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Abstract: As more countries seek solutions to their de-carbonization targets using renewable energy
(RE) technologies, interconnection standards and national grid codes for distributed energy resources
(DER) are being updated to support higher penetrations of RE and improve grid stability. Common
grid-code revisions mandate DER devices, such as solar inverters and energy storage systems, ride-
through (RT) voltage and frequency disturbances. This is necessary because as the percentage of
generation from DER increases, there is a greater risk power system faults will cause many or all
DER to trip, triggering a substantial load-generation imbalance and possible cascading blackout. This
paper demonstrates for the first time a methodology to verify commercial DER devices are compliant
to new voltage, frequency, and rate of change of frequency (ROCOF) RT requirements established in
IEEE Std. 1547-2018. The methodology incorporates a software automation tool, called the SunSpec
System Validation Platform (SVP), in combination with a hardware-in-the-loop (HIL) system to
execute the IEEE Std. 1547.1-2020 RT test protocols. In this paper, the approach is validated with two
commercial photovoltaic inverters, the test results are analyzed for compliance, and improvements
to the test procedure are suggested.

Keywords: distributed energy resource (DER); renewable energy sources; solar; grid-support
function; inverter; ride-through; photovoltaic (PV); smart grid

1. Introduction

The penetration of renewable energy (RE) in electric power grids is increasing rapidly
worldwide. This growth is driven by ambitious renewable portfolio standards set by
countries or regional jurisdictions to meet de-carbonization targets and decreasing costs
of renewable generation. This higher penetration of inverter-based distributed energy re-
sources (DER) presents challenges for grid operators [1], e.g., displacement of synchronous
generators reduces inertia, increases variability and uncertainty of the generation sources,
and produces larger voltage fluctuations and frequency variations. Currently, the majority
of DER devices are not monitored or controlled by grid operators. High numbers of DER
may cause detrimental effects both during normal and contingency operations of the power
system [2].

Perturbations to voltage or frequency are experienced during power system faults. If
these deviations trip DER, substantial generation would be lost and cause the power system
to destabilize or operate with unplanned, expensive reserve generation. This concern was
highlighted with the famous 50.2 Hz problem in Germany where several gigawatts of DER
could have tripped offline due to minor over-frequency event; this generation loss could
not be met by the conventional reserve capacities [3]. Other examples exist in which DER
tripped on voltage or frequency perturbations and caused challenges to power system
operators. Approximately 1.2 GW and 900 MW of solar PV tripped offline in two different
fault events (Blue Cut fire and Canyon Creek fire) in California during 2016 and 2017
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respectively [4,5]. The tripping of the PV systems in both these California events was
caused by the protection settings of these PV systems [6].

To prevent these situations in the future and facilitate higher RE integration at distri-
bution and transmission levels, grid codes around the world are being updated with new
DER grid-support function (GSF) requirements. The American IEEE Std. 1547-2018 [7],
Canadian CSA C22.3 No. 9-2020 Std. [8], and Australian/New Zealand AS/NZS 4777.2
Std. [9] all include revisions to the voltage ride-through (VRT) and frequency ride-through
(FRT) functions to keep DER operating during transient voltage and frequency disturbance
events. IEEE 1547 requires DER either continue injecting power during the disturbance (a
RT) or restart current injection immediately after the disturbance (a momentary cessation)
depending on the voltage/frequency excursions from the nominal value based on the
severity of the disturbance. By taking this approach, the RT function facilitates grid support
during the fault and RE power for restoration after short disturbances by keeping DER
connected to the grid.

Frequency excursions during the transient faults in the electric power system are
characterized by the magnitude and rate of change of frequency (ROCOF). Most current
electric power systems are synchronous machine dominated, therefore, the ROCOF value
are typically in the range of 1-2 Hz/s [10]. The study in [11] shows that after a separation
of the Ireland and Northern Ireland electrical systems resulted in a ROCOF of over 1 Hz/s
in Ireland, and a ROCOF of over 2 Hz/s in Northern Ireland. As power systems move
toward higher RE penetrations by offsetting traditional synchronous generators, there will
be higher frequency disturbance ROCOF values [1], e.g., a grid event in South Australia
where ROCOF reached 6 Hz/s [12]. Unfortunately, faster ROCOFs are more challenging
for the DER inverter control loops to maintain synchronism with the power system [10],
e.g., [12] reported experimental verification of residential PV inverters disconnecting due
to ROCOF. So it is important to test the DER for operations with aggressive ROCOF values.
IEEE 1547-2018 specifies ROCOF values of up to 3 Hz/s to ensure DER sustain synchronism
during a rapid frequency deviation.

IEEE Std. 1547.1-2020 [13] defines conformance test procedures for DER devices in
the USA and was recently revised to align with IEEE Std. 1547-2018. To pass the test
procedures in IEEE 1547.1, DER must comply with all the GSFs defined in IEEE 1547-
2018. DER inverter industry stakeholders (i.e., DER vendors, grid operators, certification
laboratories, and academic smart grid test laboratories) need appropriate testing tools to
verify the power and communication characteristics for different GSFs. The IEEE 1547.1
test procedures typically include dozens, if not hundreds, of measurement points for each
of the GSFs, so it is critical to automate the certification process to minimize certification
costs, test durations, and risk of human error.

