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UNSW Sydney in collaboration with the University of Wollongong and support from the Common-
wealth Scientific and Industrial Research Organisation (CSIRO), the Australian Energy Market Op-
erator (AEMO) and GHD is undertaking Stage 2 of the Australian Research Program for the Global
Power System Transformation (G-PST) Consortium.

Executive Summary

Under Topic 9 - DER and Stability, we are focusing on modelling and analysis of distributed
energy resources (DER), energy storage systems (ESS) both as standalone battery energy storage
systems (BESS) as well as those integrated with PV systems (hybrid energy storage systems -
HESS) and a broad variety of modern loads to ensure system operators can maintain power system
security in the current challenging power system operation environment. The work that has been
undertaken provides robust and accurate data for responses from a large number of devices which
have been bench-tested using thorough experimental methods and directly informing the load model
development activities of AEMO.

OBJECTIVE
Ensure that ISOs and TSOs are able
to maintain power system security
under very high penetrations of
IBR such as distributed PV, energy
storage, and other resources
including inverter-based demand.

PRACTICAL |:>

RESEARCH | [)| DEVELOPMENT |[) DEPLOYMENT

This report summarises UNSW’s and UoW'’s findings to date on DER responses, ESS operation
modes and testing resources and load testing during grid disturbances. The results collected also
serve as inputs to ongoing load modelling activities. The specific outcomes and the main conclusions
of Stage 2 work for Topic 9 are:

1. The behaviour of PV inverters when updated to the most recent AS4777.2:2020 standard is
generally compliant and aligned with requirements. However, this observation does not extend
to BESS and HESS systems where diverse responses to grid disturbances were observed in
this round of testing.

2. The current RMS load models do not capture the diversity of load responses to grid distur-
bances. Distinct behaviours have been observed among devices within the same load category
and the range of options further complicates testing for load modelling.

3. EV charging infrastructure should be tested and modelled depending on whether the EV charg-
ers include active power electronics or not. When chargers do not have active power electron-
ics, the response will depend on the connected EV.

4. The PV inverter testing experience emphasises the importance of evaluating multiple devices,
with the results contributing to load models with greater confidence. Preliminary tests on BESS,
HESS, EVs and loads have provided valuable insights into testing and general behaviour; how-
ever additional tests are required to validate observations.
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» Each tested single-phase grid-connected PV inverter configured to the AS/NZS 4777.2:2020
standard followed the defined fault-ride-through behaviour when subjected to voltage distur-
bances.

» Each single-phase grid-connected PV inverter presented expected ride-through and power cur-
tailment behaviour when subjected to frequency disturbance.

« All the tested inverters rode through voltage phase-angle jumps of up to 60 ° without significant
output disruption.

+ Extensive testing on the single-phase grid-connected PV inverters allowed AEMO to develop
and tune the parameters of the composite load model, which further led to the update of
AS4777.2:2020, improving disturbance ride-through of grid-connected PV inverters.

Key findings for PV Inverters

Key findings for Battery Energy Storage Systems (BESS)

» The single BESS tested could only ride-through the voltage disturbance and provide Volt-Watt
and Volt-Var responses. It was unable to meet expectations during the comprehensive voltage
sag testing.

» While the performance during voltage swell testing was improved, compared to that observed
during voltage sag events, it still did not meet all requirements and expectations.

» During frequency disturbances (particularly those close to the standards limit) and all phase
jump tests (i.e., from 30 °), power oscillations were also observed leading to the eventual
disconnection of the BESS inverter from the grid.

+ When reconnecting after a disturbance, the BESS resumes operation from the same power
level at which it got disconnected, causing high power injection or absorption from the grid.

Key findings for Hybrid Energy Storage Systems (HESS)

+ In Stage 2, only a small number of hybrid inverters were tested. While these tests provided
useful insights, the limited scope cannot offer a comprehensive understanding of hybrid inverter
behavior under grid disturbances, unlike the more extensive PV inverter testing.

» Drawing from our prior experience with single-phase inverter testing, hybrid inverters under-
went extensive voltage sag and swell testing to identify any undesirable behaviour presented
by hybrid inverters when subjected to grid disturbances of less than 1s. The results indicated
that only one hybrid inverter managed to ride through all the sag disturbances, both at full and
half power. Conversely, just two out of the four inverters successfully rode through at full power,
while all four managed to ride through at half power.

« Testing at different power levels provides evidence that warrants reconsideration of the AS 4777.2
Standard and whether testing should be conducted at full power. To ensure credibility of the
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findings, additional hybrid inverters should be tested if a revision of the AS 4777.2:2020 is
proposed.

» Only one out of four hybrid inverters that were tested was able to provide ride-through behaviour
under frequency disturbance tests under all modes of operation.

» Only one out of four hybrid inverters that were tested was able to ride-through all voltage dis-
turbances as defined in the testing methodology. The remaining three inverters presented
volt-watt response grid support functionality directed by AS 4777.2:2020

» Three out of the four inverters tested were unable to ride through all voltage phase-angle jump
disturbances. This highlights a major issue with voltage phase-angle jump requirements that
were introduced recently in AS 4777.2:2020.

Insights into Load responses

» Load responses to grid disturbances verify certain characteristics of loads that are not modelled
in the current rms composite load model. These characteristics include capacitor current over-
shoots and motor inrush currents. As EMT models of the composite load model are developed,
results from Stage 2 can be used to incorporate these characteristics into EMT models.

» The current rms model of the composite load model fails to consider phase angle jumps often
observed after grid faults. The results of this study provide preliminary results for incorporating
phase angle jump behaviour into the EMT models.

» Most of the appliances tested exhibited only temporary power cessation during disturbances
before resuming normal operation once the disturbances were cleared. However, inverter-
based air conditioners disconnected after voltage sag events.

» Appliances with inverter-based interfaces, such as refrigerators and air conditioners, were
found not to stall for disturbances which caused their traditional (DOL) counterparts to stall.
This suggests that they can be included in the Electronic Load block instead of being repre-
sented separately.

« Electronic loads remained unaffected by frequency disturbance tests, except for the inverter-
based microwave oven. Further tests are needed to determine if some of these loads are
influenced by frequency variations.

* The operation of most tested loads remained unaffected by phase angle jump disturbances,
except for the DOL motor-based refrigerator and air conditioner.

« Static loads responded as anticipated by the composite load model, behaving like constant
load, power, or impedance loads.

+ Similar to the DER inverter tests, testing multiple devices of the same type provides additional
insights in their operation and modelling requirements. In Stage 3, attention should be given to
other motor types (A, B, and C), including water pumps and commercial refrigerator systems.

GPST Topic 9 — DER and Stability - Stage 2 Final Report 4



UNIVERSITY
UNSW OF WOLLONGONG

SYDNEY AUSTRALIA

Insights into EV Charger responses

» The current complex load model lacks a component that represents EVs or EV Chargers.

+ Many small residential EV chargers comprise electrical contactors, communication and con-
trol elements but lack active power electronics. The response of the EV charger to a grid
disturbance will depend on the response of the EV onboard power electronics as well as any
additional behaviour (e.g., internal tripping) of the EV charger itself.

+ Given that the response depends on the EV fleet, a stochastic model for the behaviour of
residential EV chargers could be more suitable.

« Since only one EV was available to the project during Stage 2, additional testing involving
various EVs is required.

» Fast chargers (or Level 3 chargers) incorporate power electronics and mitigate the impact of
individual EVs to grid disturbances. Stage 2 did not include testing on fast chargers.

Engagement with Stakeholders and OEMs

+ BESS and HESS testing results were shared with stakeholders and OEMSs to gather feedback
on the methods and help us understand the captured behaviours.

+ OEMs were provided with detailed results of unexplained or unexpected behaviours identifying
recommended or necessary firmware updates.

+ All tested systems were connected to OEM cloud services allowing interrogation of responses
during faults from locally and remotely captured data.

Project Resources and Results

Results from all tests can be found at http://pvinverters.ee.unsw.edu.au/

GPST Topic 9 — DER and Stability - Stage 2 Final Report 5
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Next Steps and Actions

» Development of detailed time-domain aggregated models suitable to EMT-type studies.

» Development of frequency-domain aggregated impedance models for DER.

* Investigation of extended DER, BESS, and Hybrid PV/BESS inverter testing, focusing on BESS
and HESS under grid disturbances.

« |dentification DERs particularly vulnerable to grid disturbances and preparation for “worse than
expected” effects following DER disconnection.

+ Examination of the impact of external control devices (e.g., first-party or third-party ESS con-
trollers) on DER response.

» Extended testing of EVs and smart loads, emphasising power electronics converters, air-
conditioners, and heat-pumps.

» Evaluation of interactions between smart loads and DER under grid disturbances, and investi-
gation differences between on-board EV chargers and converter-based charging infrastructure.

+ Assessment of system restoration response of DER, ESS, and EVs in a low inertia environment
with limited synchronous generation.

» Extended testing of motor types A, B, and C, including water pumps and commercial refrigerator
systems.

» Continued engagement with OEMSs to identify opportunities for improvements of technical per-
formance and compliance with available firmware, commissioning processes and remote ca-
pabilities.

GPST Topic 9 — DER and Stability - Stage 2 Final Report 6
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The continuous growth of distributed energy resources (DER), predominantly in the form of solar PV
systems, combined with hybrid and standalone battery energy storage systems (HESS and BESS),
electric vehicle chargers, and power-electronics based loads into distribution networks complicates
network management and necessitates development of new tools and methods. To this extent,
AEMO in Australia, TNSPs and DNSPs as well as all other organisations that are tasked with op-
erating networks and associated markets need to have access to up-to-date, precise, efficient, and
future-proof tool-sets that accurately reflect and represent the state of a system at any location and
point in time.

1 Project Overview

AEMO recognises that the “ZIP” load models that have been in use for the past 20 years no
longer capture i) the current composition of the loads commonly connected to distribution networks
or ii) the response of power electronics converters [5]. This requires the development of sophisticated
aggregate load models capable of replicating the dynamic responses observed in the networks.

In the short term, it is critical to include the response of the large amounts of DER that is con-
nected to distribution systems in load models maintaining system security under very high pene-
trations of DER [6]. One such example is the use of composite load models (See Figure 1) which
account for the additional elements in distribution networks. In the longer term, it is important to
account for the impact of modern, flexibly controlled loads, including domestic loads, industrial loads,
electrolysers, BESS and Electric Vehicle Chargers.

All these new devices demonstrate rapid and complex behaviours during power system distur-
bances and, even in steady state; their detailed modelling is a requirement for System Operators
to make operational and planning decisions, and eventually satisfy their key responsibilities towards
maintaining a stable and resilient power system. Understanding and modelling DERs and future flex-
ible loads for the purposes of supporting ISOs requires understanding a broad range of behaviours
that can be generally classified into two distinct categories:

» Their extrinsic behaviour, which relates to the provision of ancillary services to the network
from DER, assisting with load management, voltage regulation strategies from flexible loads,
generation variability and uncertainty, operation and planning etc. Current approaches for such
issues consider high-level control of DER, integrated communication (to central or distributed
controllers), use of setpoints etc, and

» Their intrinsic behaviour, which relates to how DER are programmed to respond to exter-
nal events and also includes load — DER interactions. These include fault-ride through (FRT
and LVRT) capabilities, over/under frequency response, phase angle jumps, faults to the HV
network that propagate to the LV, reactive power requirements, etc.

As these load models are used for multiple power system studies, additional requirements for
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evaluating DER and load responses as well as load models include detailed modelling suitable for
Root Mean Square [RMS] studies, EMT-type as well as real-time studies.

Identifying the causes and impact of disturbances on the behaviour of DER and loads alike re-
quires detailed understanding of both intrinsic and extrinsic behaviours which in turn lead to a variety
of responses, such as a temporary cessation of cessation, slow recovery to nominal set-points or
inaccurate following of predefined set-points. These are often observed combined with inverter pro-
tection functionalities enabled by the same event, for instance DC overvoltage / overcurrent, AC
overvoltage / overcurrent and frequency related protections. In fact, all of these behaviours are
commonly seen across the fleet of DPV inverters and are expected to be seen in all future DER.

Furthermore, the transient behaviour of loads has not been considered important as the power
system could always be relied on to have sufficient inertia and ensure that load continued to operate
through short-term transient events or to enable restarting of loads. The dynamic interaction between
loads and DER was also not a consideration. Better understanding of load performance has been
identified by AEMO as a key component of developing models that better reflect the electricity supply
network as it transitions to a clean energy paradigm and are sufficiently accurate to predict the
dynamic operation of the power system.

Whilst there is substantial activity in various specialised research areas related to inverter control
and controller design it is clear that many of these do not focus on the practical implementation
and associated limitations that are imposed by standards and regulations, nor does the work make
serious attempts at considering the economics of inverter design and control.

The intrinsic behaviour of DER should also account for their role in an environment where greater
amount of DER is connected to weaker grids, “— how is distributed PV affected by system strength?
If system strength is low, would distributed PV be less likely to ride-through? Is there a threshold of
system strength we need to maintain in the transmission network, to allow distributed PV to remain
connected in disturbances?”

1.1 Project Scope

The scope of Stage 2 work for Topic 9 includes the following:

1. A future-proof pathway for load modelling — Power system loads are consistently evolving
and a prompt response to developments and changes is of paramount importance [7]. Fu-
tureproofing load models to account for changes in load compositions and new responses will
allow operators to identify and predicts future causes of power reduction and system instabil-
ity. It also allows studies to further validation the interaction between DER and flexible loads,
supports research on improvements that can be made to the system to allow it to remain op-
erational during fault events, and contributes to information sharing with the industry regarding
systemic risks.

GPST Topic 9 — DER and Stability - Stage 2 Final Report 16



o _
IC UNIVERSITY
UNSW OF WOLLONGONG
SYDNEY AUSTRALIA

2. A research team that can readily adapt to the testing needs of AEMO — The skills and
resources generated by the project can be readily used by AEMO to test specific events or
specific inverters / loads and support ongoing development work, including in-field data driven
analysis to support model validation.

3. Open data sharing of inverter and load responses — An extensive dataset from the bench-
testing of DER, BESS, EVs and loads will be made openly available. Expanding the availability
of open datasets allows for further work and more solutions to be developed both from the Pls
of the project as well as other research organisations.

4. New bench-testing capabilities at UNSW and UoW. The extension of the ongoing PV inverter
bench-testing at UNSW [6], and complementing it with the capabilities at UoW, the project will
enable development of a comprehensive platform for experimental testing of multiple devices.
This outcome is important as the true response of all devices can only be observed through
experimental testing which facilitates accurate measurements across multiple tests.

5. Updated Load Models — By extending experimental testing and measurements, the project
will support the development of a new AEMO tool set for load modelling including revisions
required to include higher penetrations of IBR throughout DNSPs networks. This objective can
only be met through an integrated examination of inverter benchmark responses as well as
network measurements and correlation of responses with real-world measurements.

GPST Topic 9 — DER and Stability - Stage 2 Final Report 17
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2 Project Alignment

2.1 Alignment with GPST Consortium Research Program

The initial Report of Topic 9 "Ensuring System Security and Modelling Fast Load DER Responses
with high penetrations of IBR” highlighted the broader alignment of the research with the broader
GPST research program, mapping onto related GPST questions and synergies between Topic 9 and
the rest of the work conducted in Australia.

The priority research questions addressed through Stage 1 and Stage 2 research are:

» The behaviour of the DER installed fleet will continue to change (GPST Q6, Q10, Q12)

» Evidence of DER behaviours are inputs to operational decisions around management of system
security (GPST Q12, Q44, Q45, Q46)

» Targeted modification to power system operating processes are necessary to maintain security
(GPST Q45, Q46)

+ Better evidence for less conservative assumptions is critical (GPST Q21, Q45, Q46)

* Meeting obligations to ensure modelling data used for planning, design and operational pur-
poses. (GPST Q46)

while Fig. 2 and Table 1 [1] identify the relations and links between Topic 9 and the rest of the
GPST research topics.

58
Restorati
on and «—— Engaged in communication
Black
Start

————— Potential for crossover

Figure 1: Links and alignments between GPST Topic 9 and other research topics.
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2.2 Alignment with Topic 9 Proposal

The broad objective of Topic 9 within the GPST Research program is to "ensure that ISOs and TSOs
are able to maintain power system security under very high penetrations of IBR such as distributed
PV, energy storage, and other resources including inverter-based demand.”

Australia is uniquely placed to deliver valuable knowledge to international ISOs and TSOs, owing
to its longitudinal, weak and weakly interconnected power system [3], coupled with an extensive, and
perhaps unparalleled, implementation of distributed solar PV systems and the growth in distributed
energy storage systems.

Fig. 2 shows an overview of the Topic 9 research program and how the proposed research and
development schedule and topics offers can support practical deployment. The figure also highlights
the key areas that are covered as part of Stage 2, with a particular focus on:

+ Inverter Responses and sensitivities

» Dynamics of Power Quality Modes,

Fault and disturbance propagation,

+ Extension of the AEMO tool-set,

Input to development and validation of the Load-DER composite model,
Roll-out of the revised AEMO tool-set, and

« Engagement with stakeholders.

STAKEHOLDER ENGAGEMENT
Sector STANDARDS STANDARDS

sss
2  stakeholders DEZL'J'\S/TE‘;LSLER DEVELOPMENTS GOVERNANCE
ON COMPLIANCE ARRANGEMENTS
Research Fellows Research Fellows
(ﬁ 1S0s SECURITY ISSUE STANDARDS GUIDANCE AND
IDENTIFICATION REVISIONS GUIDELINES
INVERTER ROLL OUT -_—
EXTEND AEMO'S -
RESPONSES AND REVISED AEMO Transmission .
EXTEND AEMO'S DATA PLATFORMS
ST TOOL SET S System DER DISTU I‘:?JARN;SEPI:\ODELLING ]———
DYNAMICS OF LOAD-DER CTAKEHOLDER -
POWER QUALITY COMPOSITE ENGAGEMENT ROLL OUT REVISED AEMO
MODES MODEL FAULT AND DISTURBANCE TOOL SET
Sub-transmission| PROPAGATION
FAULT AND STANDARDS WHAT ARE THE
STANDARDS
DISTURBANCE G‘é's:)’;fﬁ\‘zgm REVISIONS E System IMPACTS OF
PROPAGATION o MOMENTARY
DATA DRIVEN STANDARDS CVERGENC T H“’WH\(’W”—:—:— OPEN SOURCE
AGGREGATION DEVELOPMENTS e Distribution INVERTER DYNAMICS OF MEASURES [ ano NETwoRK MODELS AND
TECHNIQUES ON COMPLIANCE ’ o System RESPONSES AND | POWER QUALITY DATASET MAPPING TooLS
- SENSITIVITIES MODES
SECURITY ISSUE NEW NEW
DENTIFICATION INNOVATIONS INNOVATIONS AT ARE DR
AND TECHNIQUES AND TECHNIQUES Households DATA DRIVEN TION INVERTERS CAPABLE
TECHNIQUES NEW INNOVATIONY o
DER & NETWORK DER DISTURBANCE ) AND TECHNIQUES
DATASET MODELLING FOR NSPS — e
MAPPING EEE Q _ INVERTER N;%‘?{’gm‘&’f NEW INNOVATIONS AND
evices ECHNIQUES
W NOVATIONS ™ BENCHTESTING TECHNIQUE
AND TECHNIQUES ﬁ
"HAM ESTIMATION" )

T T
Immediate Australian-focused Priorities Future-focused and International Priorities

Figure 2: Research Topics and alignment of Stage 2 research.

2.3 Data Driven Aggregation

Data-driven analysis and aggregation techniques play a crucial role in comprehending the real-world
performance of DER. Despite certain limitations, these techniques serve as complementary tools
to in-lab bench-testing and power system modelling for understanding DER behaviour. Data-driven
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aggregation and analysis techniques are particularly valuable for [1]:

+ Validating the accuracy of power system models,
» Capture diverse DER behaviours in response to complex conditions, and
* |dentify ‘unknown unknowns’.

Examination of in-field DER behaviour is essential to understand the variety of responses that
may arise. This is particularly critical given the variety and complexity of disturbances across the
transmission and distribution networks. For instance, under-voltage disturbance events can cause
load 'shake off, leading to localised over-voltage conditions. As a consequence, DER might react to
either the original under-voltage disturbance or the emerging over-voltage situation in the surround-
ing network.

The limitations of data-driven methods include sample size, the suitability of specific measure-
ment approaches, as well as sampling frequency and interval. Combining data-driven methods with
other ways to examine the behaviour of DER as well as loads, such as bench-testing and analysis of
power system disturbances and their propagation, can enhance their effectiveness. Fig. 3 [1] shows
how a relevant, comprehensive research program can develop thorough understanding of DER risks
to power system stability, security by integrating multiple research techniques. The focus of Stage 2
has been on extending the original PV inverter testing (bottom right corner of Fig. 3) to accommodate
the broader variety of distributed generation, storage, loads and their combinations of a future power
system. Fig. 3) also provides an illustrative example of how the proposed program of research could
build a more complete picture of DER risks to power system security through combining a number
of research techniques.
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Figure 3: Complementary analysis techniques to assess DER behaviour during disturbance events [4]

2.4 Progress Against Topic 9 Key Research Questions

Topic 9 [1] introduced key research questions related to DER, their integration and their impact on
grid stability and relation to the GPST research plan [2]. The following section summarises the
progress against each question completed as part of Stage 2.

1. What pilot studies must be performed on the network to better understand the behaviour of
DER to grid disturbances?

» Continuous testing of DPV inverters (100%). With the extensive tests completed at
UNSW over the past 4 years and the open release of the testing procedure, we consider

this aspect complete. However, continuous testing is required to ensure that newer DPV
inverters meet requirements.

» Testing of BESS and HESS (50%). Testing of 5 devices demonstrated issues with re-
sponses when exposed to grid disturbances. The testing procedure is released but ad-
ditional tests are required to provide adequate input to load modelling in RMS and EMT

models.

» Testing of EVs (10%). The complexities introduced by EV charging infrastructure and

GPST Topic 9 — DER and Stability - Stage 2 Final Report
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EVs requires further testing, especially as EVs are expected to drive major load growth in
distribution networks. Testing of 2 EV chargers and 1 EV do not provide sufficient results
for load modelling.

» Testing of loads (40%). Additional testing is required for loads that correspond to Motor
types A, B and C of the CMPLDW load models. Load coincidence or diversity factor also
needs to be accounted for.

+ Validation against observations in the networks (20%). Preliminary work has been
undertaken, but additional model development is required.

. What international activity is underway and the extent of this activity, and what opportunities

are there for our research in DER in Australia to be of practical use in other regions? What are

those regions and how do we engage and with whom?

» Not within the scope of Stage 2.

. How do we future-proof the technical interventions being made in the LV network to solve other

technical or regulatory challenges given the likely impacts of increased penetrations of DER

within the areas of influence of those interventions?

+ Not within the scope of Stage 2.

. How have standards for inverters evolved internationally around disturbance ride-through, re-

sponse time definitions and power quality modes? Where do we see the technical requirements

evolving to?

» No major revisions to Australian and relevant international standards during Stage 2 work.
See Appendix in [1] for a list of relevant standards and the current requirements for grid
connection of DER.

. What are the possible interactions between inverter responses to network dynamic operating

envelopes and major power system disturbances. What have we seen happen? What can we

predict will happen in the future following various scenarios in AEMO plans?

» The work that has been undertaken in Stage 2 has informed the development of EMT
models for appropriate validation that can be used to evaluate the dynamic performance
of networks during major power system disturbances. As noted above, additional testing
is required for a number of devices before a comprehensive understanding of the interac-
tions between modern generation and loads and networks behaviour during power system
disturbance can be achieved..

» Fault propagation within power systems, especially from transmission to distribution net-
works were considered but the work was considered not to be within the scope of Stage 2.
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3 Testing Procedure

The first task of the project was a review (with extensive input from AEMO) of the testing procedure
that was developed by UNSW as part of the previous ARENA project. The key reasons for the review
and the subsequent revision of the testing procedure were:

» To reduce and rationalise the number of tests that are performed for each device under test,

+ To identify the key tests that provide useful information for the load modelling process, and

« To align the previous DPV testing with the extended DER and load tests undertaken as part of
this project.

3.1 DER and BESS Testing

As the new DER tests cover both inverters used in standalone BESS as well as hybrid inverters
which include a BESS together with a PV system, the inverter testing modes were separated into
two as shown in the following table.

Table 2: Modes of Inverter Testing

Mode Hybrid Inverters Battery Inverters

1 PV + Battery ‘
2 PV Battery ‘
3 Battery ‘

All devices are validated for their steady state performance, specifically looking at their steady-
state performance of the inverter at its lowest possible setting (Min%) and at 100% of its rated power
(Max%).

Table 3: Steady-state Performance validation

Sr. Test
1. Steady State performance of inverter at Min%
2. Steady State performance of inverter at 100%

The system disturbance tests are classified into three categories:

+ Voltage Disturbances,
» Frequency Disturbances, and
* Phase Angle Jumps.

These tests are summarised in the following tables and further details will be provided in the
detailed testing procedure document that will be released as part of the first deliverable of the project.
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The testing procedure will be made openly available so that the test can be repeated and replicated
from any other interested party.

Table 4: Voltage Disturbances — Steps and Ramps

Sr. Step Voltage Change

230 to 260V

230 to 50V sag for 0.9s
230 to 160V sag for 9s
230 to 270V Swell for 0.9s
5. 230 to 185V for 15s
6. 230 to 265V for 15s

I A

Table 5: Voltage Disturbances - Sags

Voltage Sag Magnitude (pu) ‘ Duration of Sag (ms)
0.8 80 120 220
0.7 80 120 220
0.6 80 120 220
0.5 80 120 220
0.4 80 120 220
0.3 80 120 220
0.2 80 120 220

Table 6: Voltage Disturbances - Swell

Voltage Swell Magnitude (pu) Duration of Sag (ms)

1.05 80 120 220
1.1 80 120 220
1.125 80 120 220
1.15 80 120 220
1.175 80 120 220
1.2 80 120 220
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Table 7: Frequency Disturbances

Frequency Disturbance Type Frequency Change (AF)

+1.95 Hz
-2.95 Hz
Step Frequency +2 Hz
-3 Hz
5 Hz
+0.4 Hz/s
Ramp Frequency Variation (RoCoF) +1 Hz/s
4 Hz/s

Table 8: Phase-angle Jump

Phase angle change (A6)

+15°
+30°
Phase Jump t45°
+60°
+90°

3.2 DER and BESS Testing Setup

The test setup at UNSW’ Power Electronics Research Laboratory used for the experiments are
shown in Fig. 4 and Fig. 5 [8].

Lpv ig  Lg
+ o +
Upv Vg Vemu
- /\/ - L g
PV emulator PV inverter Grid emulator

ﬁ MATLAB, Simulink

Upv

. (o] o

va

) 0000
g Oscilloscope

Figure 4: Schematic of the experimental setup at UNSW Sydney
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Figure 5: inverter bench-testing setup at UNSW Sydney

3.3 Load Testing Setup

To apply the mentioned disturbances, a California Instruments (MX45-3PI 45) arbitrary programmable
power supply was employed as the power source. The load under examination was connected at the
output of the power supply, and the voltage and current waveforms were measured and processed
using MATLAB to assess the required active and reactive power responses of the devices. The uti-
lized MATLAB program had the capability to calculate the root mean square (rms) variations in active
power (P) and reactive power (Q) when subjected to changes in magnitude, frequency and phase
angle of the supply voltage.

Figure 6 shows the laboratory setup employed for the load testing. In Figure 6(a), the pro-
grammable power supply (waveform generator) utilized to apply the disturbances is displayed, while
Figure 6(b) presents an example of an air conditioner load connected to the bench testing setup.

Figure 6: Load Testing Setup at UoW (a) Programmable Power Supply, and (b) Air Conditioner under Test
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3.4 Load Tests

During 2022, most of the time was assigned to the development of the load testing plan and under-
taking the tests for the loads available in UOW'’s laboratory. At this stage all the different equipment
listed in Table 8 have been completed, except for the EV charger. Due to the complexity of moving
the power supply to the EV charging station (available in UOW), this task is planned to be completed
early next year. The completed bench testing results have already been sent to AEMO. For each of
the individual loads there are 21 voltage sag tests, 17 voltage swell tests, 8 frequency disturbance
tests and 5 phase angle jump tests.

Table 9: Modern Loads Selected for Tests

Load Types

Heaters (e.g., electric fan, radiant heater)
Kettles
Fluorescent lights

Refrigerators (e.g., inverter based)

Fans (e.g., exhaust and pedestal)

Equipment with switching mode power supplies:
« Computers
« Televisions
= Other small electric devices

Microwave

Equipment with DOL motors (e.g., bench grinder, vacuum cleaner)

Air Conditioners (e.g., inverter based)

Electric Vehicle chargers (e.g., residential)

3.5 Justification of Proposed Approach

The project and its outcomes have been designed to build on collaboration between UNSW and UoW,
leverage the expertise of each organisation, optimise the available resources at both institutions and
minimise the risks for the successful completion of the project. Specifically,

1. The proposed approach is laboratory and experimentally based, with complementary data-
driven opportunities for model validation. By probing DER and flexible load responses and
potential interactions between DER and loads, the proposed project will capture multiple char-
acteristic responses which are commonly ignored in high-level models for instance, staged
frequency tripping, rate of change of frequency (RoCoF) triggered tripping, asymmetric voltage
- reactive power (volt-VAR) response, unexpected load behaviours, etc

2. Builds on UNSW's experience on inverter bench-testing and load modelling and the capabilities
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and resources of UoW for flexible load testing.

. Leverages existing infrastructure at both universities. This minimises the time and cost for the
development of new experimental facilities in order to meet the ambitious outcomes proposed
for the project while minimising resource duplication.

. Proven compatibility and value to AEMO’s current load modelling update methodology. Building
on experience in testing and sharing of experimental results already used in the DER specific
RMS load modelling, WP1a and WP1b can provide results directly usable by WP2 as well as
AEMO with minimal friction.

. By leveraging the bench-testing results of DER, BESS/HESS, EV chargers and flexible loads as
part of WP1a and WP1b, the project enables holistic evaluation of load responses at different
DER penetrations and under weaker grid conditions.

. Testing of flexible loads allows for investigation of reactive power issues, especially recent ob-
servations across multiple system operators that power factor is no longer lagging and in some
cases is becoming leading. The exact reason for this change in power factor behaviour and the
implication for voltage regulation strategies such as volt/var response remains unknown.
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Power electronics inverters have enabled the growth of renewable energy installations connecting to
the grid at low voltage. Installed capacity from DER of less than 10 kW (mostly residential rooftop
PV systems) makes up about the 60% off all PV capacity installed in the National Electricity Market
(NEM). Grid and energy market operators have scarce visibility and no control of these small-scale
systems, yet their aggregate electricity production is comparable to those of large power plants,
which on the other hand are well visible and controlled in real-time by grid operators. These aspects
become critical in the event of grid disturbances, where thousands of rooftop PV inverters may unex-
pectedly disconnect, removing significant amount of power generation from the system, challenging
frequency management and contingency planning, therefore posing a risk to the secure operation of
the bulk power system.

4 DER Tests

Technical product standards (such as AS 4777.2 [10]) are the only mechanism to ensure the
correct operation of inverters during normal and abnormal grid conditions, as each inverter needs to
pass a rigorous set of tests before being certified and allowed to be installed in Australia. Neverthe-
less, standards are continuously evolving and findings from the previous reporting periods identified
potential shortcomings in the current standards which result in degraded inverter performance and
vulnerability to grid events. It was identified that fast voltage sags, phase-angle jumps and rate of
change of frequency can cause undesired inverter disconnection or unwanted power curtailments,
lasting up to several minutes, and threatening the bulk power system stability when these behaviours
affect large number of units during a grid event. In the case of South Australia, which is the state with
the highest PV penetration and largest contribution from small-scale PV systems, AEMO identified
voltage sags as a major threat to system security, exacerbated by disconnection of up to 53% of
inverter connected DER [9]. The estimate given by AEMO, relies on analysis of field measurements
and observation of results from inverter voltage sag tests conducted at UNSW under this project.
After the update of the current Australian standard AS 4777.2:2020 [10], it is imperative to check that
the new standard is appropriately implemented on the inverters. For this purpose, several tests were
carried out to identify potential shortcomings of the current standard [11]. The test setup used for the
experiments is represented in Fig 5. A set of comprehensive voltage sag tests has been carried out
as specified in Table 10.

Table 10: Detailed ac voltage sag testing schedule

sag sag magnitude

duration | 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80%
80 ms

120 ms

220 ms

Additional tests:
¢ 800ms, 230 - 50 V sag

GPST Topic 9 — DER and Stability - Stage 2 Final Report 30



el

UNSW 558t ov

SYDNEY AUSTRALIL

4.1 Inverter 41 (PV Inverter)

The bench testing process is used to understand the response of DER inverters to different grid
disturbances. The tests which have been performed did not necessarily reflect those prescribed by
the standard AS 4777.2:2020 [10]. The objective is to see the adaptation of the Australian standard
and see the performance against it by new inverters to see any gaps in the new standard that need
further investigation.

4.1.1 Bench Testing Results

This inverter showed desired response to different disturbances following the AS 4777.2:2020. An
example of the step frequency change test is shown in Fig 7, where the frequency is increased near
the trip limit and output power is curtailed by the inverter to zero. Inverter took several minutes to
return to the pre-fault power level after the frequency was restored to a nominal level following the
frequency ramp rate. A summary of bench testing test results of inverter 41 is shown in Table 11.

52 — o}

(Hz)

51 _

:_Yga

Iga

0 2 4 6 8 10 12 14 16 18 20
(d)
Time (s)

Figure 7: Inverter 41 power curtailment behavior to step frequency change of 1.95Hz
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4.1.2 Comprehensive Voltage Sag Results

This inverter rides through all voltage sag tests. An example of ride-through behaviour performed
by Inverter 41 on a voltage sag with an amplitude of 0.8 pu and duration of 220 ms is displayed
in Fig 8. Note that the injected current to the grid during the disturbance, I, is reduced to zero.
Atfter the disturbance, when the voltage is recovered, I,, recovers with an overshoot close to 1.2 p.u.
Then inverter resumes the injection of current to the pre-disturbance level. After the sag, the inverter
power remains the same as the pre-sag condition.

The authors understand that momentary cessation is a desirable feature because if the voltage
disturbance is cleared quickly (e.g. within one second), then, during the fault clearance time, PV
inverters will not inject current into the fault, hence avoiding causing undesired trip of protection relays
in the grid. This is important, especially under the assumption that protection relays in distribution
networks were designed and rated without considering the eventual fault-current contribution from
DER. The behaviours displayed by this inverter under the new voltage sag testing schedule are
summarized in Table 12.

1.25 I . | LI I 0 1 B 1 — -

0 2 4 6 8 10 12 14 16 18 20

Time (s)

Figure 8: Inverter 41 ride-through behavior to voltage sag with amplitude of 0.8 p.u. and duration of 220 ms
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4.2 Inverter 42 (PV Inverter)

The bench testing process is performed on inverter 42 to analyse the performance against those
prescribed by the standard AS 4777.2:2020. The objective is to see the adaptation of the Australian
standard and see the performance against it by new inverters to see any gaps in the new standard
that need further investigation.

4.2.1 Bench Testing Results

This inverter showed desired responses to different disturbances following AS 4777.2:2020. An
example of the step voltage change test is shown in Fig 9, where the voltage is increased three
times to 270V for 0.1s. This change in voltage is above (overvoltage 1) specified disconnection limit,
and the duration is less than the trip delay time the inverter rode through the disturbance without
significant distortion in the output. A summary of bench testing test results of inverter 42 is shown in
Table 13.

Figure 9: Inverter 42 ride-through behavior to voltage swell of 3x 230 to 270V for 0.1s
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4.2.2 Comprehensive Voltage Sag Results

This inverter rides through all voltage sag tests, which are done at full and half power. An example
of ride-through behaviour performed by Inverter 42 on a voltage sag with an amplitude of 0.8 pu
and duration of 800 ms is displayed in Fig 10. Note that the injected current to the grid during
the disturbance, I , is reduced to zero. After the disturbance, when the voltage is recovered, I,
recovers with an overshoot close to 1.2 p.u. Then inverter resumes the injection of current to the pre-
disturbance level. After the sag, the inverter power remains the same as the pre-sag condition. The
behaviours displayed by this inverter under the new voltage sag testing schedule are summarized in
Table 14.

0 2 4 6 8 10 12 14 16 18 20

Time (s)

Figure 10: Inverter 42 ride-through behavior to voltage sag with amplitude of 0.8 p.u. and duration of 800 ms.

GPST Topic 9 — DER and Stability - Stage 2 Final Report 36



\

UNIVERSITY

UNSW OF WOLLONGONG

SYDNEY AUSTRALIA

4.3 Observations

All inverters exhibited the desired response to under-frequency disturbances, riding through a fre-
quency reduction of -2.95 Hz. They maintained continuous operation at the pre-disturbance power
level after the disturbance. Similarly, the inverters showed the desired response for over-frequency
disturbances of +1.95 Hz, with an expected power reduction close to 0 W observed in the recorded
results. These results are in compliance with the Australian AS 4777.2:2020 standard. Detailed
short-duration voltage sag tests were also conducted on selected AS 4777.2:2020 compliant invert-
ers. They all displayed the desired response to voltage sags, riding through voltage sags with a
duration of 220 ms or less, resuming operation at the pre-disturbance power level immediately af-
ter the voltage sag. Overall, all tested inverters demonstrated compliance with the AS 4777.2:2020
standard under voltage sag tests.
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The connection of distributed energy resources (DER) to distribution networks will only continue to
grow, with AEMO predicting annual growth of 2GW for new rooftop solar PV in the short term and
over 5GW of EV charging infrastructure from 2030 onwards. The introduction of battery and hybrid
energy storage systems (BESS/HESS) necessitates the development of new tools and methods. An
experimental bench-testing of inverters compliant with the newest AS4777.2020 standard extends
testing to BESS and HESS that have the capacity to respond to grid disturbances. In addition, sup-
porting evidence from real-world DER data offers a complementary understanding in-field diversity
of behaviours. It also addresses the dynamic interaction between loads and small-scale genera-
tion during network disturbances, providing critical inputs to developing a holistic load model that
accurately reflects the dynamic operation of the modern power system.

5 BESS & HESS Testing

5.1 Inverter 43 (Hybrid Inverter)

Hybrid inverters can operate in three modes as described in Table 2. Each mode went through
same testing procedure to identify the differences of behaviours under different modes of operation.
The testing procedure illustrated in Sec 3 is used to conduct bench testing of BESS & HESS. The
behaviour of the inverter under different modes of operation is discussed in the following sections:

5.1.1 Mode 1

Bench testing, voltage sag and voltage swell summaries are presented in tables below:

Bench Testing Summary: This inverter showed undesired behaviour to voltage disturbance
following AS 4777.2:2020. Fig 11 represents inverter behaviour for a voltage sag to 50V for 0.9s,
where the inverter disconnected instantly after the sag. However, the standard suggests that the
inverter should remain connected for 1s which is the trip delay time and then disconnect. One factor
of disconnection is that these voltage disturbance tests were conducted at full power, but the standard
suggests conducting these tests at half power. A summary of the bench testing is shown in Table15.
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Figure 11: Inverter 43 disconnection behavior to voltage sag to 50V for 0.9s.

Voltage Sag Test Summary: Comprehensive voltage sag tests were conducted on the inverter
at full and half power, and both presented the same behaviour shown in Table16 to identify any
difference in the behaviour of the inverter at full and half power as standard suggested to conduct
the voltage sag tests at half power. Fig 12 shows the response of the inverter to voltage sag of 0.8
p.u for 80ms.
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Figure 12: Inverter 43 disconnection behavior at 100% power to voltage sag with amplitude of 0.8 p.u. and
duration of 80 ms.

Voltage Swell Test Summary: Voltage swell tests were performed on the inverter at full and half
power, and the results were recorded in Table 17 and Table 18 respectively. The aim was to see if the
behaviour of the inverter changed when operated at full power compared to half power. The results
indicate that the inverter’s behaviour can vary based on operating power and does not depend upon
the swell’s duration but rather the swell's amplitude. Fig 13 and Fig 14 compare inverter behaviour
at full and half power to a voltage swell of 1.175 p.u for 220ms. Inverter remained connected for the
swell when operating at half power. Although the standard requires conducting the test at half power,
it raises the question of whether these tests should be conducted at full power or half.

Table 17: Inverter 43 voltage swell test results at 100% Power

sag Voltage amplitude during the swell (p.u.)
duration

Additional tests:

« 800ms, 230 - 275 V swell: [
Legend:

v: ride-through, X: disconnects
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Figure 13: Inverter 43 disconnection behavior at 100% power to voltage swell with amplitude of 1.2 p.u. and
duration of 220 ms.

Table 18: Inverter 43 voltage swell test results at 50% Power

sag Voltage amplitude during the swell (p.u.)
duration

Additional tests:

« 800ms, 230 - 50 V sag: [V
Legend:

v': ride-through
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Figure 14: Inverter 43 ride-through behavior at 50% power to voltage swell with amplitude of 1.2 p.u. and duration
of 220 ms.

5.1.2 Mode 2

In this mode inverter is working as on-grid system, PV is directly feeding power to the grid. Bench
testing, voltage sag and voltage swell summaries are presented in tables below:

Bench Testing Summary: In this mode, the inverter presented a similar behaviour to mode 1.
A summary of the bench testing is shown in Table15.

Voltage Sag Test Summary: Comprehensive voltage sag tests were conducted on the inverter
at full and half power, and both presented the same behaviour shown in Table19 to identify any
difference in the behaviour of the inverter at full and half power as standard suggested to conduct
the voltage sag tests at half power. Fig 15 shows the response of the inverter to voltage sag of 0.8
p.u for 800ms.
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Table 19: Inverter 43 voltage sag test results at 100% Power

sag [ Voltage amplitude during the sag (p.u.) |
duration

Additional tests:

¢ 800ms, 230 - 50 V sag: .
Legend:

v': ride-through, X: disconnects

Figure 15: Inverter 43 disconnection behavior at 100% power to voltage sag with amplitude of 0.8 p.u. and
duration of 800 ms.

Voltage Swell Test Summary: Voltage swell tests were performed on the inverter at full and half
power, and both presented similar behaviour under full and half power recorded in Table 20. Fig 16
shows the response of the inverter to a voltage swell of 1.2 p.u for a duration of 80ms at 50% power.
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Table 20: Inverter 43 voltage swell test results at 100% Power

sag [ Voltage amplitude during the swell (p.u.) |
duration

Additional tests:

« 800ms, 230 - 275 V swell: [l
Legend:

v: ride-through, X: disconnects

Time (s)

Figure 16: Inverter 43 disconnection behavior at 50% power to voltage swell with amplitude of 1.2 p.u. and
duration of 80 ms.

5.1.3 Mode 3

In this mode, the inverter is working as an on-grid system without PV, and the load is either consum-

ing power from the battery or the grid. Bench testing, voltage sag and voltage swell summaries are
presented in the tables below:

Bench Testing Summary: Fig 17 represents inverter behaviour for a voltage sag to 50V for 0.9s,
where the inverter disconnected from the grid instantly after the sag. This inverter showed undesired
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behaviour to voltage disturbance following AS 4777.2:2020. However, when the sag was cleared, it
again started drawing reactive power from the grid and, after a minute, suddenly disconnected for 4
minutes. A summary of the bench testing is shown in Table 21.
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Figure 17: Inverter 43 disconnection behavior to voltage sag to 50V for 0.9s.

Voltage Sag Test Summary: Comprehensive voltage sag tests were conducted on the inverter
at full and half power, shown in Table 22 to identify any difference in the behaviour of the inverter at
full and half power as standard suggested to conduct the voltage sag tests at half power. Inverter
presented similar behaviour on both power levels.
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Voltage Swell Test Summary: Voltage swell tests were performed on the inverter at full and half
power, and both presented similar behaviour under full and half power recorded in Table 23.

Table 23: Inverter 43 voltage swell test results at 100% Power

sag Voltage amplitude during the swell (p.u.)
duration

Additional tests:

« 800ms, 230 - 275 V swell: [V
Legend:

v': ride-through
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Hybrid inverters can operate in three modes as described in Table 2. Each mode went through
same testing procedure to identify the differences of behaviours under different modes of operation.
The testing procedure illustrated in Sec 3 is used to conduct bench testing of BESS & HESS. The
behaviour of the inverter under for only mode 2 is discussed in the following sections:

5.2 Inverter 44 (Hybrid Inverter)

5.2.1 Mode 2

In this mode inverter is working as on-grid system, PV is directly feeding power to the grid. Bench
testing, voltage sag and voltage swell summaries are presented in tables below:

Bench Testing Summary: This inverter showed undesired behaviour to different grid distur-
bances following AS 4777.2:2020. Fig. 18 represents inverter behaviour for a ramp voltage change
to 265V in 15s, where the inverter curtailed output active and reactive power. Inverter injects reac-
tive power into the grid around 7.5s, and active power starts to reduce around 13.5s to 0.5 p.u. A
grid disturbance of voltage phase-angle jump of + 30°is shown in Fig. 19, where the inverter got
disconnected right after the phase jump. A summary of the bench testing is shown in Table 24.

GPST Topic 9 — DER and Stability - Stage 2 Final Report 49



e

OF WOLLONGONG

UNIVERSITY
AUSTRALIA

UNSW

SYDNEY

$]08UU02SIp X ‘YbBnoiyl-apu : A
‘puaban

B :Ges A 05 - 0€2 ‘swo08
:51S0] [BUOIIPPY

¢0

€0|¥0|90|90]|L0]|80 | uoneinp
| (‘n'd) Bes sy Bunnp apnyidwe abe}jop | fes

1aMod %00 | 1B sinsa. 1sa) bes abeljoA i JalIsAl| (GZ 8|g.]

SG| ul g9¢ 01 0€C

ZHG6'LS O} S/zH{ 0+

ZH¢ uononpal
- $6 10} 091 01 0€C ZHG6'LS O1 S/ZHP+ ZHCE" -
HS6'L Jamod
09¢ 01 0€C ZHG6'LS O1 S/zH L+
06/ SG| Ul 681 0} 0ET
09-/+ SA"0 10 ZHG- ‘ZHG+
6°0 10} 0.¢ 01 0€C - . — - 198UU09sIq
Gr-/+ $6°0 10} 0G O} 0SZ ZHG6'C- ZHE-
0g-/+
ZHS0'LY 01 S/ZH¥ 0 %001
GL-/+ - ZHS0'Lb O} S/ZHY- - w\ 0 ybnouy-spry
ZHS0' LY O} S/zH - °
(Bop) dwnl aseyd aouequnisip abejjop Aouanbaly dwey Kouenbauy daig alels Apeslg adA
1sa] asuodsay

"2 epow

ul { JalJaAul Jo sjnsal Bunsal youaq jo Arewwng g a|9el

50

GPST Topic 9 — DER and Stability - Stage 2 Final Report



4

~—

zDED

UNIVERSITY
U OF WOLLONGONG
SYDNEY AUSTRALIA

-2.5

1.918

™ ———75
‘ Al —~
—Qg| | 5 §
- 325
0 )
, , , , , ! , , , , 125

| 1 L | 1 | | L |
1.933 1.948 1.963 1.978 1.993 2.008 2.023 2.038 2.053 2.068
(c)
Time (s)

Figure 19: Inverter 44 disconnection behavior to + 30° voltage phase-angle jump.
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Voltage Sag Test Summary: Comprehensive voltage sag tests were conducted on the inverter
at full and half power, shown in Table 25 to identify any difference in the behaviour of the inverter at
full and half power as standard suggested to conduct the voltage sag tests at half power. Inverter
presented similar behaviour on both power levels, but the results were not as expected from the
inverter; it should ride through all the disturbances as time is less than the trip delay time. An
example of voltage sag of 0.5 p.u for 80 ms is presented in Fig. 20.
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Figure 20: Inverter 44 disconnection behavior to voltage sag of 0.5 p.u for 80 ms.

Voltage Swell Test Summary: Voltage swell tests were performed on the inverter at full and half
power, and both presented similar behaviour by riding through all disturbances under full and half
power recorded in Table 26.
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Table 26: Inverter 44 voltage swell test results at 100% Power

duration

Additional tests:

e 800ms, 230 - 275 V swell: [V
Legend:

v': ride-through
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Energy storage systems can charge from the grid or from PV but cannot inject power to the grid. This
BESS went under similar testing procedure to understand the different behaviours of the system. The
testing procedure illustrated in Sec 3 is used to conduct bench testing of BESS. The behaviour of
the BESS is discussed in the following sections:

5.3 Inverter 45 (BESS Inverter)

Bench Testing Summary: This inverter showed undesired behaviour to different grid distur-
bances following AS 4777.2:2020. Fig. 21 represents inverter behaviour for a ramp frequency of
0.4Hz/s to 51.95Hz, where the inverter started charging the battery at double the power it was charg-
ing before, this is started after the frequency went above 51.1Hz. A RoCoF of 0.1Hz/s to 47.05Hz
is generated from the grid emulator see Fig. 22, and the reconnection behaviour of the inverter is
analysed. It is observed that the inverter starts to inject power into the grid from the battery to sup-
port the grid, and after the grid frequency jumps back to the pre-fault level, the inverter disconnects.
When the inverter reconnected, it remembered the faulted condition power level, started injecting
power into the grid, and slowly ramped down from injection to charging. Fig. 23 presents a volt-watt
and volt-var response from the inverter in response to ramp voltage disturbance to 185V in 15 sec-
onds. As the inverter reduces the voltage output, the inverter stops charging from the grid and injects
reactive power to provide grid support. A summary of the bench testing is shown in Table 27.
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Figure 21: Inverter 45 ride-through behavior to ramp frequency change of 0.4Hz/s to 51.95Hz.

GPST Topic 9 — DER and Stability - Stage 2 Final Report

55



f\@a

©

B i
UNIVERSITY
UN OF WOLLONGONG
SYDNEY AUSTRALIA

Figure 22: Inverter 45 reconnection behavior to ramp frequency change of 0.1Hz/s to 47.05Hz.
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Figure 23: Inverter 45 power curtailment behavior to ramp voltage change to 185V in 15s.
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Voltage Sag Test Summary: Comprehensive voltage sag tests were conducted on the inverter
presenting undesirable behaviour shown in Table 28. Inverter started disconnection at 0.7 p.u sag
for 120ms before disconnection inverter wobbles the frequency to maintain connection but eventually
disconnects as shown in Fig. 24; this shows the inverter is sensitive to depth and the duration of sag
as well.
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Figure 24: Inverter 45 disconnection behaviour to voltage sag of 0.7 p.u for 120 ms.

Voltage Swell Test Summary: Voltage swell tests were performed on the inverter presenting
undesirable behaviours shown in Table 29.

Table 29: Inverter 45 voltage swell test results

sag Voltage amplitude during the sag (p.
duration

u.)
1.2

Additional tests:

« 800ms, 230 - 50 V sag: [
Legend:

v': ride-through, X: disconnects
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5.4 Inverter 46 (Hybrid Inverter)

Hybrid inverters can operate in three modes as described in Table 2. Each mode went through same
testing procedure to identify the differences of behaviours under different modes of operation. The
testing procedure illustrated in Section 3 is used to conduct bench testing of BESS & HESS. The
behaviour of the inverter under for only mode 2 is discussed in the following sections:

5.4.1 Mode 2

In this mode inverter is working as on-grid system, PV is directly feeding power to the grid. Bench
testing, voltage sag and voltage swell summaries are presented in tables below:

Bench Testing Summary: This inverter showed undesired behaviour to different grid distur-
bances following AS 4777.2:2020. A summary of the bench testing is shown in Table 31.

Voltage Sag Test Summary: Comprehensive voltage sag tests were conducted on the inverter
at full and half power, shown in Table 30 to identify any difference in the behaviour of the inverter at
full and half power as standard suggested to conduct the voltage sag tests at half power. Inverter
presented similar behaviour on both power levels, but the results were not as expected from the
inverter; it should ride through all the disturbances as time is less than the trip delay time.

Table 30: Inverter 46 voltage sag test results at 50% Power

sag Voltage amplitude during the sag (p.u.)
duration | 0.8 07|06 |05|04]|0.3
80 ms v
120 ms v
220 ms v

Additional tests:

« 800ms, 230 - 50 V sag: [
Legend:

v: ride-through, X: disconnects
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Voltage Swell Test Summary: Voltage swell tests were performed on the inverter at full and half

power, and both presented different behaviours under full and half power recorded in Table 32 and
Table 33 respectively.

Table 32: Inverter 44 voltage swell test results at 100% Power

sag Voltage amplitude during the sag (p.

u.
duration 1

)
2

Additional tests:

« 800ms, 230 - 50 V sag: [
Legend:

v: ride-through, X: disconnects

Table 33: Inverter 44 voltage swell test results at 100% Power

sag
duration

Voltage amplitude during the swell (p.u.)

Additional tests:

« 800ms, 230 - 275 V swell: [V
Legend:

v: ride-through
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5.5 Inverter 47 (Hybrid Inverter)

Hybrid inverters can operate in three modes as described in Table 2. Each mode went through
same testing procedure to identify the differences of behaviours under different modes of operation.
The testing procedure illustrated in Sec 3 is used to conduct bench testing of BESS & HESS. The
behaviour of the inverter under for only mode 2 is discussed in the following sections:

5.5.1 Mode 2

In this mode inverter is working as on-grid system, PV is directly feeding power to the grid. Bench
testing, voltage sag and voltage swell summaries are presented in tables below:

Bench Testing Summary: This inverter showed undesired behaviour to different grid distur-
bances following AS 4777.2:2020. A summary of the bench testing is shown in Table 34.
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Voltage Sag Test Summary: Comprehensive voltage sag tests were conducted on the inverter
at full and half power, shown in Table 35 to identify any difference in the behaviour of the inverter at
full and half power as standard suggested to conduct the voltage sag tests at half power. Inverter
presented similar behaviour on both power levels, but the results were not as expected from the
inverter; it should ride through all the disturbances as time is less than the trip delay time.

Voltage Swell Test Summary: Voltage swell tests were performed on the inverter at full and half
power, and both presented different behaviours under full and half power recorded in Table 36 and
Table 37 respectively.

Table 36: Inverter 44 voltage swell test results at 100% Power

sag
duration

Voltage amplitude during the sag (p.

u.)
1.2

Additional tests:

« 800ms, 230 - 50 V sag: [
Legend:

v': ride-through, X: disconnects

Table 37: Inverter 44 voltage swell test results at 100% Power

sag Voltage amplitude during the swell (p.u.)
duration

Additional tests:

« 800ms, 230 - 275 V swell: [V
Legend:

v ride-through
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Precise load modelling is essential for Network Service Providers (NSPs) to evaluate power sys-
tem performance under various operating conditions, assess network stability issues, and devise
effective control solutions [12,13]. In recent years, power systems across the world have under-
gone major transformation with the introduction of distributed energy resources (DERs) and modern
flexible loads. When subjected to faults and disturbances power systems that incorporate these
devices exhibit dynamic behaviours [14, 15] which traditional static load models used by NSPs are
incapable of capturing. The present load models used by the Australian Energy Market Regulator
(AEMO), known as ZIP (impedance, current, power-based) models, were last calibrated and vali-
dated in 1999, and they are unable to accurately model the complex dynamic behaviour of modern
loads [16].

6 Load Tests

Sophisticated composite load models are now available that can capture both the dynamic and
static response of loads [5]. Composite load models consider the diverse aspects of load behaviour,
such as dynamic response, sensitivity to voltage changes, and response to frequency fluctuations. In
order to better model the response of modern power systems, the Western Electricity Coordinating
Council (WECC) has developed an advanced composite load (termed CMPLDW) model with various
components, including different types of motor loads, electronic/static loads as well as the inclusion
of DERs [17]. The addition of electrical distance between the transmission network and end load
also allows this model to capture delayed voltage recovery events from transmission faults [18, 19].
The North American Electricity Reliability Corporation (NERC) recommends the use of the CMPLDW
model for dynamic studies in power systems [20]. The model however incorporates complex load
characteristics which requires input of as many 133 parameters into the model. The model is con-
stantly updated using inputs from NSPs, through utilisation of data measured during power system
faults and laboratory testing of appliances.

Specifically, the work aims to undertake extensive experimental testing of modern loads when
subject to various voltage, frequency and phase disturbances which were designed to replicate real
life network disturbances. The objective was to obtain information on the response of typical loads
connected to distribution networks, enabling a better comprehension of their behaviour, and facilitat-
ing the update of the parameters of the CMPLDW load models.

6.1 Refrigerators

To analyse the behaviour of refrigerators, two devices were evaluated. Refrigerator 1 is an inverter-
based unit, while Refrigerator 2 is a conventional compressor unit. The inclusion of both refrigerator
types in the study allowed a preliminary comparison of their responses to power system transients.
According to the CMPLDW classifications, Refrigerator 1 is categorised as a motor D type load, which
is known to be susceptible to stalling due to sags or undervoltages. On the other hand, Refrigerator
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2 would be classified as an Electronic Load.

During the tests, both refrigerators were subjected to voltage sags, and they each demonstrated
the ability to ride through all of the administered disturbances. The only notable change during the
transient period was a momentary variation in power consumption. Figs. 25(a) and (b) depict the
current waveform of the two refrigerators when exposed to a voltage sag of magnitude 0.2 pu for
a duration of 80 ms. The waveforms show that there is different dynamic response between the
two refrigerators. After the sag was cleared, both devices experienced an overshoot in current.
For Refrigerator 1, the overshoot was due to the dc side capacitor charging to its nominal value
(characterised by a very short-term high magnitude current value), while for Refrigerator 2, it was
due to motor inrush current (characterised by a longer term decaying current magnitudes). The
duration of the sags applied had no notable change on the response of the devices.
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Figure 25: Impact of Voltage Sags on: (a) Refrigerator 1 (b) Refrigerator 2

During voltage swell tests, both refrigerators were able to withstand the voltage swells without
any disconnection. The only change observed during the transient period was a temporary variation
in the current drawn by the devices. A total of 18 voltage swell disturbances were applied, with the
maximum applied voltage reaching 1.2 pu. Nevertheless, neither device encountered disruptions to
their normal operation after the swells were cleared.

During the phase angle jump tests, the conventional compressor system in Refrigerator 2 stalled
when the phase angle magnitude was -90°, causing an increase in active power consumption from
100 W to approximately 1200 W while reactive power absorption increased from 45 VAr to 1000
VAr. The device remained in the stalled state for several minutes before returning to normal. There
was no impact on Refrigerator 2 under all other phase angle jumps with an angle less than 90°. the
performance of the inverter-based Refrigerator was not impacted by any of the applied phase angle
jumps. The currents drawn by Refrigerator 1 and Refrigerator 2 during a phase angle jump of -90°
are shown in Fig. 26(a) and Fig. 26(b), respectively.
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Figure 26: Impact of Phase Angle Jumps on: (a) Refrigerator 1 (b) Refrigerator 2

6.2 Microwave Ovens

This section presents the response of an inverter-based microwave oven to different grid distur-
bances. This device, which has a steady-state active power consumption of 1050 W and a capaci-
tive reactive power generation injection of 180 VA is classified as an electronic load according to the
definition in the CMPLDW.

Fig. 27 shows the variation of active and reactive power during a voltage sag with retained voltage
of 0.2 pu and a swell event where the voltage was increased to 1.2 pu. During the sag, the device
experiences momentary cessation, while during the swell, the active power consumption increased
to 1250 W and the reactive power changed from -180 VAr to +900 VAr. After the fault transient was
cleared, the device returned to its steady-state conditions operation without any significant transient
peaks in either the real or reactive power. Similar responses were recorded for all the other sag and
swell tests of different magnitude and duration.
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Figure 27: Response of Microwave Load when subject to a Sag/Swell with duration of 220ms (a) Sag with mag-
nitude 0.2pu (b) Swell with magnitude 1.2pu.
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The response of the microwave during frequency disturbance tests exhibited some interesting
characteristics, despite not being expected to exhibit any changes in active and reactive power ac-
cording to the CMPLDW definition for an Electronic Load. Fig. 28 shows that a change in frequency
caused the active power consumption of the device to vary in a linear manner for both step and ramp
frequency changes. The same behaviour was observed for reactive power. Figs. 28 (a) to (d) depict
the changes in active power consumption of the device during step changes in the supplied voltage
frequency from 50 to 52 Hz, 50 Hz to 47 Hz, and ramp frequency changes of +0.4 Hz/s and -0.4
Hz/s, respectively. The device operated without any significant variation in its power characteristics
for all phase angle jump tests. Such behaviour requires further investigation across different load
types to allow for appropriate modelling and classification of different devices.
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Figure 28: Frequency Change Response of the Microwave: (a) Step change from 50 Hz to 52 Hz, (b) 50 Hz to 47
Hz, (c) Ramp of +0.4 Hz/s (d) Ramp of -0.4 Hz/s.

6.3 Air Conditioners

6.3.1 DOL Based Conventional Unit

This section of the paper summarizes the outcomes of the test results for a portable air conditioner.
The device has a power consumption of approximately 1 kW and draws 100 VAr during steady state
conditions. The Air Conditioner was set to maximum cooling setting during the tests. It is worth
noting that this device is categorized as a Motor D type in CMPLDW and as such may be susceptible
to stalling in the event of power system faults.

For all sag and swell tests, except for the sag with a retained voltage of 0.2 pu (the lowest) the
air conditioning unit returned to its normal operating condition when voltage returned to nominal.
However, in the case of the sag with a retained voltage of 0.2 pu, the compressor motor stalled for
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a brief period and the cooling system turned off. The motor then resumed operation after about 30
s. Fig. 29(a) demonstrates the stall characteristics of the air conditioner during a sag with a voltage
reduction to 0.2 pu for 220 ms. This behaviour was also observed for sags of different durations at
the same magnitude. Fig. 29(b) shows the response of the device when subjected to a voltage swell
for 220 ms. Here the voltage was increased to 1.2 pu. It can be seen that the impact of the swell was

a momentary change in both active and reactive power.
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Figure 29: Response of Air Conditioner when subject to Voltage Disturbances: (a) Voltage Sag, and (b) Voltage

Swell

Voltage (pu)

Voltage (pu)

The air conditioner experienced brief fluctuations in active power in response to both step and
ramp changes in frequency. However, the reactive power consumption varied inversely with the
frequency change. Fig. 30 presents the active and reactive power response of the device to step
changes in frequency. The graph indicates that the reactive power consumption increased from
100 VAr to 300 VAr when the frequency was reduced from 50 Hz to 47 Hz, and the reactive power
consumption dropped to zero when the frequency was increased from 50 Hz to 52 Hz. Similar

behaviour was observed in the reactive power characteristics for ramp changes in frequency.
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Figure 30: Frequency Change Response for the Air Conditioner: (a) Step decrease to 47 Hz, and (b) Step increase

Regarding phase angle jumps, the air conditioner only experienced brief changes in both active
and reactive power for phase angle magnitudes below 90°. However, for a voltage phase shift of
90°, the device was not impacted by the +90 shift but appeared to stall when subjected to a phase
shift of -90°. The active and reactive power variations when the device was subjected to the 90°
phase shift disturbance are shown in Fig. 31(a). The graph depicts an increase in both the active
and reactive power as the motor stalls for around 3 seconds. During the stalled operation, the active
power increased to 4500 W and the reactive power drawn increased to over 2000 VAr. Fig. 31(b)

illustrates how the current drawn by the unit varies, and it is evident that the current drawn during the
period where it appeared to be stalled is significantly higher than during steady-state operations.
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Figure 31: Impact of phase angle jump on the air conditioner operation: (a) P and Q response, and (b) Current
drawn
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6.3.2 Inverter Based Units

This section presents the results obtained from testing three inverter-based air conditioner units,
specifically split air conditioning systems commonly found in residential homes and offices. It is im-
portant to note that these units differ from the conventional Direct-On-Line (DOL) based unit studied
in Section 4.3.1, as they are classified as Electronic Load devices. Unlike DOL units, inverter-based
units employ advanced power electronic based control algorithms to modulate the power output
based on the requirements. The three units tested have been labelled as Air Conditioner 1, Air
Conditioner 2 and Air Conditioner 3.

For voltage sag tests, in contrast to the DOL air conditioner, which exhibited stalling behaviour
during voltage sag tests, the Inverter-based units did not experience any stalling issues across the
range of voltage sag scenarios evaluated. Table VII, Table VIII, and Table IX, representing Air Con-
ditioner 1, Air Conditioner 2, and Air Conditioner 3, respectively provide indication of the voltage sag
magnitudes that caused the devices to either continue operating normally or cease operation.

From the tables, it is evident that Air Conditioner 1 was able to continue operating without as long
as the voltage magnitude remained at 0.4 pu or higher. In the case of Air Conditioner 2, the unit
ceased operation for sags with a duration of 220ms and when the voltage magnitude dropped to 0.5
pu or lower. For Air Conditioner 3 the unit ceased operation for sags of any duration as soon as the
retained voltage was 0.4 pu or lower.

These results indicate that each unit has its own distinct control and protection mechanism, which
leads to variations in their behaviour. Another interesting observation from these results was the fact
that Air Conditioner 3 had a delay after the voltage sag before it ceased operation. In comparison, Air
Conditioner 1 and Air Conditioner 2 ceased operation as soon as the sag disturbance was applied.

Table 38: Summary of Voltage Sag Tests for Air Conditioner 1

sag Voltage amplitude during the sag (p.u.)
duration [ 09|08 |07 |06|05|04|03]|0.2
80 ms VA A VAR VA B4
120 ms VN A VA VAR I
220 ms VN A VA VAR I
Legend:

v: ride-through, X: disconnects
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Table 39: Summary of Voltage Sag Tests for Air Conditioner 2

sag [ Voltage amplitude during the sag (p.u.)
duration | 0908|0706 |05|04|03]|0.2

Legend:
v': ride-through, X: disconnects

Table 40: Summary of Voltage Sag Tests for Air Conditioner 3

sag Voltage amplitude during the sag (p.u.)
duraton (09|08 |0.7[06|05|04|03|0.2
80 ms
120 ms
220 ms

Legend:
v': ride-through, X: disconnects

With respect to voltage swell tests, all the inverter-based air conditioners included in this project
did not appear to be impacted by the applied voltage swells. The response of Air Conditioner 1, Air
Conditioner 2, and Air Conditioner 3 during a voltage swell test, where the voltage was increased to
1.2 pu for 80ms, is shown in Figs. 32(a), (b) and (c), respectively. The plots clearly illustrate that
during the swell event, there is a brief spike in current, which can be attributed to the charging of the
capacitors within the units. However, once the voltage returned to normal, the devices resumed their
normal operation, as indicated by the subsequent plots. Similar responses were observed for the
other voltage swell tests conducted, indicating the ability of these inverter-based air conditioners to
effectively ride through such disturbances without any adverse effects.
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Figure 32: Response to a Swell of Voltage Magnitude 1.2 pu for 80ms (a) Air Conditioner 1 (b) Air Conditioner 2
(c) Air Conditioner 3

In relation to frequency and phase angle jump disturbances, the inverter-driven air conditioners
maintained normal operation throughout all the conducted tests in this project. An example of this
can be seen in Fig. 33(a), which shows the response of Air Conditioner 1 to a frequency step change
from 50 Hz to 47 Hz. This consistent behaviour was observed across all frequency tests conducted
on the three air conditioners. Additionally, Fig. 32(b) displays the current waveform of Air Conditioner
1 during a -90° phase angle jump, where no significant impact is evident as the current continues its

regular operation following the phase jump in the voltage waveform. Once again, all three devices
exhibited similar responses.
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Figure 33: (a) Impact of Step Frequency Disturbance on Air Conditioner 1 (b) Impact of -90° Phase Angle Jump
on Air Conditioner 1

6.4 Motor Based Appliances

6.4.1 Vacuum Cleaner

This section presents the test results for a vacuum cleaner. The appliance has a power rating of 2
kW, and during the tests conducted at maximum power, it consumed 1.6 kW of active power and 100
VAr of reactive power. This resulted in a lagging power factor of 0.998.

Fig. 34 (a) illustrates the response of the device during the maximum voltage sag test, where
the retained voltage was at 0.2 pu. Fig. 34(b) depicts the response for both active power (P) and
reactive power (Q) when the voltage was increased to 1.2 pu, representing the maximum voltage
swell test. It is evident from the results that the device was able to resume normal operation once
the disturbances were complete.

As the vacuum cleaner is a motor-based device, the transient overshoot in the real and reactive
power responses indicates the inrush currents associated with the motor’s operation.
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Figure 34: Response of Vacuum Cleaner (a) Sag with retained Voltage of 0.2 pu for 220ms (b) Swell with Voltage

of 1.2 pu for 220ms

During the frequency tests, the vacuum cleaner exhibited no significant changes in its active
power consumption, with only minor variations observed in the reactive power. Fig. 35(a) shows
the response when the frequency is reduced from 50 Hz to 47 Hz at a rate of 0.4 Hz/s, revealing a
reduction in reactive power from approximately 100 VAr to around 90 VAr. In Fig. 35(b), representing
the step frequency change, the reactive power consumption increases from 100 VAr to about 105

VAr.

For all frequency tests, the reactive power levels returned to their nominal value once the

nominal frequency was restored. For phase angle jump disturbances in the applied voltage, the
vacuum cleaner’s current waveform experienced a phase angle jump without any overshoot at the
time of the disturbance.
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Figure 35: Frequency Response of the Vacuum Cleaner (a) Reduction in Frequency at 0.4 Hz/s (b) Step Increase
in Frequency from 50 Hz to 52 Hz
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6.4.2 Fans

This section provides a summary of the test results obtained for a pedestal stand fan. Under normal

operating conditions, the fan consumed approximately 75 W of active power with a capacitive reactive
power of -12 VAr.

During voltage sag and swell disturbances, the fan experienced momentary changes in both
active and reactive power consumption. Fig. 36(a) illustrates the reduction in both active and reactive
power levels for the fan during a sag event, where the voltage was reduced to 0.2 per unit (pu) for

220 ms. Fig. 36(b) demonstrates how the active and reactive power of the fan increased during the
swell event.

In the sag test, the active power consumption of the fan dropped to 3 W from 75 W, while during
the swell, the active power increased to approximately 107 W. This behaviour indicates that the fan
response is similar to that of a constant impedance load, where power consumption is proportional
to the square value of the applied voltage.

After the disturbances were complete, the fan returned to its normal operating conditions, albeit
with a small inrush current overshoot, which is typical for such motor-based devices.
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Figure 36: Response of Fan for Voltage Sag and Swell Disturbances (a) 0.2 pu Sag for 220ms (b) 1.2 pu Swell for
220ms

In terms of frequency disturbances, the active and reactive power levels of the fan exhibited a
proportional change to the applied frequency of the power supply. Fig. 37(a) illustrates the variations
in active power (P) and reactive power (Q) when the frequency was decreased from 50 Hz to 47 Hz,

while Fig. 37(b) depicts the corresponding changes when the frequency was increased from 50 Hz
to 52 Hz.

During the frequency decrease, the active power consumption of the fan decreased from 75 W to
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72 W, while for the frequency increase, the fan’s power consumption increased to approximately 78
W. These results indicate that the fan’s power consumption responds in accordance with the changes
in the supplied frequency. Similar behaviour was observed for the ramp frequency disturbances
applied during the tests. The fan did not exhibit any significant changes in its active and reactive
power consumption during the phase angle jump tests.
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Figure 37: Frequency Response of Fan (a) Step Decrease in Frequency from 50 Hz to 47 Hz (b) Step Frequency
from 50 Hz to 52 Hz

6.5 Static Loads

6.5.1 Heaters

In this section, the results of the tests conducted on two common types of heaters: Heater 1, a radiant
coil-based heater, and Heater 2, an air-forced heater are presented. Under steady-state conditions,
Heater 1 consumes 1200 W of active power and has a reactive power of -20 VAr, while Heater 2
consumes 800 W of active power with an inductive reactive power of +10 VAr.

Following a voltage sag event, both heaters displayed a temporary reduction in power consump-
tion. Fig. 38(a) illustrates the active power (P) and reactive power (Q) response of Heater 1, while
Fig. 38(b) demonstrates the P and Q response of Heater 2 when subjected to a voltage sag with a
retained voltage of 0.2 pu for a duration of 220 ms. Once the voltage returned to its nominal value,
both heaters returned to their normal power consumption levels.

During the recovery phase, a short transient overshoot in current was observed for both heaters.
In the case of Heater 1, the transient overshoot may be attributed to the re-energizing of the heating
coils. As for Heater 2, the overshoot could be attributed to inrush currents resulting from the fan
motor.
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Figure 38: Heater Response to Sag of Retained Voltage Magnitude 0.2 pu for 220 ms (a) Heater 1 (b) Heater 2

The response of the heaters during voltage swell tests was similar to that observed during voltage
sag tests. As the voltage increased during the swell, there was a corresponding increase in power
consumption, and once the swell event concluded, the heaters returned to their normal operating
conditions. This consistent behaviour was observed across all swell tests.

Regarding frequency changes, no noticeable effects were observed on the heaters. Fig. 39(a)
illustrates the impact on the active power (P) and reactive power (Q) of Heater 1 during a gradual
frequency change from 50 Hz to 47 Hz at a rate of 0.4 Hz/s. Similarly, Fig. 39(b) displays the
response of Heater 2 to the same frequency disturbance. In both cases, there were no significant
changes in the power consumption of the heaters.

Furthermore, the voltage phase angle tests did not appear to have any significant impact on
heater operation.
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Figure 39: Impact of Frequency Disturbance (a) Heater 1 (b) Heater 2.
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6.5.2 LED Lighting

This section presents the results of testing for a LED light bulb. Under normal operating conditions,
the LED bulb consumed 10 W of active power with a capacitive reactive power of -5 VAr. During the
voltage sag tests, the bulb experienced momentary cessation for all sags when the voltage dropped
to 0.7 pu retained voltage or lower. However, when the voltage remained above 0.7 pu, as shown in
Fig. 40(a), the LED bulb exhibited no significant changes in its active and reactive power levels.

For all voltage sags where the magnitude of the voltage fell below 0.7 pu, both the active and
reactive power of the LED bulb reduced to zero during the event. An example of this is shown in
Fig. 40(b) where the voltage was reduced to 0.7 pu during the sag disturbance. This behaviour was
also visually observed through the flickering of the LED light during testing. These results indicate
that the LED light bulb is sensitive to voltage sags, and its performance is affected when the voltage
drops below a certain threshold.
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Figure 40: Response of LED Light Bulb for Voltage Sag of duration 220ms with Retained Voltage Magnitude (a)
0.8 pu (b) 0.7 pu.

Other tests conducted on the LED light bulb, including voltage swells, frequency changes, and
phase angle jumps, did not result in any significant changes in both the active and reactive power
levels of the device.

Fig. 41(a) presents the active and reactive power values for the LED bulb when subject to a
voltage swell with a magnitude of 1.2 pu for a duration of 220 milliseconds. The graph demonstrates
that the LED bulb maintained stable active and reactive power levels throughout the voltage swell
event. Similarly, Fig. 41(b) illustrates the response of the LED bulb during a step frequency change
from 50 Hz to 52 Hz. In this test, the LED bulb exhibited no notable variations in its active and
reactive power consumption.
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Figure 41: Response of LED Light Bulb (a) Voltage Swell of 1.2 pu for 220 ms (b) Step Frequency Increase from
50 Hz to 52 Hz
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The growing popularity of electric vehicles (EVs) has raised concerns about the necessary network
adaptations require to accommodate this potential substantial increase in load. The current complex
load model does not include an embedded EV load model, and the authors have found only limited
research on modelling of the dynamic response of EV chargers in the presence of grid faults. This
report also presents the findings of tests conducted on two EV chargers, one at level 1 and the other
at level 2, using an actual vehicle as the EV load. The testing of the home EV charger undertaken in
this study provides valuable insights into the behaviour of EV loads in the presence of power system
transients and also an indication of whether a separate EV block should be added to the AEMO
Composite Load Models.

7 Residential Electric Vehicle Chargers

7.1 Level 1 EV Charger

This section summarises the results of bench testing for a home electric vehicle (EV) charger. The
charger tested is a Level 1 AC charger that comes with a Type 1 EV connector. During normal
operation, the device consumed 2200 W of active power with a power factor of 0.93 leading. To
ensure consistency, the State of Charge (SoC) of the EV was kept below 80% for all the tests.

The EV charger was able to ride through voltage sags of all tested durations if the retained voltage
was above 0.6 pu. Fig. 42(a) displays the instantaneous current response of the EV charger during
a 220 ms sag with a retained voltage magnitude of 0.6 pu. The current stabilizes to its original value
after an initial sag transient overshoot, indicating that the charger functions as a constant current
controlled device. Once the fault is cleared, the current drawn drops briefly before returning to its
nominal value. Fig. 2(b) shows the rms active and reactive power response of the EV during the
same voltage sag. Both the active and reactive power decrease during the sag, while the charger
continues to charge the EV once nominal voltage is restored.
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Figure 42: Response of EV Charger to Sag of 0.6 pu for 220 ms (a) Voltage- Current Response (b) PQ Response

If the retained voltage magnitude during sags was 0.5 pu or less, the EV charger disconnected
from the vehicle by opening the contactor in the device. It was observed that in this case, the
charger remained disconnected for a certain period before ramping up to its nominal charging power.
Interestingly, two sets of reconnection time were recorded when the depth of the voltage sag was
varied. Fig. 43(a) and (b) illustrate the charger’s response when subjected to sags with retained
voltage magnitudes of 0.4 pu and 0.3 pu, respectively.
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Figure 43: Demonstration of different reconnection time depending on the retained voltage during a voltage sag
(a) 0.4 pu (b) 0.3 pu

Table 41 summarises the response and reconnection time of the tested EV charger when ex-
posed to sags of different durations and magnitudes.

GPST Topic 9 — DER and Stability - Stage 2 Final Report 83



g/,J

UNSW SEIVXSEE&’E;ONG

SYDNEY AUSTRALIA

Table 41: Response of EV Charger for Voltage Sags of Different Magnitude and Duration

sag Voltage amplitude during the sag (p.u.)
duration

Legend:
v': ride-through, # s: Duration of disconnection

The EV charger did not appear to be significantly impacted during the voltage swell tests. There
was a temporary rise in both the active and reactive power levels of the charger. Frequency, whether
in step or ramp form, did not result in any significant impact on the charger electrical performance.
Fig. 44(a) and (b) depict the charger’s response to a step frequency change from 50 to 52 Hz and
the active and reactive power consumption during a ramp frequency change from 50 Hz to 47 Hz
at a rate of -4 Hz/s, respectively. During the testing of the charger with respect to voltage phase
angle jumps, no noticeable change was observed in its operation, and no disconnection occurred.
The charger remained operational and did not disconnect during the testing of its response to voltage
phase angle jumps. In the event of a phase angle jump disturbance in the applied voltage, the current
waveform experienced a phase angle jump without any overshoot at the time of the disturbance.
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Figure 44: Impact of Frequency and Phase Angle Jump for EV Charger (a) Step Frequency Change from 50 Hz
to 52 Hz (b) Ramp Frequency at -4 Hz/s (c) Phase Angle Jump

7.2 Level 2 EV Charger

This section presents a summary of the results obtained from the testing of a Level 2 electric vehicle
(EV) charger commonly found in commercial car parks and residential homes. The charger under
test has a rated power of 7.4 kW; however, the actual power drawn during testing was approximately
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3.7 kW. This discrepancy is attributed to the power limitations set in the EV model tested, specifically
the Nissan Leaf 2012. Under normal operating conditions, measurements showed capacitive reac-
tive power of -500VAr, resulting in a leading power factor of 0.99. Similar to the case for the level 1
EV charger, it was ensured the EV'’s state of charge remained below 80% throughout all testing. Fig.
45 shows the EV charging setup used to performs these tests.

Figure 45: EV Charger Test Setup

In terms of voltage sag disturbances, the charger successfully rode through all applied sags. Fig.
46 illustrates the charger’s response when subjected to a sag with a voltage depth of 0.2 per unit (pu)
retained voltage for a duration of 220 milliseconds. Fig. 46(a) displays the instantaneous current and
voltage waveforms during the sag, while Fig. 46(b) displays the active and reactive power responses.
Both active and reactive power experience a momentary decrease during the sag, but the charger
resumes charging the EV once the nominal voltage is restored.

GPST Topic 9 — DER and Stability - Stage 2 Final Report 85



UNIVERSITY
UNSW ¥R e
SYDNEY AUSTRALIA
400 T T T T T T T 60 10001
1
s \
2 800 .
300 o - I ‘ . 0.8 z
5 6000 1o06g
200 \ 000k | g
‘ % 04
| 20 < 2000 i <02
__ 100 | .
> < 0 ! 0
by N = 0.00 4.00 8.00 12.00 16.00 20.00
2 0 u 0 @ Time(seconds)
5 I 5
~ 100 © N .
‘ 20 £ o
< 08735
H Q -
-200 H § 1069
i IR N \ " Ao m S
-40 2 -500}tinnpivint W“ R
-300 = =
& 02
-400 . . \ . . . . 60 100 o
137.6 137.7 137.8 137.9 138 138.1 138.2 0.00 4.00 8.00 12.00 16.00 20.00
Time(seconds) Time(seconds)

Figure 46: Response of EV Charger to a Voltage Sag of 0.2 pu Retained Voltage for 220 ms (a) Current response
(b) P and Q response

Throughout the voltage swell tests, this particular EV charger demonstrated its ability to withstand
the applied disturbances without any interruption to its normal operation. Fig. 47(a) displays the
current response of the EV charger during a swell, when the voltage was momentarily increased
to 1.2 per unit (pu) for a duration of 220 ms. Notably, during the swell, the charger’s current draw
decreased, indicating a response similar to that of a constant power load.

The response of the charger’s real and reactive power during a voltage swell test is depicted in
Fig. 47(b), illustrating its ability to ride through the disturbance with only minor transient oscillations.
Once the voltage swells cleared, the charger promptly resumed its normal operation.
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Figure 47: EV Charger Response to a Voltage Swell of Magnitude 1.2 pu for 220 ms (a) Current Response (b) P
and Q Response

GPST Topic 9 — DER and Stability - Stage 2 Final Report 86



1C UNIVERSITY
U SW OF WOLLONGONG
SYDNEY AUSTRALIA

During the frequency disturbance tests, the EV charger response showed no significant changes
in active and reactive power levels, consistent with the definition of an electronic load as per the
CMPLDW. Fig. 47(a) and (b) illustrate the P and Q response of the EV charger when subjected to
a step frequency change from 50 Hz to 47 Hz and 52 Hz, respectively. As observed from the plots,
there is no discernible change in either the active or reactive power values. During the phase angle
jump tests, the charger demonstrated consistent performance without any significant alterations in
either the active and reactive power magnitudes. Moreover, the charger withstood all the tests without
experiencing any disruptions.
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Figure 48: EV Charger Response to Step Frequency Disturbances (a) 50 Hz to 47 Hz (b) 50 Hz to 52 Hz
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8 Load Modelling

Exhaustive international work has paved the way towards the development of more precise compos-
ite load models for power system dynamic simulations. The Western Electricity Coordinating Council
(WECC) proposed a generic composite load model that includes a representation of the distribution
feeder, and the aggregate behaviour of various loads and DERs connected in distribution systems.
A diagram of the WECC composite load model (WECC-CMLD) is depicted in Fig. 49 and consists
of several key components:

; Rfdr + j Xfdr
Xxf I Bfl Bf2 Motor B
Bss

Electronic
Load

@000

Static
Load

Figure 49: Diagram of the WECC Composite Load Model (WECC-CMLD).

. A distribution transformer with an on-load tap changer, where the transformer impedance is

represented by j X, ;.

A substation shunt capacitor, where B, is the susceptance in per unit (pu).

A single-phase equivalent model of the distribution feeders that carry power to the end-use
loads (Rfqr + jXt4r). Shunt capacitors are implemented at both ends to account for reac-
tive power losses in the feeder, ensuring that the net apparent power at the transmission bus
matches that of the power flow case.

Six different classifications of loads which are connected to the load bus, including a combina-
tion of four different types of motors, an equivalent electronic load model, and the remaining
loads combined into a static polynomial load model.

The six different classifications of load types in the CMPLDW model are:

Motor A: Motor A refers to 3-phase induction motors that have high locked-rotor torque and low
inertia (with an H value of 0.1 seconds) and are designed to drive constant torque loads. These
types of motors are typically used in commercial and industrial air conditioning compressors
and refrigeration systems.

Motor B: Motor B is also a 3-phase induction motor, but with high inertia (with an H value
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ranging from 0.25 to 1.0 seconds), and it’s designed to drive loads whose torque is proportional
to speed squared. These motors are commonly used in commercial ventilation fans and air-
handling systems, with typical ratings ranging from 4 to 19 kW.

Motor C: Motor C is a 3-phase induction motor that has low inertia (with an H value ranging
from 0.1 to 0.2 seconds) and is designed to drive loads whose torque is proportional to speed
squared. These motors are typically used in commercial water circulation pumps in central
cooling systems, with typical ratings ranging from 4 to 19 kW.

Motor D: Motor D is a specialised performance model that’s specifically designed to represent
single-phase (1P) compressors used for residential air-conditioning loads in the United States.
These motors have a constant torque load characteristic and minimal inertia, which can make
them prone to stalling. They’re commonly used in 1P residential and light commercial refriger-
ator compressor motors in Australia, with typical ratings ranging from 2 to 4 kW.

Electronic Load: A power electronic load refers to electronic devices used by consumers (such
as computers and televisions), appliances (like dishwashers), office equipment, and variable
frequency drives (VFDs) used in commercial and industrial settings.

Static Load: A static load represents the remaining unclassified aggregate loads, including
constant impedance loads like such as incandescent lighting.

One of the primary focuses of the project is to provide updates from the inverter testing to improve

the aggregate model of distributed generation (DG), which is part of the WECC model. It is essential
to tune the model based on the existing DGs features and characteristics analysed through testing in
the system. An aggregated response can be derived from the testing to provide essential parameters
for the model. The model of DER consists of two things, one creating the model and the other deriving
the parameters for the model. The process of tuning the parameters for the model is as follows:

1.

8.1

The default values of the parameters are checked against those relevant for the Australian grid,
and the default values are used if they are suitable.

Some of the parameters are directly set by AS4777:2005, AS4777:2015 and AS4777:2020
depending on the fleet composition. Accordingly, these values are used in the model.

Some of the model parameters, which cannot be defined according to the previous two steps,
can be calculated using the inverter test results described in the previous sections.

The parameters, which cannot be calculated using the steps mentioned above, are estimated
using available technical references, relevant information, or engineering judgement.

Comparison with PSSE Results

UOW is currently analysing the load testing results with PSSE Single Machine Infinite Bus (SMIB)
simulation of each of the individual load types in CLMD. The task will allow the individual loads to be
grouped easily and demonstrate if any of the devices fall under a category that is not defined in the
CMLD model. To highlight this, Fig 50 presents the active power response of the vacuum cleaner
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load and a SMIB case assuming the device falls under the power electronic load category. It can be
seen that the simulation case is unable to capture the inrush current of the device after the sag is
cleared. This may be due to the inability of RMS models to capture transients or may also be due

to the vacuum cleaner falling under a category (VSD for example) not defined in the current CMLD
structure.

SAG 0.2 PU 80 MS

Figure 50: Comparison of bench test and SMIB simulation for vacuum cleaner under voltage sag
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Introduction

Distribution networks of electrical power systems across the world are undergoing a major
transformation with the introduction of distributed energy resources (DERs), predominantly in the
form of distributed PV (DPV) [1], the anticipated growth in battery energy storage systems (BESS),
electric vehicles (EVs) and modern flexible loads. However, the different response of various DER to
the same grid disturbances, creates uncertainty and introduces a new element of vulnerability to
power systems. Grid operators also often lack visibility as the number of DER makes these devices
difficult to monitor and manage when compared to larger-scale systems [2]. The dynamic behaviour
of individual DER devices, when subjected to faults and other power system disturbances, is also not
accurately reflected in common static load models used by network service providers (NSPs). The
unique characteristics of each inverter together with the inherent challenges of modelling, monitoring,
and managing DER, underscore the need for new tools and methods that can accurately capture the
dynamic behaviours of power systems with high penetrations of DERs and flexible loads. By developing
and implementing these innovative solutions, operators can better understand, predict, and control
the interactions between DERs and the grid, enhancing the stability and resilience of the power system.

Understanding DER and load response under normal and grid disturbance conditions is critical, as their
internal settings can significantly impact their behaviour. Some common characteristics of these
devices are:

¢ Limited monitoring and visibility of their dynamic behaviour in real-time.

e Each device, system and manufacturer offer their own unique software and hardware features.

¢ Older systems may continue to operate using outdated standards as standards evolve.

¢ Installation of new brands and models of DER and introduction of EVs can affect prior assumptions
and models.

While current standards prescrive requirements for DER response under fault conditions, there are
several possible grid disturbances on which no guidelines are defined. As a result, the response of DER
to the same grid disturbance can vary significantly among different manufacturers [3]. DER previously
connected in the power system may not be subject to newly established standards. To ensure effective
planning and grid stability, understanding these DER behaviours, particularly their responses to
transmission and distribution network faults, is crucial. A growing body of literature investigates the
behaviour of DER, especially PV inverters [4]-[6] and EVs [7] under various grid conditions. This
behaviour is analysed through laboratory bench-testing, providing valuable insights into their
performance.

Precise load modelling is essential for Network Service Providers (NSPs) to evaluate power system
performance under various conditions, assess network stability issues, and devise effective control
solutions. Sophisticated composite load models are now available that can capture both the dynamic
and static response of loads [8]. The addition of electrical distance between the transmission network
and end load also allows these models to capture delayed voltage recovery events from transmission
faults [9]. Composite load models consider the diverse aspects of load behaviour, such as dynamic
response, sensitivity to voltage changes, and response to frequency fluctuations [10]. These models
can be constantly updated using inputs from NSPs (e.g., through load surveys) and also through data
measured during power system faults and laboratory testing of appliances and equipment.

To collectively address a lack of accurate dynamic models for existing DER and loads and futureproof
networks for the growth in BESS and EVs, carried out under the Topic 9 of the Australian G-PST
Research Roadmap, is extensive experimental testing of DER, BESS, EVs and modern loads when
subjected to various voltage, frequency and phase disturbances aiming to replicating practical network
disturbances. The key aim is to obtain detailed information on the response of these systems to system
disturbances, enabling better comprehension of their behaviour, inform modelling approaches and
defining parameters for their inclusion to existing load models. By addressing these challenges, the
study contributes valuable insights to power system operators, policymakers, and industry
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stakeholders, ultimately supporting the development of more effective strategies for the integration
and management of DER, BESS, EVs and modern smart loads.

Experimental Bench Testing Setup

The testing of DER is facilitated by a comprehensive laboratory bench-testing setup, which enables the
examination of a wide range of devices and scenarios, simulating different grid conditions and
disturbances to better understand their real-world performance and interactions. The schematic
diagram of a generic bench-testing setup, designed for distributed PV testing is shown in Fig. 1(a), and
a photograph of the laboratory setup is presented in Fig. 1(b). A PV emulator connects to the PV side
of the single-phase inverter to simulate a solar array and generate PV current (i) for the inverter.
Meanwhile, a bidirectional grid emulator connects to the inverter output terminals, enabling
adjustment of grid voltage (v,) parameters at the connection point, such as magnitude, frequency,
and phase-angle at the connection point. A grid inductance (L, ) placed between the grid emulator and
the PV inverter to represent a line inductance. A similar setup can be repurposed for the testing of
BESS (where no additional DC supply is required), EVs and loads.

Oscilloscope PV and Grid Emulator

Inverter Control

o

- A

PV Emulator Grid Emulator

=87

MATLAB/ Simulink

13%

Vs 1 Emulator,
PY :pv o & Oscilloscope Inverter <
Vg g 0000 3

(a) (b)

Figure 1: Inverter testing setup: (a) schematics of the bench testing setup, (b) testing setup photo showing from
left to right, the bidirectional (REGATRON TC.ACS) grid emulator (50 kVA), (16 kV A Regatron TC.P) photovoltaic
(PV) emulator, off the shelf inverters, Zg = 0:12 +j0:16 grid impedance and measurement equipment.

DPV Inverter Bench Testing Results

Among all devices of interest, testing of DPV inverters is further advanced, given their prevalence in
distribution networks. This section presents a detailed account of the response of various off-the-shelf
DPV inverters to grid disturbances, such as ramp frequency changes, voltage phase-angle jumps (VPAJ),
voltage sags and voltage swells.

Ramp Frequency Change (RoCoF)

The value of the Rate of Change of Frequency (RoCoF) offers an indication of system strength and the
size of disturbance. With greater DER penetration higher values of RoCoF are expected, and the ability
of DER inverters to withstand RoCoF events means they can continue to provide power and support
grid frequency, preventing or minimizing the risk of cascading failures and system outages. For
example, during the September 2016 blackout in South Australia, an average RoCoF value of 6.25 Hz/s
was captured, a value that is outside the normal UFLS protection schemes [11]. In a more recent event
involving the separation of Queensland and South Australia [12], a maximum RoCoF of 0.65 Hz/s was
recorded. Fig. 2 is an example of a desired behaviour of a DER inverter, where the inverter rides
through the RoCoF event (i.e., stays connected with an output of 0 kW). On the other hand, certain
inverters may disconnect following a 1 Hz/s RoCoF event at 50.2 Hz, with no injection of power to the
grid (see Fig. 3 at the 4.4 s time mark).
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Figure 3: Disconnection for 0.4 Hz/s to 51.95 Hz.

DER inverters may experience a VPAJ due to faults in the transmission system propagated to the
distribution system through transformers, which can influence the phase between the primary and
secondary voltages. Standards worldwide have introduced ride-through behaviour requirements for
inverters for VPAJ disturbances. For example, a 60° VPAJ ride-through behaviour is required by IEEE
Std 1547:2018 [13]. VPAJ requirements were identified and introduced in the revised version of the
standard AS/NZS 4777.2:2020 [14]. A range of VPAJ tests have been undertaken to assess the
percentage of inverters that display unfavourable behaviour in the event of such disturbances. Bench
testing revealed three distinct behaviours of inverters in response to VPAJ disturbance: (1) ride-
through, (2) power curtailment, and (3) disconnection.
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Fig. 4 illustrates the ride-through behaviour of a DER inverter, (the most desirable behaviour expected
under AS/NZS 4777.2:2020). This bench testing investigated the impact of a maximum VPAJ of 90°on
the inverters. The inverter is expected to ride through this VPAJ without substantial disruptions in
output. However, as the level of VPAJ disturbance increases, the inverter's ability to ride through it
begins to deteriorate. The tests revealed that only 50% of the tested inverters could withstand VPAJ
up to 45° without causing significant disturbances in the power system.

In the case of power curtailment after a fault, the inverter output power reduced from its initial value
and remains below that value for a few minutes. Upon return to normal supply conditions, the inverter
power output gradually returns to its pre-fault level at a rate that conforms to ramp rate requirements
defined by AS/NZS 4777.2:2020. The degree of power curtailment differs among different inverters
and depends on the inverter firmware. The inverter
response to a 45° VPAJ is depicted in Fig. 5, where the
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1 second, that correspond to typical protection times & 0'2 I
for transmission systems, are not tested under *D§°_0_5 gi
AS/NZS 4777.2:2020. 0 2z 4 6 6 0 12 14 16 15 2
Identifying which element (i.e., depth or duration) of Thflcc) (s)

the_ voltage s.ag is the m.ost critical in the misbehaviou.r Figure 7: Inverter disconnection behaviour to VPAJ of
of inverters is also an important parameter for their 30°: (a) grid voltage and current; (b) PV voltage and
modelling. The results obtained from bench testing current; (c) grid active and reactive power.
showed similar behaviours to those observed for VPAJ

disturbances. While most inverters can successfully ride through minor voltage sag disturbances for
short periods, they begin to exhibit undesirable behaviour when exposed to larger voltage sags. An
example of such behaviour is shown in Fig. 7, where a voltage sag of 0.2 p.u and duration of 120ms
caused power curtailment from the inverter. The output power of the inverter is reduced to 0.55 p.u

and remains there for several minutes until returning to the pre-disturbance value. Tables 1 and 2
summarise results of two different DER inverters with very different behaviours to voltage sags.

Table 1. Summary of voltage sag results for a DER inverter curtailing at sags less than 0.4pu

sag Voltage amplitude (p.u)
duration 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2
80 ms P=0.75 | P=0.75 | P=0.65
120 ms P=0.75 | P=0.65 | P=0.55
220 ms P=0.75 | P=0.65 | P=0.55
Note: v’ =ride-through; X = disconnection, P = [ = Power curtailment
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Table 2. Summary of voltage sag results for a DER inverter with disconnections under different sags

sag
duration
80 ms
120 ms
220 ms

Voltage amplitude (p.u)

0.9

BESS Bench Testing Results

0.8

0.7

0.6

0.5

0.4

0.3

0.2

As testing evaluated both inverters used in standalone BESS as well as hybrid inverters (i.e., BESS and
PV in a single system), the testing was separated into three modes, as shown in Table 3.

Table 3. A comparison of testing modes between hybrid and battery inverters

Hybrid Inverters

1 PV + Battery
2 PV
3 Battery

Battery Inverters

Battery

The response of a standalone BESS for a frequency ramp of +0.4Hz/s to 51.95 is presented in Fig. 8.
The power drawn from the supply network increases as the frequency goes above 51.1Hz;
demonstrating the activation of the P-f response as required by AS/NZS 4777.2:2020 [14]. Fig. 9, on
the other hand, shows the reconnection behaviour of the same BESS after the frequency disturbance.
It is noteworthy that when the system reconnects to the grid, the BESS begins to absorb the same
amount of power as it did prior to disconnection (similar to Fig. 8). This response raises concerns with
the growth of BESS in networks, as multiple of these systems may temporarily increase the power
demand upon reconnection following a frequency disturbance. This response also emphasizes the
importance of conducting comprehensive laboratory evaluation of BESS and developing suitable
models, going beyond just a few systems.

Figure 8: BESS behaviour to frequency variation of +0.4Hz/s
to 51.95Hz: (a) grid frequency (b) grid voltage and current;
(c) PV voltage and current; (d) grid active and reactive

power.
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Figure 9: BESS reconnection behaviour to frequency
variation from 51.95Hz to 50Hz: (a) grid frequency (b) grid
voltage and current; (c) PV voltage and current; (d) grid
active and reactive power.
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Load Tests

Similar tests to those performed on DER inverters have been conducted for a variety of loads, including
conventional and inverter-based refrigerators, electric fans and radiant heaters, pedestal fans,
inverter-based microwaves, air conditioners, desktop computer with switch mode power supplies,
home electric vehicle charging units, LED lights, and equipment with direct-on-line (DOL) motors, such
as vacuum cleaners and bench grinders. The different types of disturbances to which the loads were
subjected the loads are divided into three categories: frequency, voltage (sags and swells), and voltage
phase angle jumps. With various durations and magnitudes for each type of disturbance, a total of 52
tests per appliance have been carried out. Given the high number of tests undertaken, only a summary
of the most interesting results which were observed can be presented in this paper. Emphasis has been
given to the response of refrigerators, air conditioners and an EV charger.

Refrigerators

To analyse the behaviour of refrigerators, two devices were evaluated: Refrigerator 1, a conventional
unit, and Refrigerator 2, an inverter-based system; their results under a voltage sag presented in
Fig. 10. For Refrigerator 1, the overshoot occurred because of the DC side capacitor charging to its
nominal value, which is characterized by a short-term high magnitude current value. In contrast,
Refrigerator 2 overshoot was due to motor inrush current, characterized by longer-term decaying
current magnitudes. During voltage swell tests, both refrigerators withstood the voltage swells without
any disconnection.
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Figure 10: Impact of Voltage Sag (a) Refrigerator 1 (b) Refrigerator 2

During VPAJ tests (see Fig. 11), the conventional compressor system in Refrigerator 2 experienced a
stall for a VPAJ of -90°. This resulted in an increase in active power consumption from 100 W to
approximately 1200 W and reactive power absorption from 45 VAr to 1000 VAr. The device remained
stalled for several minutes before returning to normal operation. However, Refrigerator 2 was able to
withstand all phase angle jumps with angles less than 90°. Conversely, the inverter-based Refrigerator
1 withstood all phase angle jumps without any noticeable issues.
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Figure 11. Impact of VPAJ (a) Refrigerator 1 (b) Refrigerator 2
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Air Conditioning Units

The air-conditioning unit tested is a portable model commonly found in Australian households. With a
power consumption of approximately 1 kW and a steady-state reactive power draw of 100 VAr, the
unit was set to its maximum cooling setting during testing.

For all sag and swell tests, except for the sag with a retained voltage of 0.2 pu, the air conditioning unit
returned to its normal operating condition when the voltage returned to its nominal value. However,
in the case of the sag with a retained voltage of 0.2 pu, the compressor motor stalled for a brief period
and the cooling system turned off. The motor then resumed operation after about 30 seconds. Fig. 12
shows the stall characteristics of the air conditioning unit during a sag with a voltage reduction of 0.2
pu for 220 ms
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Figure 12. Response of air conditioner when subject to voltage disturbances(a) Sag (b) Swell

The air conditioner experienced brief fluctuations in active power in response to both step and ramp
changes in frequency, with results shown in Fig. 13. Regarding VPAJ, the air conditioner only
experienced brief changes in both active and reactive power for angle jumps below 90°. However, for
a voltage phase shift of 90°, the device was able to withstand the +90°shift but failed when subjected
to a phase shift of -90°.

1400, 120 53
— E— T 50 —
f — —
% 1200" f 1 £ \g: 1100" 7 52
5 | 49 > g L >
&£ 1000 i 4 5 £ 1000) 1 " d 51 S
48 3 3
g \ ] 4 2 \ g
S soor H 4718 3 om0 1 50 L=
600 46 800 : 49
0.00 4.00 8.00 12.00 16.00 20.00 0.00 4.00 8.00 12.00 16.00 20.00
Time(seconds) Time(seconds)
600 53
z ‘ 50 Z 200f
g | | v S o=
< 400 i < | 52 ¢
5 | g 49; g 100 AAMAAAN] IAMAAMAAAAAMAMAAAA =
H o 1 I v
o Q o Q
T 200 i 488 a L NYPTTTTTVITH WTTITTTI T Iv A 1518
2 | 5 Z g | =
3 | 2 g \ 2
g 0 ‘ qar 3 -100f 50w
14 [
-200 46 200 49
0.00 4.00 8.00 12.00 16.00 20.00 0.00 4.00 8.00 12.00 16.00 20.00
Time(seconds) Time(seconds)
(a) (b)

Figure 13. Frequency change response of the air conditioner (a) Step to 47 Hz (b) Step to 52 Hz

Residential EV Charger Unit

This section summarizes the results of bench testing for a home EV charger. The EV chargeris a Level 1
AC charger with a Type 1 connector. During normal operation, the device supplied 2200 W of active
power with a power factor of 0.93 leading. To ensure consistency, the State of Charge (SoC) of the EV
was kept below 80% for all tests. The EV charger and the EV connected to it rode-through all voltage
sags above 0.6 pu. Figure 14(a) displays the instantaneous current response of the EV charger during
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a 220 ms sag with a retained voltage magnitude of 0.6 pu. The current stabilizes to its original value
after an initial sag transient overshoot, indicating that the charger functions as a constant current
controlled device. Once the fault is cleared, the current drawn drops briefly before returning to its
nominal value. Figure 14(b) shows the rms active and reactive power response of the EV during the
same voltage sag with all results summarised in Table 4. Both the active and reactive power decrease
during the fault, but the charger continues to charge the EV once nominal voltage is restored.
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Figure 14. Response of EV Charger to sag of 0.6 pu for 220ms (a) Voltage- Current Response (b) PQ Response

3000 T T T T [rrrry T T T T T T T 5
1 2000 [ f
2000 |evmssmngpann P 1500 1

I o8 g
© 2 1000 |
g
1000 | 4 8 &
S °
2 500 |
2
Jdoa
et

¥ " Il Iy u |
L | L L 0
0.00 4.00 8.00 12.00 16.00 20.00 0.00 500 1000 1500 2000 2500 3000 3500  40.00 4500  50.00

Time(seconds) Time(seconds)

b

Voltage (pu)
Voltage (pu)

Active Power (W)

(a) (b)
Figure 15. Different reconnection times for the EV charger following a voltage sag of (a) 0.4 pu (b) 0.3pu

Table 4. Response of EV Charger for Voltage Sags of Different Magnitude and Duration

sag Voltage amplitude (p.u)

duration | 0.9 | 08 | 0.7 | 0.6 | 0.5 0.4 0.3 0.2
80 ms

120 ms

220 ms

Note: v =ride-through; X = disconnection, P = [ = Disconnection

The EV charger did not appear to be significantly impacted under voltage swell tests with a temporary
rise in both the active and reactive power levels of the charger. Frequency, whether in step or ramp
form, did not impact the EV charger performance. Fig. 15 shows the EV charger response to a step
frequency change from 50 to 52 Hz and the active and reactive power consumption during a ramp
frequency change from 50 Hz to 47 Hz at a rate of -4 Hz/s, respectively. No noticeable change was
observed in its regular operation, and no disconnection occurred under VPAJ, again shown in Fig. 16.
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Discussion — