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Abstract—This study conducts hardware experiments to assess
the performance of a commercial single-phase grid-forming
(GFM) inverter using a purely hardware-based approach. We
adhere to a testing protocol for the GFM inverter and enhance it
by exploring the transient performance of GFM inverters across
various grid dynamic events. Quantifiable performance metrics
are established for each testing scenario to gain insights into the
performance of the single-phase GFM inverters. Based on the
comprehensive tests, the following observations are summarized:
1) The performance of the single-phase GFM inverter is satisfac-
tory, and it is capable of being the islanding master for residence
homes when the main grid is gone. 2) For frequency response, the
inverter is able to stay connected but cannot inject the needed
active power to support the grid. This may be improved by
the manufacturer by using droop control. 3) The GFM inverter
exhibits harmful transients in voltage and frequency during
islanding operation, which can be enhanced by maintaining the
same operating points before and after the breaker is open.

Index Terms—Black start, droop control, grid-forming invert-
ers, grid-following inverters, transient stability.

I. INTRODUCTION

Grid-forming (GFM) inverters are recognized as enabling
technologies for integrating inverter-based resources (IBRs)
into electric grids, across microgrids, and in distribution and
transmission networks [1]. In particular, GFM inverters have
been widely used in microgrid applications as the GFM
source(s) to enhance system resilience [2]. GFM inverters are
also used for large island systems—such as AEMO, ENTSO-
E, HECO, KIUC, and Fingrid—to increase system strength
in weak grid areas and to enable the integration of more re-
newable [3]. But those are three-phase inverters, and the ever-
increasing integration of distributed energy resources (DERs)
in distribution systems necessitates similar solutions for single-
phase inverters [4]. A comprehensive literature review shows
that the research activities on single-phase GFM inverters have
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manager and operator of the National Renewable Energy Laboratory for the
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publisher, by accepting the article for publication, acknowledges that the U.S.
Government retains a nonexclusive, paid-up, irrevocable, worldwide license
to publish or reproduce the published form of this work, or allow others to
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primarily focused on transient stability analysis [5], black-
start reconnection procedures [6], control strategies [7], [8],
harmonic compensation [9], and large-signal stability analysis
[10].

The existing state of the art explores single-phase GFM
inverters from different aspects through electromagnetic tran-
sient simulations; however, very few works perform hardware
tests, and there is no clear understanding of how single-phase
GFM inverters should behave from a hardware perspective.
Therefore, this paper addresses these gaps by performing
hardware experiments to evaluate the performance of a single-
phase GFM hardware inverter. The main contributions of the
paper are to: (1) enrich the standard testing protocols (e.g.,
characterization approaches and scenarios) with a comprehen-
sive performance evaluation of single-phase GFM inverters;
(2) provide insights on the performance and functionality
of single-phase GFM inverters; and (3) suggest performance
improvements for the tested single-phase GFM inverters.

II. THE CHARACTERIZATION TEST

A. Testing Objective and Scenarios

The objective of the performance evaluation is to compre-
hensively evaluate single-phase GFM inverters under a wide
range of operating conditions, including stand-alone (micro-
grid), grid-connected, and transition operations. In particular,
we investigate the steady-state and transient performance of
the inverter’s (1) PQ capability, dispatchability, overloading
capability, step response, black-start capability, and smooth
transition operation capability; and (2) dynamic response un-
der grid events, output impedance characteristics and damping
ratio, and inertia response. We follow the testing protocol from
[11] and enrich it by adding the dynamic test scenarios marked
in blue in Table 1, which summarizes the test scenarios and the
corresponding quantifiable performance metrics. The variables
are defined as follows: V,.,,,s and I,,,s (voltage and current
root mean square), f (frequency), P and ) (active and reactive
power), Vinse and I, (voltage and current instantaneous
values), TH D (total harmonic distortion), AP (active power
output), fo (pre-fault system frequency), and S,.q¢ing (inverter
rating).
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B. Description of the GFM Inverter

The GFM inverter under test is an off-the-shelf inverter
with a capacity of 3.8 kVA, and four inverters are operated in
parallel for a total capacity of 15.2 kVA. The inverters always
operate in GFM control even if they are grid-connected. Based
on the manual, the inverters operate in isochronous mode
without droop, and an automated secondary control will be
issued to regulate the system voltage and frequency back to
the nominal values after every dynamic event.

C. The Test Circuit

Fig. 1 shows the test circuit, which includes four GFM
inverters with a battery on the DC side for each inverter, a
point of common coupling (PCC) breaker, the GFL inverter
DER rack (13 kVA, including two PV inverters and one battery
inverter), two load banks, a 75-kVA single-phase transformer,
and a grid simulator (45 kVA). This is the full circuit, and only
a subset of devices will be used for any given test scenario.
A microgrid controller is used to communicate with the GFM
inverters via REST command, and the GFL inverters and the
PCC switch via Modbus TCP/IP. OPAL-RT is used to drive
the grid simulator with dynamic changes in the grid voltage
through analog output.

III. EXPERIMENTAL RESULTS

The experimental tests are performed based on the test
scenarios defined in Table 1. Due to the limited space of the
paper, only the critical testing results are presented here.

A. Black Start

For this black start test, the load is PF 0.8 lagging. The test
circuit is shown in Fig. 1 which includes the 277 V and 240
V circuits. The black start testing procedures are described
as follows: (1) Start the GFM inverters and energize the 75-
kVA 240/277 transformer; (2) bring in a 10-kVA load at the
480-V side; (3) bring in the GFL inverter with 5 kVA and
dispatch full power; (4) bring in the second GFL inverter
(3.8 kVA) and dispatch full power; (5) bring in the 6-kVA
load at the 240-V side; and (6) bring in another 6 kVA at
the 240-V side. The results presented in Fig. 2 show that the

2

black start is successful. The first spike is from energizing
the transformer, which brings the GFM inverter voltage down
to 0.87 p.u. with a 1.35-p.u. inrush current and a 60.6-Hz
frequency peak. During the black-start process of connecting
the loads and GFL inverters, the GFM inverters show smooth
transients. Note that the GFM inverters always try to settle to
their nominal voltage and frequency after every step within 10
s. The voltage and current THD are maintained below 2% and
5%, respectively.

B. Sourcing and Sinking Active Power

For the sourcing (generating) and sinking (absorbing) active
power test, the test circuit includes the GFM inverter, the
single-phase load (240 V), the PCC siwtch, and the grid sim-
ulator (240 V). In this grid-connected mode, the GFM inverter
is dispatched to output the target active power. Note that this
single-phase GFM inverter is not configured to support reactive
power as we didn’t have voltage related commands, hence the
reactive power dispatch function cannot be tested. The target
active power is to generate 25%, 50%, 75%, and 100% active
power for the first test, and the second test is to absorb 25%,
50%, 75%, and 100% active power. The testing results are
shown in Fig. 3 and Fig. 4.

The results show that the GFM inverter can follow the
dispatched active power setpoint to output the target power.
The average responding time is 0.1 s. There are some small
amount of reactive power generated when only the active
power is dispatched. The inverter’s frequency is maintained
around 60 Hz, and the inverter’s voltage shows some jitters
and keeps increasing/decreasing in one direction. For sourcing
power, the voltage THD is below 1% and the current THD is
below 6% for 25% power and below 3% for 50% and higher
power. For sinking power, the voltage THD is below 2% and
increasing with active power; and the current THD is 6% for
25% power and below 5% for 50% and higher power. The
THD in sinking power mode is higher than sourcing power
mode. This test shows the GFM inverter can be dispatched
like a GFL inverter to output the target power in the grid-
connected mode.

C. Dynamic Events

The testing circuit is the same as the sourcing and sinking
active power test. The test results are summarized in Table. IV,
which shows that the GFM inverters pass most of the dynamic
event tests except the last two phase jumps. Overall, the results
indicate that the GFM inverters are robust to system transients.
To understand the behavior of the GFM inverters under the
dynamic events, the results of the voltage down, frequency
down, and phase jump up are presented in Fig. 5. For the
voltage down, the inverter response time is 0.01 s, and the
setting time is 0.47 s; for the frequency down, the inverter’s
response time is 0.02 s, and the setting time is 0.32 s; and
for the phase jump up, the inverter’s response time is 0.01 s,
and the settling time is less than 1.3 s. Zoomed-in plots of
voltage down shows that the reactive power is positive when
the grid voltage is down, which is as expected. However, the
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Fig. 3: The GFM inverter sourcing active power.

frequency jumping down caused a negative active power. The
phase up caused an increase in the frequency, and a negative
active power is observed, which is as expected. The responses
of the GFM inverters under voltage and phase jump are as
expected, and the response for frequency jump needs to be
improved.

D. ROCOF Test

For the ROCOF test, the test circuit is the same as the
dynamic test. This test is to understand the GFM inverter’s
capability to respond to frequency changes by proving needed

active power. The test result is shown in Fig. 6. We can see
from the results that the inverter does not trip and does not
respond to the frequency changes. This can be understood from
the fact that this GFM inverter always operates in isochronous
mode. Thus, there is no droop-type of behavior that normal
GFM inverters would have to respond to frequency changes.

E. Impedance Scan

This test circuit is the same as the dynamic event test. This
test is conducted when the single-phase GFM IBR is perturbed
by the positive-sequence components in the voltage waveform,

3
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%1072 single-phase GFM IBR, is shown in Fig. 7. Similarly, the

617 10 ~ measured phase of the positive-sequence impedance, /Zp

g‘ ;_ (in deg), is shown in Fig. 7. In these figures, the blue
- 15 5 circled data are the values computed based on the GFM IBR
§ 60.5 E measurements. Based on the measured data of the magnitude,
E 0 @ |Zp|, and phase, ZZp (in deg), of the positive-sequence
E 3 impedances, the best-fit transfer functions are estimated using
60 P < the “tfest” command of the “System Identification Toolbox” of

Time (s)

Fig. 6: The test results of ROCOF.

and the voltage and current measurements are collected to
compute the output impedance Z(s) V(s)/(I(s)). Note
that perturbation harmonics are summarized in Table. I. The
processed positive-sequence impedance, | Zp| (in dB), of the

MATLAB. In the same figure, the Bode plots of the estimated
transfer functions (piecewise) are also shown in red. This GFM
inverter shows inductive characteristics at 60 Hz, and it is not
damped at sub-synchronous frequency range. The closest non-
piecewise transfer functions of the GFM inverter are shown in
Table. III.

Note that the transfer functions are non-piecewise estimated
transfer functions, which represent the piecewise transfer func-
tions of Fig. 7, only inside the frequency range around the
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Fig. 7: The test results of impedance scan of the GFM inverter.

fundamental frequency as used in the piecewise transfer func-
tion computation. Based on the estimated and best-fit transfer
function for each measured positive-sequence impedance, the
equivalent damping coefficient, ({u¢, for the GFM inverter can
be computed. The equivalent damping coefficient, ¢IU*, for
the single-phase GFM inverter is 0.33 (2¢34fwg ~ 249.9.3).
This damping coefficient is aligned with the observation from

Fig. 7.

FE. Transition Operation

This test is completed with only the GFM inverter, the load,
the PCC switch and the grid simulator. The test starts with
islanded operation mode, then the small system (the GFM
inverter and the load) synchronizes to the grid simulator. After
working in grid-connected mode, the PCC circuit breaker is
opened to allow for the islanding operation. Note that the GFM
inverter is dispatched to supply the demand from the load when
the PCC breaker is closed so that smooth transition operation
can be achieved following the smooth transition operation
protocol developed from the UNIFI 1MW demo test [11].
The results for synchronization and islanding operation are
presented in Fig. 8 and Fig. 9.

Fig. 8 shows that the GFM inverter achieves smooth syn-
chronization operation thanks to minimizing the PCC power
flow (seen from the PCC current) before and after the breaker
is closed and the GFM inverter maintains the same operating
point during synchronization operation (seen from the inverter
frequency, active power and current). For the islanding oper-
ation, the voltage of the GFM inverter shows some decaying
oscillations for approximately 0.8 s and then reaches steady
state, and the frequency has a sharp drop from 60 Hz to 58.5
Hz within 0.2 s. This islanding operation test is repeated a few
times and consistent behaviors are observed.
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IV. DISCUSSION

The testing scenarios summarized in Table. I are performed,
and the testing results are summarized in Table. IV. This
single-phase GFM inverter passed most of the tests, however,
the dynamic events and ROCOF test are not as expected.

CONCLUSION

There is a lack of understanding of how hardware single-
phase GFM inverters behave, especially under dynamic situa-
tions. This paper presents the comprehensive laboratory exper-
imental testing of four hardware single-phase GFM inverters
to understand their performance and functionalities. Following
and enriching the testing protocol from [11], the performance
and functionality of the single-phase GFM inverters is evalu-
ated based on a variety of scenarios and performance metrics
(e.g., power quality, overload capability, transient stability, and
damping ratio). Overall, the performance of the single-phase
GFM inverter is satisfactory and it is capable of being the
islanding master for homes when the main grid is gone.Thus,
this single-phase GFM inverter can be used as a GFM source
to support the off-grid system for system resiliency. For
frequency response, the inverter is able to stay connected but
cannot inject the needed active power to support the grid.
This may be improved by the manufacturer by using droop
control. The islanding operation performance can be enhanced
by maintaining the same operating points before and after the
breaker is open. The performance of this GFM inverter can
serve as a basis for single-phase inverters.
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TABLE I: Summary of all testing cases for individual inverter [11]

Configuration

Test Type

Scenario

Test Approach and Performance Metrics

Stand-alone operation

Steady state

Balanced
load

Power factor (PF) I, PF 0.8 lagging and leading, representing 5%, 10%,
25%, 50%, 75%, and 100% loading of the inverter capacity. Performance
metrics: Vims and f regulation; Vs, Irms, and T HD of voltage and
current

Sinking
power

The inverter will operate in parallel with a grid-following (GFL) inverter
that is supplying more power than available load on the islanded power
system. Performance metrics: Vims and f regulation; Vips, Irms, and
T H D of voltage and current

Transient

Black start

Starting from OFF, the inverter must energize a transformer of similar kVA
size and connect the load(s) and GFL inverter(s) based on the predefined
sequence. Performance metrics: Vi and Iinst peak; Vims and I peak;
Vrms and f settling time

Load steps

Balanced Iinear load steps with PF of I, 0.8 lagging, and 0.8 Ieading.
The load steps will be performed from 0% to 50%, 50% to 100%, and
0% to 100% of the inverter kVA rating. Performance metrics: Vins: and
Linst peak; Vipst, Irms, and f peak, nadir and settling time; Vi, transient
distortion last more than 2-3 cycles

Overload

The inverter will be subjected to 150% overcurrent at power factors of T and
0.8 lagging and leading. The overload will be held for x seconds and then
indefinitely until the inverter trips. Performance metrics: Event duration:
Vrms and f regulation; Vs and Ip,s, T H D; tripping time

Loss of gen-
erator

The GFL inverter(s) is intentionally tripped off so that the GFM inverter
will take over all the load and survive the islanded system. Performance
metrics: Vinst and Linse peak; Vims, Irms, and f peak, nadir and settling
time; Vjnst transient distortion

Grid-connected

Steady state

Sourcing
and sinking
active power

With the grid simulator set to the nominal voltage and frequency and the
inverter voltage droop curve intercept set to achieve 0 or minimal reactive
power flow, the inverter frequency droop curve intercept will be adjusted
to force the inverter to source 5%, 10%, 25%, 50%, 75%, and 100% rated
kW. With the inverter frequency droop curve intercept set to achieve 0 or
minimal real power flow, the voltage droop curve intercept will be adjusted
to force the inverter to source and sink 5%, 10%, 25%, 50%, 75%, and
100% rated kVAR. Performance metrics: Vipms, f, P, and () regulation;
Vims and Lrms, T'H D, oscillations

Impedance
scan

No Toad is connected. The GFM is dispatched with injecting 50% active
power. The harmonic voltage perturbation is 1% of the fundamental com-
ponent. The frequency sweep ranges from 3, 5, 7, 9, 13, 19, 25, 32, 37,
42, 47, 51, 55, 57, 58, 58.5, 58.6, 58.7, 58.8, 58.9, 59, 59.1, 59.2, 59.3,
59.4, 59.5, 59.7, 59.8, 59.9, 60.1, 60.2, 60.3, 60.5, 60.6, 60.7, 60.8, 60.9,
61,61.1,61.2,61.3,61.4,61.5, 62, 63, 65, 69, 73, 78, 83, 88, 95, 101, 107,
111, 113, 115, 117, 123, 125, 127, 129, 133, 139, 145, 175, 210, 250, 290,
355, 430, 477, 554, 650, 733, 791, 821, 893, 965, 1000, 1113, 1231, 1370,

1557, 1712, 1957 Hz. Performance metrics: Output impedance (magnitude

| Zp| and phase angle £ Zp) and the equivalent damping ratio (¢4 from a

second-order system

Transient

Dynamic
event

PFT load with 50% capacity of the GFM inverter, and the GFM inverter is
dispatched by injecting 50% power. The grid simulator voltage magnitude,
or frequency, or phase angle will be dynamically changed for 0.2 s and
changed back. The voltage jumps up/down by 0.01, 0.02, 0.03, 0.04, and
0.05 p.u.; the frequency jumps up/down by 0.1, 0.2, 0.3, 0.4, and 0.5 Hz;
and the phase jumps up/down by 5°, 10°, 15°, 20°, and 30°. Performance
metrics: Vinst and Iinst peak; Vims, Irms, P, @, and f peak, settling time;
Vinst transient distortion; P and () response time and settling time

Inertia
response test

PF=T load with 50% capacity of the GFM inverter, and the GFM inverter
is dispatched by injecting 0% power. The grid frequency will be changed
with a rate of change of frequency (ROCOF) of 1 Hz/s at zero power or
light loading (e.g., 20%). Performance metrics: equivalent inertia constant

H = (AP x fo)/(25rating * LHz/s)

Transition operation

Transient

Synchronize
a small
system to
the grid, and
islanding

The inverter is initially operating as a single source energizing a local
area power system. The local area power system can connect to a larger
grid, which could be an actual utility grid or could be emulated using a
grid simulator. Once the system is in steady state, planned islanding is
performed. Performance metrics: Vinst and Linst peak; Vims, Irms, P, Q,
and f peak, nadir and settling time; Vj,: transient distortion; time from
when sync command issued until breaker closes.
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TABLE II: Summary of dynamic event testing results.

Voltage jump (p.u.) | 0.01 | 0.02 | 0.03 | 0.04 | 0.05 | -0.01 | -0.02 | -0.03 | -0.04 | -0.05
Pass/Fail v v v v v v v v v v
Frequency jump (Hz) | 0.1 02 | 03 04 | 05 -0.1 -0.2 -0.3 -0.4 -0.5
Pass/Fail v v v v v v v v v v

Phase jump (°) 5° 10° | 15° | 20° | 30° -5° -10° | -15° | -20° | -30°
Pass/Fail v v v X X v v v X X

TABLE III: Non Piece-wise Transfer Functions of the GFM inverter and Equivalent Damping Coefficients.

DuT Non-piece-wise Transfer Function FitPercent DuT | Damping
/ 0.712(s + 1.6 x 107)(s + 3521)(s — 250)(s — 134.8)(s% + 3.295 + 1.525 x 10°) , Fut
GEM-1 (s +249.95 + 1.432 x 105)(s% + 870.7s + 1.32 x 108)(s*> + 3.59s + 1.5 x 108) 96.87% GIMHL R 0-t33
TABLE IV: Summary of testing results
Configuration Test Type | Scenario Pass/Fail Remark
Balanced load Pass Whenever voltage decreases because of increasing
Steady state .
load, the voltage tends to regulate slowly to its
Stand-alone operation nominal values. The same happens to the fre-
quency.
Sinking power Pass Follow the change of GFL inverter output well to
adjust its active and reactive power output.
Black start Pass Fast black start capability.
. Load steps Pass Can handle from 0% to 100% load step smoothly.
Transient
Overload Pass 1.5 p.u. can last more than 10 s.
Loss of gener- Pass Can handle loss of generator very well.
ator
Steady state Sl(r):ll(rl;l;g aczr:]((;l Pass ISI;nslz)llrllrgC i;;ogw;(rwlvlzj higher voltage and current THD
Grid-connected '
power
Impedance Pass Has similar output impedance characteristic and
scan damping coefficient compared to the three-phase
GFM inverters.
Dynamic event Pass The GFM inverter does respond correctly to volt-
Transient (voltagf.: jump) . age change.s.
Dynamic event Fail The GFM inverter does not respond to frequency
(frequency changes because it operates in isochronous mode
jump) instead of droop mode.
Dynamic event | Need improvements | The GFM inverter does respond to the phase jump
(phase jump) but there is oscillations. This performance needs to
be improved by better damping capability.
Inertia Fail The GFM inverter does not respond to frequency
response changes because it operates in isochronous mode
test instead of droop mode.

Transition operation Transient Synchronize a Pass Has smooth synchronization operation but has very
small system to large transients in voltage and frequency during
the grid, and islanding operation.
islanding
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