Recently, other jurisdictions are including grid-code compliance test requirements such
as the IEEE 1547.1 standard. The Canadian CSA C22.3 No. 9 standard includes a section on
compliance testing [8]. In Australia and New Zealand, AS/NZS 4777.2 standard includes
the testing requirement for the different GSFs of DER with detailed guideline such as the
IEEE 1547.1 standard [9], along with tests for multiple-unit operation, technology-specific
DER devices, etc. Currently, the European standard EN 50549-10 is being developed to
assess GSFs of DERs for low and medium voltage network connections [14].

Several national research laboratories from different jurisdiction are collaborating
within the Smart Grid International Research Facility Network (SIRFN) to evaluate GSFs
of different DER devices [15-17]. These evaluations have been completed by developing
test scripts for different test protocols, i.e., UL 1741 SA [16] and IEEE 1547.1. The SVP was
used in these evaluations to automate the test sequences in Python environment. The SVP
communicates with and controls AC grid simulators, PV simulators, Equipment Under
Test (EUT) and data acquisition systems [18]. The SVP is used to create the test results
(e.g., raw data in CSV file format) along with a test manifest (e.g., log files) that are then
summarized in a Microsoft Excel file to provide pass-fail tables and plots of the results. This
testing framework helps the SIREN group to assess new and developing grid codes and
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associated test procedures from different jurisdictions. The experimental results provide
feedback to the standard development organizations for corrections and enhancements to
the test procedures [15,16].

Many researchers have developed RT algorithms for DER devices [19-21]. In their
work, RT capabilities are usually tested by applying fault scenarios on a simulated AC grid.
However, the RT algorithms are not tested to a standardized RT test procedure, such as
those required of commercial DER device. During the standards development process,
historical fault profiles were studied by the committees to create representative fault profiles
to evaluate the DER products. This process was similar for the other GSFs. The recently
published IEEE Std. 1547.1-2020 introduced type tests for response of voltage and frequency
disturbance (i.e., VRT, FRT, phase-angle change RT), as well as different voltage regulation
and frequency-support functions (e.g., frequency-droop, constant reactive power, active
power-reactive power, etc.). Each of these tests were designed to evaluate the GSFs in
representative—-albeit worst case-—scenarios that fielded DER were likely to encounter in
their lifetimes. The SIRFN collaboration is assessing several solar PV inverters for these
GSFs using the SVP, while PV inverter manufacturers are certifying their products with
these latest requirements. Previously, the team developed many scripts for type tests in
IEEE P1547.1 (Draft versions D9.6 & D9.9) and shared the test protocol evaluation findings
with the IEEE standards development committee to help refine the standard before final
publication [15,22,23]. Now, after publication, this team is completing the IEEE 1547.1
open-source test scripts to accelerate the development and deployment of RE systems.
Test facilities, DER vendors, and research institutions can use this software to perform
certification test procedures.

In terms of IEEE 1547.1 RT requirements, the standard requires commercial PV in-
verters to be tested with consecutive disturbances for both over and under frequency and
voltage levels, at two different operating power levels based on the category of DER device.
Generation of IEEE 1547.1-2020 RT results requires creating precise event triggers and cap-
turing current and voltage waveform data. The FRT test also requires a controlled ROCOF
of the applied voltage signal. To record precision data, an open-loop Power Hardware-in-
the-Loop (PHIL)-based automated test setup (i.e., a signal-injection testbed) was created
to evaluate commercial PV inverter compliance to the IEEE 1547.1-2020 RT criteria. The
SIRFN labs developed open-source Python test scripts to drive the PHIL simulation to
capture the VRT, FRT, and ROCOF RT function evaluations [24]. The SVP test scripts
compile and execute a MATLAB Simulink model in the Opal-RT simulator environment,
RT-LAB, to achieve precise timing, generate the voltage signal disturbances (magnitude,
phase and frequency), and capture waveform test result data. The SVP communicated to
the PHIL environment using Opal-RT’s RT-Lab Python Application Programming Interface
(API). In this paper, two commercial three-phase PV inverters with different nameplate
capacities and configurations were assessed to the IEEE 1547.1 VRT and FRT test procedure.
This PHIL-based platform allowed identification of potential improvements to increase
test consistency and reliability across multiple test laboratories. The primary contributions
from this work are: (a) creation of an open-source, frequency-adaptive RT-Lab Simulink
model that can be used to perform VRT, FRT and ROCOF RT experiments, (b) the develop-
ment of automated, open-source HIL certification scripts that reduce the burden of manual
experimentation, and (c) the first-ever experimental comparison of IEEE 1547.1-2020 LVRT,
HEFRT, LFRT, and ROCOF RT results from two production DER devices.

2. IEEE 1547.1 VRT and FRT Test Requirements

The revised IEEE 1547-2018 standard specifies the DER requirements for different
GSFs. These requirements may vary based on technology, application purpose, power
generation variability, and the specific characteristics of the point of common coupling.
Therefore, two types of performance category definition were adopted in the standard:
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e  Category (Cat.) A and B are based on DER participation in the voltage and reactive
power management. Cat. A requirements are minimum voltage support requirements
for all state-of-the-art DER technologies, usually for low-RE penetration operations.
Although Cat. B covers supplemental capabilities to address high-RE penetration
operations of the electric grid. Cat. B devices include active power-reactive power
and voltage—active power modes along with expanded reactive power capabilities.

e Category I, II and III are based on disturbance RT capabilities for power system
protection and power quality. Cat. I RT requirements are defined for synchronous
machine-based DER based on the German Association of Energy and Water Industries
(BDEW) standard for medium voltage synchronous generators [25]. Cat. II require-
ments are based on the North American bulk power system (BPS) reliability standard,
NERC PRC-024-2 [26] , but have much tighter operating bands than Cat. III. Cat. III
goes beyond the ride-through requirements in NERC PRC-024-2 to add the widest
disturbance ride-through capabilities, based on California Rule 21 [27], applicable for
inverter-based DERs in high-RE penetration grids.

The VRT capability of DER is the ability to RT voltage sags and swells without tripping
the unit. Similarly, the FRT capability is the ability to RT the frequency excursions that
are outside the normal range of operation. Voltage and frequency excursions outside the
normal range of continuous operation require certain response characteristics from the
DER depending on the magnitude and history of grid voltage or frequency. The types of
DER operating modes during a RT event are:

*  Mandatory operation: DER shall maintain synchronism and continue active power
exchange.

¢  Permissive operation: DER may continue active power exchange or may cease to
energize.

e  Momentary cessation (MC): DER shall cease to energize.

When the DER is in MC mode, it shall not trip and shall restore output following IEEE
1547-2018 Section 6.4.2.7, i.e., a DER without dynamic voltage support shall restart total
active current injection of at least 80% of pre-disturbance active current level within 0.4 s.
Additionally, the IEEE 1547.1 provides different methods for testing based on the DER
technology. This article focuses on the testing of inverter-based DER.

2.1. Low Voltage RT Test

The purpose of the IEEE 1547.1 low voltage RT (LVRT) test is to verify the capability of
the EUT to RT voltage sags without tripping. To properly assess the LVRT capability of the
EUT, the undervoltage trip function is disabled or set to not influence the outcome of the
test. Among all the different voltage support functions of the EUT, only the voltage-reactive
power (volt-var) function shall be enabled with default parameters. The LVRT tests shall
be conducted at two output power levels—one high (rating at greater than 90%) and one
low (active power in between 25% and 50%)—with power factor greater than 0.90.

IEEE 1547.1-2020 standard presents the LVRT test signals that shall be applied on
the EUT terminals for Cat. I, I and III EUTs, in accordance with the defined LVRT test
conditions. The Cat. III LVRT test conditions are presented in Table 1. The time frame
of each test condition during the RT test is such that the low voltage is applied from a
minimum of 1 s to a maximum of 120 s. The different modes of operation during the
LVRT test are evaluated using consecutive RT tests where the LVRT test sequences are
repeated without interruption as described in 5.4.4.3 of the standard. The LVRT capability
of a three-phase EUT is assessed by applying the repeated voltage sag profile on all three
phases simultaneously, at least one two-phase pair simultaneously, and at least one single
phase individually. Based on the test results, the EUT is found compliant if it meets the
requirements of the mandatory, permissive, and MC mode definitions from the previous
section. In addition, during the mandatory operation, it shall maintain its total apparent
current during the disturbance period at or above 80% of the pre-disturbance value.
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Table 1. LVRT test conditions for Cat. III DER.

Test Condition  Residual Voltage (p.u) Minimum Required DER Mode

Duration (s) Of Operation
A 0.88-1.00 5 Continuous Operation
B 0.00-0.05 1 Momentary Cessation
C 0.00-0.50 10 Mandatory Operation
(& 0.52-0.70 10 Mandatory Operation
D 0.50-0.70 20 Mandatory Operation
E 0.88-1.00 120 Continuous Operation

2.2. High Voltage RT Test

The purpose of the high voltage RT (HVRT) test is to verify the capability of the
EUT to RT voltage swells without tripping. The HVRT test has similar requirements and
procedures to the LVRT test. To properly assess the HVRT capability of the EUT, the
overvoltage trip function and voltage-reactive power (volt-var) function are programmed
the same way as the LVRT test. The HVRT test is also conducted at two power levels
such as the LVRT test. The IEEE 1547.1-2020 standard presents HVRT test signals in
accordance with HVRT test conditions for different EUT categories. Again, the different
modes of operation during the HVRT test are evaluated using consecutive RT tests. The
three-phase EUT is tested at a minimum of three different voltage scenarios; three phases
simultaneously, at least one two-phase pair simultaneously, and at least one single phase
individually. Based on the test results, the EUT shall be HVRT compliant if it meets the
requirements of the permissive and MC mode definitions from Section 2.

2.3. Low Frequency RT Test

The purpose of the low frequency RT (LFRT) test is to verify the capability of the
EUT to RT low frequency excursions (outside the normal range of operation) without
tripping. The frequency trip settings are set to not influence the outcome of the test. The
frequency-droop function is programmed for least aggressive settings to make the active
power change with respect to frequency as small as possible. The test is conducted at a
power level greater than or equal to 90% of EUT rating and the applied frequency variation
during the test is greater than or equal to the ROCOF limit specified for the EUT Cat. III.
Therefore, this test also verifies the ROCOF capability of the EUT. Based on the test results,
the EUT is compliant if it maintains active power above the pre-disturbance active power
output for a Cat. III EUT.

2.4. High Frequency RT Test

The purpose of the high frequency RT (HFRT) test is to verify the capability of the
EUT to RT high frequency excursions (outside the normal range of operation) without
tripping. The HERT test has similar requirements for settings of trip function, droop and
power level for testing, frequency variation following ROCOF, and compliance assessment.

3. SVP-PHIL-Based DER Inverter Testbed

A hardware DER inverter can be interfaced into a real-time power system simulation
environment using the power hardware-in-the-loop (PHIL) setup. This approach allows
the testing of commercial DER inverter with various test scenarios [28]. The EUT used
for this work were two commercial three-phase PV inverters. Voltage magnitude and
frequency test conditions were applied to the EUT terminals with the PHIL setup. Figure 1
presents the overall testbed architecture as employed in this work. It is divided into two
elements: a testbed composed of actual electrical devices and a host Windows computer
with different software elements to control the test architecture and environment. This setup
was employed in CanmetENERGY laboratory in Canada and Sandia National Laboratories
in the USA.
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Figure 1. Detailed SVP and HIL test bed showing the hardware and software components.

3.1. PHIL Testbed

For both laboratories, the testbed included a programmable AC power supply or grid
simulator/amplifier controlled through the analog signal from an HIL system. Although
a test lab could conceivably certify a PV inverter to IEEE 1547.1 using a programmable
AC power source, it would be challenging to conduct tests requiring voltage unbalance,
controlled ramp changes for voltage and frequency, phase jumps, and the precise timing
for RT tests. These can be easily achieved using a real-time simulator (RTS) in an open-
loop PHIL setup. The RTS from Opal-RT Technologies has been employed for this PHIL
work. The EUT voltage and current (waveform) measurements were recorded in the
PHIL simulation using the analog input interface of the RTS. The DC side of the EUT was
powered by PV array simulator programmed with I-V curves defined using the EN 50530
standard [29].

3.2. Modeling and Automation in PHIL Testbed Environment
3.2.1. Test Automation using System Validation Platform (SVP)

The SIREN working group has been using the System Validation Platform (SVP)
extensively to assess different GSFs of DER inverters [15,16,22,23]. The SVP software
was originally developed in a collaboration between the SunSpec Alliance and Sandia
National Laboratories, but since becoming publicly available in the GitHub repository [30],
it has seen rapid development within the research community. The SVP executes tests and
evaluates results in an automated manner by communicating to all necessary laboratory
equipment. The user defines tests in the SVP graphical user interface (GUI), first by
choosing the appropriate test script, and then by defining the test parameters. Following
this, all laboratory equipment are programmed by SVP. Since the SVP software uses
abstraction layers for testbed components, the same test script (Python logic) can be used
with different laboratory testbeds by merely changing the equipment drivers for their
testbed configuration. Drivers for a range of PV simulators, grid simulators, commercial
EUTs, and data acquisition systems are made available in the open-source SVP [31].

As mentioned in the previous section, it is quite challenging to control the grid
simulator from the SVP using the communication link for voltage unbalance, controlled
voltage and frequency ramp changes, and precise timing control for RT tests. Often these
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capabilities are not available for commercial grid simulators. Furthermore, for transient
IEEE 1547.1 tests, another major challenge is synchronizing the grid disturbance and data
capture via a trigger signal. To overcome these challenges, the Opal-RT PHIL system was
used where the RTS provided the precise timing required to execute the perturbations and
acquisition.

The Opal-RT RT-LAB RTS has a Python API through which the real-time simulation
can be controlled and automated with SVP drivers developed by the SIRFN community.
A RT test model was created in MATLAB Simulink which runs in real time and can be
controlled through the RTS interface. During each test, the SVP sends the disturbance
parameters sequentially and the RTS applied these to the EUT using the grid simulator
amplifier. The RTS recorded the waveform data and the SVP retrieved this at the end of
the test. RMS (root mean square) data were also captured through the Opal API for use in
the SVP logic and addition in the manifest. Figure 2 shows the automated process for RT
test where SVP steps are marked in orange and the RT model steps in RTS are marked in
blue. The test starts by configuring, compiling, and starting the RTS model as well as other
equipment. The RTS model applies the disturbances to the EUT in PHIL setup. Then it
acquires the voltage/current signals, logs the test results, and finishes the current scenario
of the test by returning the equipment to safe conditions. At that point, it may optionally
execute other scenarios by executing the same sequence as above. More details about the
RTS model steps are described in the next section.

3.2.2. RT Model Characteristic

State Machine

Synchronization of hardware equipment was achieved by the RTS system. The
Simulink model running in the RTS created the voltage or frequency disturbance fol-
lowing a precise time sequence. This was accomplished using a MATLAB function (M-
function) block within the Simulink environment, which executed the test logic through a
state machine. A state machine is an abstract machine or algorithm that has finite states.
The main application of the state machine was to iterate over the input vectors, select
the current test condition, and apply the correct voltage disturbance in terms of magni-
tude/phase/frequency based on a precise timing sequence. It also generated a trigger
signal to indicate the current state. The voltage disturbance and trigger signal were passed
to the waveform generator block and waveform acquisition block.

Waveform Generator

This RT-LAB block generated the three-phase voltage waveforms that were applied to
the EUT terminals through the amplifier. It generated the signal(s) according to the voltage
disturbance signal from the state machine while enforcing the ROCOF requirements. In
addition, it also saturated the voltage magnitude signal to protect the grid simulator
from overvoltage conditions (e.g., CanmetENERGY grid simulator maximum voltage is
limited to 1.1 per unit). Please note that this is an open-loop control system where power
measurements from the DER do not change the power simulation. This is called “signal
injection” in IEEE 1547.1.
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Figure 2. SVP process of configuring, running, and analyzing the RT tests via the HIL APL

Waveform Acquisition

This RT-LAB block captured the time domain voltage and current waveforms and
created the waveform file. It is composed of two Opal-RT library blocks: OpWriteFile and
OpTrigger. These two blocks allowed the data capture from the real-time simulation once
the size of the buffer memory and data transfer rate were set appropriately. The OpTrigger
is the OpWriteFile trigger and has a straightforward application. When the trigger criterion
is met, OpTrigger initiates data acquisition. At the end of the trigger, the data are sent from
the RTS to the host machine where they can be processed, analyzed, and stored by the SVP
after the test has completed.

For VRT and FRT tests, the measurement system must comply with IEEE Std 1547-2018
Table 3 of IEEE Std 1547-2018. To meet this requirement, waveforms in this work were
captured at a sampling rate of 6.25 kHz (every 160 ps). The RMS and power calculations
were done at a sampling rate of 1 kHz (every 1 ms).
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Data Processing

The VRT and FRT tests are evaluated based on the RMS value of current/voltage,
frequency, active/reactive power. A data processing model was developed in a Simulink
environment. The acquired voltage and current waveforms were processed to generate
the required parameter values. To maintain the greatest accuracy in the results, the RMS
data were calculated from the waveform captures of the experiments, and not just from
RMS values extracted from the Opal-RT API during simulation. Saving the waveform
data were also important because they contained additional information that could be
used to confirm the transient change, trigger signal accuracy, and it allowed for alternative
waveform post-processing techniques to be applied to the dataset. For the VRT results,
the RMS values, active and reactive power values were calculated from the waveform
data using the Simulink library component for RMS and active/reactive power calculation.
However, this library component uses nominal frequency for this calculation of the output
value; therefore, when the frequency of the voltage and current waveform varied during
the FRT test, the calculated RMS and active and reactive power values were not correct.
To address this problem, these calculations were completed using frequency-adaptive
methods as follows.

To create a frequency-adaptive method, the RMS value of a voltage/current signal
was obtained from the original and its orthogonal signals. The orthogonal signal is a 90°
phase-shifted signal of the original signal. There are various techniques in the literature
to obtain the orthogonal signal [32], i.e., T/4 delay, all-pass filter, Hilbert transformation,
second order generalized integrator (SOGI), etc. The SOGI method has gained significant
attention for orthogonal signal generation as it is fast and frequency-adaptive [33]. The
SOGI method has been used in this work to generate the orthogonal signal. The frequency
is obtained from the grid voltage using an adaptive PLL [34]. If x, is the instantaneous
original signal and x; is the instantaneous orthogonal signal, then the RMS value can be
calculated using the following equation:

N O R
Xrms = ﬁ(xa + xﬁ) )

The active and reactive power were calculated using the power (PLL-driven, positive
sequence) calculation block from Simulink library [35].

3.3. Test Parameters
3.3.1. VRT Test

Recall that Sections 2.1 and 2.2 provided a detailed overview of the LVRT and HVRT
tests. Overall, the VRT tests have 144 possible scenarios based on the multiple SVP test
parameters. Table 2 presents the parameter definition options for both the LVRT and HVRT
tests. All the possible scenarios from IEEE 1547.1 were implemented in the VRT tests and
summarized in Table 3. As can be seen, the test includes options for low or high VRT test,
low or high power levels, and test profiles for Cat. II and Cat. III DER—under which
inverter-based DER fall. The test can be configured for a single RT event or consecutive
RT events. The disturbance can be applied on any specific single phase, two phases or
three phases. In addition, the RT profiles can be “figure” or “random”. The “figure”
option is the RT profile that are presented with figures in 5.4.4 of IEEE 1547.1. When
“random” is selected, then the RT profile will be generated using the random value from
the voltage ranges specified in Table 1. IEEE 1547.1 does not specify any order for phase
disturbance; therefore, the script can select either a single-phase disturbance (A, B, and/or
C), dual-phase disturbance (AB, BC and/or CA), and all phases at the same time (ABC).
Therefore, the scope of the developed VRT test script and model not only covers the IEEE
1547.1 VRT tests, but also can be used for detailed VRT performance assessment of the
EUT. The complete VRT test script is available in the open-source GitHub repository of test
scripts [24].
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Table 2. Test parameter options for VRT tests.

Test Parameters Default Value Options
Low Voltage mode settings Enabled Enabled, Disabled
High Voltage mode settings Enabled Enabled, Disabled
Low Power Output Test Enabled Enabled, Disabled
Low Power Output level (Between 25-50%) 0.5 025>R > 0.5
High Power Output Test Enabled Enabled, Disabled
High Power Output level (> 90%) 091 09>R>1.0
Cat. T and/or III CAT III CAT II, CAT III or Both
Consecutive RT test Enabled Enabled, Disabled
Apply disturbance to one phase Enabled Enabled, Disabled
Which phase? A A,BorB
Apply disturbance to two phases Enabled Enabled, Disabled
Which phase? A A,BorB
Which phase? B A,BorB
Apply disturbance to all phases Enabled Enabled, Disabled
RT Profile (“Figure” is following the RT images from standard) Figure Figure, Random
Waveform acquisition needed? Yes Yes, No
RMS acquisition needed? No Yes, No
Table 3. Test scenarios possibilities for VRT.

Parameters Value/Description

Voltage Low or High

Power Low or High

Mode Consecutive or Single

RT profile Figure or Random

Single-phase disturbance
Two-phase disturbance
All-phase disturbance

A,BorC

AB, BC or CA

ABC

3.3.2. FRT Test

Table 4 presents the parameters of the FRT tests in SVP implementation. The test can be
defined for either LFRT or HFRT and Cat. II or IIl EUTs. When the EUT Category is selected,
the script configures the appropriate ROCOF value (2 Hz/s or 3 Hz/s). Custom profiles
can be executed as well using the programmable parameters of power level, frequency
excursion value, time window, and number of iterations. The standard requires testing
FRT with frequency-droop enabled and configured for the least aggressive setting. The
frequency-droop function can be programmed for default, least aggressive, or custom
setting using the EUT parameters. This allows assessment of FRT operations with different
droop scenarios. The complete FRT test script and Simulink model are also available in the

open-source GitHub repository [24,36].
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Table 4. Test parameter options for FRT tests

Test Parameters Default Value Options
Low frequency mode settings Enabled Enabled, Disabled
Low frequency parameter (Hz) 57.0 R*

Low frequency period (s) 299.0 R*

High frequency mode settings Enabled Enabled, Disabled
High frequency parameter (Hz) 61.8 R*

High frequency period (s) 299.0 R*

Power Output level (>90%) 0.91 09>R>1.0
Number of repetitions 3 Z*

Cat. Il and/or I1I CATIII CAT II, CAT III or Both
Waveform acquisition Yes Yes, No
RMS acquisition No Yes, No

4. Experimental Results

The experiments were performed on two different commercial EUTs at two SIRFN
laboratories. Table 5 presents EUT specifications. Modern commercial PV inverters include
most of the GSFs capabilities to address the maximum voltage and frequency support
for high-RE grids. Therefore, these EUTs were tested for the maximum voltage support
definition of Cat. B and maximum disturbance RT capability definition of Cat. III. The
firmware on the EUT from Sandia and CanmetENERGY were listed to IEEE 1547a-2014
and certified for the UL 1741-2010 Second Edition. Since the EUT ratings for the two EUTs
were different, the results are presented in per unit (pu) values for easy visualization and
comparison purpose. Both laboratories were unable to test HVRT cases due to equipment
limitations; the grid simulator maximum voltage values were limited to 1.1 pu while the
HVRT tests require higher voltage values.

Table 5. EUT Specifications.

Parameters CanmetENERGY Sandia National
Laboratories
Rated voltage level (L-N) 120V 277V
Apparent power rating 10 kVA 24 kVA
Power rating 10 kW 24 kW
Output var rating 4.4 kVAr 12 kVAr
Inverter type Three-phase Three-phase
Nominal AC Frequency 60 Hz 60 Hz

4.1. VRT Tests

LVRT tests with different phase combinations were conducted at both laboratories.
Figure 3 presents the LVRT test results with disturbance in Phase A, Phase AB and Phase
ABC for the high-power operation following the “figure” profile. The first row shows the
voltage command and grid simulator voltage response in per unit values for all phases and
the second row presents the corresponding total current response in per unit (in green).
The second row also includes a line indicating the 80% of the pre-disturbance current level,
which is used for pass and fail assessment of the VRT capability.
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Figure 3. LVRT test results with high power and voltage profile following the ‘figure’.

During the LVRT test profile, when in Test Condition B (voltage below 0.05 pu as
shown in Table 1), the EUTs should go into MC. Once the voltage rebounds, the EUT should
be in mandatory operation mode. Except during the MC period, the EUT should maintain
total current > 80% of pre-disturbance threshold after the 0.4-s recovery time. For the dis-
turbance on Phase A (first column of Figure 3), both EUTs successfully RT the LVRT test by
maintaining the total current above 80% of pre-disturbance threshold. For the disturbance
on phase AB and ABC (second and third columns of Figure 3 respectively), the EUT at
Sandia managed to successfully RT both cases. However, the EUT at CanmetENERGY
tripped and did not RT these two cases. Further investigation is required to understand the
RT behavior of the EUT from CanmetENERGY. The EUT from Sandia maintained the total
current value at more than 80% of pre-disturbance value (except during the MC mode);
however, this EUT exhibits an undesirable current oscillation at 0.5 pu voltage for the LVRT
case of phase AB.

Figure 4 presents a detailed view of the voltage and total current when the LVRT
disturbance is applied to two phases. During the MC mode of Test Condition B, the current
drops to nearly zero (less than 5% of rated value). In Test Condition C, it is in mandatory
operation mode, so the EUT is required to restore output total current to more than 80%
of pre-disturbance value. As can be seen in Figure 4, this EUT returns to pre-disturbance
current value within the required time of 0.4 s. Thus, it meets the LVRT MC and successive
current restore requirement.
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Figure 4. Assessment of LVRT momentary cessation for Cat. III RT capabilities.

CanmetENERGY conducted additional IEEE 1547.1 LVRT tests using the “Consecutive
Testing” requirements in Table 6 to explore additional test conditions and reproduce the
trip behavior. Please note that the last sequence (A, B, C’, D and E) in Table 6 is run only
if the restore output following MC cannot be evaluated properly in previous steps. For
simplification of the test representation, this step was included in the automated SVP test
sequence, even though the EUT did restore output current properly. Figure 5 presents
the test results for consecutive LVRT test when the voltage disturbance is applied in two
phases (AB, BC and CA). For the disturbance in phase AB, CanmetENERGY’s EUT failed
in a manner similar to the test case in Figure 3; however, during the consecutive testing the
EUT reenergizes after roughly 100 seconds. Nevertheless, for disturbance BC and CA, the
EUT passed the RT test for the consecutive testing as shown in Figure 5. This commercial
unit may have a phase-based control scheme as it only fails for phase AB disturbance. This
result shows the value in thoroughly evaluating DER products to a range of faults and
automating the process to quickly generate results for multiple test conditions.

As mentioned earlier, the LVRT tests can also be run with a “random” profile, which
uses random values within the range of different test conditions of Table 1. Figure 6
presents the test results with the random option when the LVRT disturbance is applied
in two scenarios: phase A and phase BC. The voltage in Test Condition C from Table 1
is in the range of 0 to 0.5 pu. When the voltage is within this range following the MC
mode in Test Condition B, the EUT is permitted to stay in MC mode, but this EUT does not
restore its output, contrary to the figure-based approach. The EUT trips for this voltage
range and comes back online after a delay. Note this result is not unexpected as the device
is not listed to the IEEE 1547-2018/1EEE 1547.1-2020 standards or programmed to those
requirements.Yet this finding is significant. The random implementation does not provide
the same behavior as the “figure” implementation for this EUT because the voltage sags are
larger. As a result, it is recommended for the next revision of the IEEE 1547.1 standard, the
RT profiles for different operating modes be defined clearly so the tests are run consistently
for all laboratories.
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Figure 5. LVRT Consecutive testing for a two-phase disturbance.
Table 6. Test condition sequence for LVRT.
Sequence of Test Conditions Notes
A/ B/ C/ D/
A,B,C, D, Test Condition E may be conducted at 0.88 + 0.02 pu
A,B,C D, E or at any voltage between 0.88 pu and 1.00 pu
A,B,C,D,E

4.2. FRT Tests

Both the EUTs were tested to the LFRT and HFRT requirements. IEEE 1547.1 requires
the LFRT and HFRT tests to be conducted with the frequency-droop function programmed
in such a way to make the active power change with respect to frequency as small as
possible, i.e., the least aggressive settings (1 Hz deadband (db), 5% droop factor (k) and
10 s response time). However, for this work, the tests were also conducted with different
scenarios of the frequency-droop function (disabled and default characteristic) to further
assess the FRT performance of the EUTs.

The EUTs did not respond to frequency excursions below the nominal value because
they employ a frequency-watt function, not a frequency-droop function, as described
in prior work [22]. Therefore, the EUTs show similar LERT response with and without
frequency-droop enabled. Figure 7 presents the results for the LFRT tests. It shows the
commanded frequency and response as well as the active power responses for both EUTs.
Initially, the EUTs operate at 60 Hz. Then starting at 1 s, the frequency is ramped down at
3 Hz/s (see zoomed subplot in the - B) and maintained at 57 Hz (see zoomed subplot in
the lower right - C) for a duration of 299 s and finally ramped back up to 60 Hz. The grid
frequency at the terminals of the EUTs tracks the commanded values reasonably during
ramp and steady state operations as seen in both zoomed subplots. The active power
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response of both EUTs are maintained at the same value during the whole LERT test. IEEE
1547.1 requires the EUT to maintain the same power value during the low frequency RT
event. Therefore, the unit is compliant to LERT per IEEE 1547.1 as it maintains the same
active power value throughout the test.
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Figure 6. LVRT test results using a random profile.

Both the EUTs follow the frequency-droop function for frequency excursions above the
nominal value. Though IEEE 1547.1 requires the HFRT test to be conducted with only the
least aggressive setting of frequency-droop function, this work investigated three different
scenarios. The first scenario is when the droop function is disabled, a scenario which was
conducted on both EUTs. The second scenario is for droop with a least aggressive setting
scenario and done at CanmetENERGY. The third scenario is with the default setting for the
droop function and conducted at Sandia. Figure 8 presents the HFRT test results for the
three scenarios. Here, the frequency is varied from 60 Hz to 61.8 Hz with a ramp rate of
3 Hz/s and maintained there for a duration of 299 s and finally ramped down to 60 Hz.
This commanded frequency and the actual applied frequency are shown in Figure 8. The
frequency of the EUT terminal voltage is tracking the commanded value quite reasonably
during both ramp and steady state conditions.
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Figure 8. HFRT results with frequency-droop enabled and disabled.

The HFRT tests were conducted at 90% power level. The EUT is required to reduce
active power following the droop function during the HFRT event according to IEEE 1547.1.
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As expected, when the frequency-droop function is disabled, both EUTs maintain the same
power value before, during, and after the high frequency disturbance. When the frequency-
droop function is enabled for the HFRT test, the active power is reduced for the over-
frequency condition. This reduction or final value at 61.8 Hz depends on the parameter
settings of the droop function. Both the default and least aggressive setting of droop
function use the same 5% k; however, the least aggressive setting uses higher value for
deadband and response time than the default settings. The HFRT test with least aggressive
setting (db = 1 Hz and time response = 10 s) for the EUT at CanmetENERGY shows that
the active power reduces slowly for operation at 61.8 Hz. For default characteristic, the
test was conducted with db = 0.036 Hz, but response time set to zero. Therefore, the active
power response of the EUT from Sandia is almost instantaneous following the frequency
ramp rate. It also reduces the active power to 0.37 pu for operation at 61.8 Hz as expected
from the frequency-droop function. Therefore, both the EUTs maintain the desired power
value during the HFRT event. At the end, the frequency is ramped again to 60 Hz. The
standard does not mention the duration for recording the results at this 60 Hz operation.
As seen in the Figure 8, if the duration is not more than the response time of the frequency-
droop function, then it is not possible to properly evaluate the active power production
from the EUT. Therefore, the IEEE 1547.1 standard needs to address this issue in the next
revision, possibly by extending the duration of the test considering the time response of the
frequency-droop function that allowing assessment of power value after the disturbance.
Finally, Figure 9 presents the steady state time domain response for frequency, three-
phase voltages and currents at 60 Hz and 61.8 Hz for the scenarios of frequency-droop
disabled and frequency-droop enabled with least aggressive setting scenarios. The EUT
maintains the balanced output currents for both scenarios. The three-phase output currents
maintained the same peak value for both 60 Hz and 61.8 Hz operations with frequency-
droop disabled, but the current was reduced when the frequency-droop was enabled.
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N
==
> 611 10 1r 1r 1
o
C
g
o 60 r 1 r 1
04
-
59

Voltage (pu)
(] —

\
—

[

= ===

Current (pu)
[e]

i
!

o N O
Qq 09 \'Q

i
iy

\S o D \} A Y \] \% S D \] D
S TP TS PSS

—_

Time (s)

Figure 9. HFRT waveform data captured by the SVP during the tests.
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5. Suggested Modifications to IEEE 1547 and IEEE 1547.1

The IEEE 1547.1 test procedures were evaluated by developing test scripts, interactive
RT-LAB real-time simulations, and running the automated VRT and FRT tests. Two
limitations for the current IEEE 1547.1 test procedures were identified in Section 4:

e  For the assessment of VRT MC mode, IEEE 1547.1 has overlapping ranges for some of
the Conditions in Table 1 and allows the test laboratory to select voltages anywhere
within those ranges. This ambiguity resulted in inconsistent results for one of the
EUTs. It is recommended for the next revision of the IEEE 1547.1 standard that the
voltage values for each of the conditions be precisely defined to minimize the risk of
inconsistent testing results.

e The test procedures for FRT do not include enough measurement time for assessing
the output power of EUT following the L /HFRT excursions. To properly assess the
FRT capability with frequency-droop response, the test needs to be extended for an
additional duration. This duration shall cover minimum time required considering
the response time of frequency-droop function.

Since the IEEE 1547.1 frequency-droop test uses at least 4 times the response time
of frequency-droop function, the authors recommend adopting the same requirement for
the additional duration to be added to the FRT test. Additionally, the IEEE 1547 standard
does not specify the required reactive current/power support during the voltage RT event.
The voltage disturbances from a transient fault may be better mitigated by providing
reactive current or negative sequence current. Such a requirement is imposed in a few new
and proposed grid codes, i.e., IEEE P2800 [37]. Such reactive current support or dynamic
voltage support could be addressed in IEEE 1547 and associated test procedures specified
in IEEE 1547.1. DERs are not required to change their active power output during the
L/HFRT tests. However, automatically enabling a FW response during the FRT would
support the power system. IEEE P2800 is currently being balloted for transmission and
sub-transmission connected IBRs and includes a range of grid stability including primary
frequency response capabilities. These requirements should be considered for inclusion in
IEEE 1547 in the future. The ROCOF testing rates may not be sufficient in smaller power
systems or microgrids (especially with high penetrations of inverter-based resources) in the
future, so this may be an area for improvement in the next revision of IEEE 1547 as well.

6. Conclusions

This paper presents a fully automated SVP-based PHIL architecture for IEEE 1547.1
voltage, frequency, and ROCOF RT testing of DER inverters. SVP test scripts and Simulink
models were developed to precisely produce the desired voltage or frequency perturbation
sequence while also acquiring the test results data. The test scripts and Simulink model
allowed investigation of different parameter scenarios by adjusting the EUT power levels,
frequency-droop parameter, magnitudes and number of phases involved in the disturbance.
Two commercial three-phase PV inverters with different nameplate capacities and firmware
configurations were assessed using the IEEE 1547.1 VRT and FRT test procedures. Each
PV inverter was tested with single-, two-, and three-phase voltage disturbances and
symmetrical frequency disturbances. In the case of the FRT tests, a frequency-adaptive
Simulink model was used to post-process the waveform datasets. A detailed comparison of
RT behaviors for two EUTs was presented to demonstrate the assessment methodology and
weaknesses in the compliance standard. It was found that the devices were not compliant
to the IEEE 1547.1 criteria, as expected, since they were manufactured prior to the revised
requirements and listed to IEEE 1547a-2014. However, by developing the open-source IEEE
Std. 1547.1 high and low voltage/frequency RT test scripts, financial and technical barriers
are lowered for DER vendor internal product evaluations, product compliance testing at
certification laboratories, and research institutions studying DER response behaviors. As
DER devices are designed with these new capabilities, this testing methodology is expected
to help accelerate the deployment of DER products on power systems worldwide.
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Abbreviations

The following abbreviations are used in this manuscript:

DER Distributed Energy Resources
FRT Frequency Ride-Through

GSF Grid-Support Function

HIL Hardware-In-the-Loop

MC Momentary Cessation

RE Renewable Energy

ROCOF  Rate Of Change Of Frequency
RT Ride-Through

RTS Real-Time Simulator

SVP System Validation Platform

SIRFN  Smart Grid International Research Facility Network
VRT Voltage Ride-Through
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