Because the fault was on the Y side of a Y-D step-up 
transformer, which is the low-voltage side, the high-voltage side saw a significant drop only in 
phase A for the first portion of the fault. From 4.86 seconds until 7.90 seconds the fault became 
nearly symmetrical (three-phase) and the two GFM IBRs injected current up to their ratings to 
resist the voltage drop, as required by the UNIFI specification. Figure 38 shows the current from 
IBR1, which remained around 1.1 p.u. on all phases during the three-phase portion of the event 
until IBR1 tripped at about 8 seconds shortly after the voltage dropped suddenly due to the trip 
of the largest synchronous generator. Figure 39 shows the current from IBR4, which remained 
around 1.2 p.u. for the three-phase portion of the event. IBR4 demonstrated robust ride through, 
staying online for 5 seconds after the voltage dropped to about 0.2 p.u., as required by the 
voltage ride-through characteristic in Table 10. 
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Figure 37. Voltage at IBR1 during an unbalanced fault event that evolved into a three-phase fault. 

 
Figure 38. IBR1 current magnitude during the fault event from Figure 37. (Waveform data not 

recorded at this location for three-phase portion of fault event. 60 Hz DFR data shown.) 
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Figure 39. IBR4 current during the fault event from Figure 37. (Waveform data not recorded for 

initial portion of event.) 

In summary, both IBR1 and IBR4 appear to meet the UNIFI requirement for response to 
symmetrical faults, though only IBR4 meets the ride-through requirement during this event. The 
owner of IBR1 has since deployed a fix for the ride-through issue.  

6.9 Response to Asymmetrical Faults 
The UNIFI specification requires GFM IBRs to maintain balanced voltage to the extent possible 
during unbalanced faults, which implies producing negative-sequence current. 

Figure 40 and Figure 41 compare the responses of IBR1 and IBR2 during an asymmetrical fault 
event caused by a lightning strike. It is possible to see that the active and reactive power response 
of IBR1 (GFM) begin about one cycle sooner and are of higher magnitude than that of IBR2 
(GFL), even though IBR1 is farther from the fault location. The negative sequence current 
response (red trace in lower left plot of each figure) of IBR1 (GFM) also starts slightly sooner 
and has greater magnitude than that of IBR2 (GFL). Note that both IBRs also appear to source 
zero-sequence current; this current is not sourced by the inverters themselves but by their 
transformers.  

t = 4.86 s:
3-ph fault

t = 7.90 s:
3-ph voltage drop

I A
, p

.u
. 

I B
, p

.u
. 

I C
, p

.u
. 

http://www.nlr.gov/publications
http://www.nrel.gov/


42 
This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications.  

    
    

   
   

 
Figure 40. IBR1 (GFM) active power, reactive power, frequency, and voltage during an unbalanced 

fault. 

 
Figure 41. IBR2 (GFL) active power, reactive power, frequency, and voltage during an unbalanced 

fault. 

The negative-sequence current response of IBR1 aligns with the expectation of the UNIFI 
specification for unbalanced faults. Note that injection of negative-sequence current during 
unbalanced faults is not unique to GFM IBRs, and indeed IBR2, which is in GFL mode, also 
injects negative-sequence current in this example. 
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6.10  Response to Abnormal Frequency 
The UNIFI specification requires that GFM IBRs modulate active power to aid in frequency 
event stability and recovery, that they share power with other resources via a droop-like 
characteristics, and that the power injected in the subtransient time frame (the first few cycles 
following a change in the grid) resist frequency change. 

Section 4 demonstrates the ability of IBR1 and IBR4 to respond in the subtransient time frame to 
a severe frequency change by injecting large amounts of active power almost instantaneously 
following the loss of the large synchronous generator. It also demonstrates the ability of both 
IBRs to share power with other resources over a longer time frame. 

NLR, KIUC, AES, and their partners recently completed a field experiment on Kauai where 
active power pulses were injected from IBR2 to estimate the inertia of the KIUC system and its 
components. The experiment measured significant “effective inertia” values for both IBR1 and 
IBR4, indicating that they do resist frequency changes on the inertial timescale (though of course 
they do not have physical rotating masses electromagnetically coupled to the power system like 
synchronous machines do). This work will be described in detail in future publications. Initial 
preparations for the field tests include simulations and lab testing are described in [35], [36]. 

6.11  Response to Phase Jump and Voltage Steps 
The UNIFI specification requires GFM IBRs to absorb or inject active or reactive power in a 
way that resists changes in positive sequence voltage phase angle and magnitude. No major 
positive sequence phase angle jumps have been examined on KIUC.  

The complex fault event examined in Figure 37 through Figure 39 contained two significant 
positive sequence voltage magnitude steps: one at 4.86 seconds and one at 7.90 seconds. Both 
IBR1 and IBR4 significantly increase their reactive power output almost immediately following 
the drop in voltage magnitude at 4.86 seconds, as shown in Figure 42 and Figure 43, 
respectively.4 Following the subsequent voltage drop at 7.9 seconds, both GFM IBRs again 
increase their reactive power injection, but IBR1 trips a few cycles later, possibly self-protecting 
due to overcurrent. While it is important for an IBR to protect itself from damage due to 
overcurrent, from a system stability perspective, it would be preferable for IBR1 to limit its 
current and remain connected. Both IBRs do comply with the requirement to resist voltage drops.  

 
 
4 Because IBR4 is AC-coupled, the output of its PV portion and its BESS portion are shown separately. The BESS is 
GFM, and the PV is GFL.  Note that the PV portion of the plant does not resist the voltage drop by injecting reactive 
current, though it is possible for GFL inverters to do so. 
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Figure 42. IBR1 active power, reactive power, and frequency during the fault event introduced in 

Figure 37. 
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Figure 43. IBR4 active power, reactive power, and frequency during the fault event introduced in 

Figure 37. 

6.12  Intentional Islanding 
The UNIFI specification notes that not all GFM IBRs are required to have the capability to form 
an intentional island, which generally requires that the IBR be specifically designed for that 
purpose. For example, IBR4 is a GFM IBR, but it is not designed to form an intentional island 
containing any loads besides its own internal auxiliary loads. For IBRs that are designed for 
intentional islanding, the UNIFI specification requires the ability to maintain a stable voltage and 
frequency within the island. 

As highlighted in section 5 above, IBR1 has demonstrated the capability to form an intentional 
island and maintain stable voltage and frequency in the island. This is beyond what IBR1 was 
designed for because the island contained two additional transmission buses, and it was designed 
to form a microgrid only with the loads at its substation. In addition to the example provided in 
section 5, where IBR1 supported an intentional island containing multiple transmission buses, 
IBR1 has also demonstrated the ability to form an intentional island consisting only of the loads 
on its own bus.  

6.13  Black Start and System Restoration 
The UNIFI specification notes that not all GFM IBRs are required to provide black start service, 
but for those that are designed for black start, it specifies that they should be able establish a 
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voltage without external support, supply inrush current, and serve as a voltage reference to which 
other resources can synchronize. IBR1 is designed to black start its local microgrid loads. IBR 4 
is not designed for black start of loads beyond its own local plant auxiliary loads. 

To date we have not evaluated examples of IBR1 providing black start. 

6.14  Regulating Voltage Harmonics 
The UNIFI specification states that GFM IBRs should comply with grid operator requirements, 
and that they may also reduce voltage harmonics caused by other nearby components. We have 
not examined the ability of IBR1 or IBR4 to comply with voltage harmonic requirements or to 
reduce voltage harmonics present on the system. 

6.15  Communications Between System Operator and IBR Plant 
The UNIFI specification leaves details of communications between an IBR plant the system 
operator up to them, but it does specify that communications should be cyber-secure and that the 
GFM IBR should continue to function if communications are interrupted. 

The UNIFI team has not examined in detail the security of communications to and from IBR1 
and IBR4. Both IBRs do communicate via SCADA with KIUC and are designed to continue 
operating at their last received setpoints upon a loss of communications. Communicated 
information from KIUC to the plants includes not just power setpoint but many other plant 
control parameters and data.  

6.16 Secondary Voltage and Frequency Response 
The UNIFI specification does not require GFM plants to participate in secondary voltage or 
frequency control, but for those that do, it simply specifies that the plant should move to the new 
setpoint within the time specified by the system operator.  

KIUC’s SCADA system sends AGC commands in combination with dispatch commands as a 
single signal. The signals are sent once per second. Both IBR1 and IBR4 respond to their 
respective AGC signals. More information on the GFM IBRs’ response to active and reactive 
power commands will be included in a future report. 

6.17 Summary and Recommendations 
While IBR1 and IBR4 were built before UNIFI’s specification for GFM IBRs was published, 
they are largely compliant with its requirements. One area for improvement is with the ability to 
ride through faults, particularly for IBR1. This is known to be a challenge for many IBRs, 
including conventional grid-following ones, but it may be particularly challenging for GFM 
IBRs because their voltage source-like characteristic makes limiting current more difficult. 
Nevertheless, inverter manufacturers are improving their ride-through capabilities and are 
expected to overcome this hurdle as they gain more experience. The owners of the IBR plants on 
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Kauai continue to work together regularly with KIUC to monitor and improve plant 
performance. Key aspects include improving ride-through performance and improved tracking of 
firmware revisions. 

Comparing the Kauai IBR plants’ performance to the UNIFI specification primarily involved 
qualitative comparisons, for example comparing a field data trace to a qualitative description of 
the desired plant behavior. It would help industry to establish quantitative criteria for GFM 
performance, because these could be used to decide whether a GFM inverter or plant meets 
minimum performance criteria without relying on subjective judgement by experts. However, 
that does not mean it would necessarily be appropriate to make each of UNIFI’s criteria 
quantitative; indeed, some do not lend themselves to quantitative pass-fail metrics. Other UNIFI 
requirements that could be made quantitative perhaps should not because a quantitative metric 
would unduly restrict innovation, or because the metric is system-specific and not easily 
generalizable. 

An additional challenge with dialing in a quantitative GFM performance specification comes in 
deciding whether it applies only to the commercially available technology of GFM BESS or to 
all GFM technologies, including GFM PV, wind, STATCOMs, and HVDC, which have different 
capabilities. To date, the UNIFI specification has remained technology agnostic, which 
complicates selection of pass-fail criteria because the capabilities of GFM IBRs have limitations 
related to the primary energy source. 

As an alternative to – or perhaps in addition to – identification of pass-fail metrics for selected 
criteria in the UNIFI specification, GFM specifications can define test-based pass-fail metrics. 
For example, various grid operators starting with Hawaiian Electric have applied simulation-
based tests to determine whether an IBR plant is or is not GFM [37]. Part of HECO’s test, which 
is targeted at GFM BESS, was incorporated into NERC’s GFM specification [9], versions of 
which are now in use or proposed by AEMO, ERCOT, MISO, and others. The core 
HECO/NERC GFM test takes the relatively simple approach of connecting the inverter (or plant) 
to a simulated voltage source with a load and then tripping the voltage source; if the inverter 
maintains the load voltage during and after the trip of the voltage source, it is considered GFM.5 
Other tests have been proposed that quantify the inertia of the GFM source, test its ability to 
operate in very weak grid conditions, test its response to frequency and phase angle changes, or 
perform a scan of the inverter’s impedance at a range of frequencies [38]. Some of these tests 
correspond to specific requirements in the UNIFI GFM specification and hence could inform a 
future UNIFI specification.  

 
 
5 This “loss of last synchronous machine” test typically includes two instances of the GFM BESS under test with 
different power ratings to demonstrate that the IBR under test can synchronize with and share power with another 
GFM resource. 
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Table 11 recommends starting points to develop quantitative test criteria for the UNIFI GFM 
specification. It leverages publicly available test procedures cited in the preceding paragraph; 
since each of these procedures was developed for a specific grid operator, UNIFI may want to 
adjust/generalize them. Table 11 focuses on recommending test procedures for requirements that 
are unique to GFM under the reasoning that for requirements that are not unique to GFM, 
existing test procedures used for GFL should suffice if any test is needed. It also offers 
recommendations on whether a pass-fail test is needed for each requirement that is unique to 
GFM. Relatedly, a final recommendation for the UNIFI specification is to call out which 
requirements are unique to GFM, which requirements might also be met by some GFL plants, 
and which requirements should be met by all IBR plants. A draft of Table 11 was shared with the 
UNIFI team working on grid-forming specifications, and a modified version of the table is 
included in Version 3 of the UNIFI GFM specification, which is expected to be published around 
the same time as this report. 

Table 11. Recommendations for UNIFI test criteria 

UNIFI specification 
requirement 

Unique to 
GFM? 

Could a 
quantitative 

pass-fail 
metric be 
applied? 

Should a 
quantitative pass-

fail metric be 
applied? 

Potential source 
of pass-fail 
test/criteria 

Autonomously 
support the grid No - - - 

Dispatchability of 
power output No - - - 

Provide Positive 
Damping of Voltage 

and Frequency 
Oscillations 

Some GFL could 
comply 

depending on 
oscillation 
frequency 

Yes 
Only if industry can 
reach consensus 

on metric 

[39] and other 
resources by 
same author 

Active and 
Reactive Power 
Sharing across 

Generation 
Resources 

No - - - 

Operation in Grids 
with Low System 

Strength 
Yes, for very 
weak grids Yes Likely Test 5 in [37] 

Operation Under 
System Unbalance 

Some GFL 
comply Yes May not be 

necessary - 

Ride-through 
Behavior No - - IEEE 2800 [32] 

Response to 
Symmetrical Faults 

Some GFL 
comply Yes Yes IEEE 2800 [32] 

http://www.nlr.gov/publications
http://www.nrel.gov/


49 
This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications.  

    
    

   
   

UNIFI specification 
requirement 

Unique to 
GFM? 

Could a 
quantitative 

pass-fail 
metric be 
applied? 

Should a 
quantitative pass-

fail metric be 
applied? 

Potential source 
of pass-fail 
test/criteria 

Response to 
Asymmetrical 

Faults 
Some GFL 

comply Yes Yes IEEE 2800 [32] 

Response to 
Abnormal 
Frequency 

Yes, in 
subtransient 
timeframe. 

Yes Yes Test 4 in [37] 

Response to Phase 
Jumps and Voltage 

Steps 
Yes Yes Yes Tests 2 and 3 in 

[37] 

Intentional 
Islanding Yes Yes 

Yes, for BESS (and 
other GFM if 
capable of 

operating islanded) 

Test 7 in [37] 

Black Start and 
System Restoration Yes Yes 

Yes, only for black-
start capable 

resources 

Test 1 in section 
3.3 of [37] 

Regulating Voltage 
Harmonics 

Some GFL 
comply at least 

partially 
Yes 

Only if industry can 
reach consensus 

on metric 

[39] and other 
resources by 
same author 

Communications 
between System 
Operator and IBR 

Plant 
No - - - 

Secondary Voltage 
and Frequency 

Signal Response 
No - - - 

 
An additional consideration for UNIFI to clarify is whether the GFM requirements apply at the 
individual inverter level (i.e., the IBR unit) or at the IBR plant level. This should be made clear 
in the UNIFI specification. 

The tests recommended in Table 11 are intended to be run in EMT simulation. It is possible but 
not easy to run similar tests on MW-scale hardware inverters, and very difficult to run such tests 
on full IBR plants. Currently most GFM specifications use EMT simulation as the primary 
means of GFM performance verification. It is recommended that the UNIFI specification take a 
similar approach, and also state that the EMT model of the IBR unit should be validated against 
hardware tests, for example as specified in IEEE P2800.2, the draft conformity assessment 
document for IEEE 2800.  
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7 Current Status of KIUC System and Lessons 
Learned 

The two GFM IBRs on Kauai form a vital part of KIUC’s daily generation mix. They and the 
other resources on the island allow KIUC to operate with up to 100% of energy coming from 
renewable sources for several hours at a time.  

KIUC has considered converting IBR2 to GFM mode but would like to see improved ride-
through performance before making that change. The UNIFI consortium is also investigating a 
low-magnitude oscillation that occurred briefly between IBR1 and IBR4. This event does not 
appear to raise system stability concerns at this point, and KIUC plans to keep both IBR1 and 
IBR4 in GFM mode. 

KIUC currently plans to add two more GFM BESSes with 35 MW and 43 MW power capacity 
and four hours of energy storage capacity, pending final approvals. They also plan to convert an 
inefficient steam turbine generator to a dedicated synchronous condenser of 12.5 MVA. The 
smaller synchronous condenser will be operated continuously, with Plant A’s larger synchronous 
condenser capability acting as a back-up.  

DFR data has proven extremely valuable for understanding IBR performance and diagnosing and 
troubleshooting issues. Both the 60 Hz “slow” data, which is recorded continuously, and the 
waveform-level data, which is recorded for brief intervals when triggered by certain events, are 
of high value. However, the team has found various issues with data accuracy, scaling, 
synchronization, and calculation of derived quantities like frequency. Some events that were first 
believed to be examples of IBR misoperation turned out to be simply bad data; this situation can 
be quite difficult to diagnose and requires collaboration with the DFR hardware or software 
vendor to troubleshoot.  

In summary, this report describes several significant events and milestones, including: 

• The first transmission-connected GFM IBR in the U.S., and one of the first in the world 
• The first known example of two GFM IBRs operating on the same transmission system, 

at least in the U.S. and possibly in the world. Notably, the two GFM plants use inverters 
from different manufacturers with very different control schemes. 

• The first known example of a GFM IBR in the U.S. supporting a microgrid containing 
multiple transmission nodes 

• An example of a mix of GFM and GFL IBRs sustaining a power system following the 
sudden loss of 60% of the generation 

• A GFL IBR-driven subsynchronous oscillation encompassing an entire power system 
• The application of a GFM IBR to mitigate the oscillation mentioned above. 

Of course, Kauai is a relatively small power system (around 82 MW peak load), with a 
transmission voltage of 57 kV (meshed), which is quite low compared to major continental 
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power systems. Nevertheless, the lessons learned there, combined with the lessons being learned 
in the other Hawaiian Islands, Australia, Great Britain, and elsewhere indicate that as GFM IBRs 
designed for operation in parallel with bulk power systems overcome the challenges that 
inevitably face new technology, they are likely to become key components in power grids around 
the world. Indeed, we now see several mainland U.S. grid operators moving towards deploying 
GFM IBRs as a way of future proofing the stability of their systems against changing resource 
mixes. We hope that this report proves useful to those considering deploying GFM IBRs. 
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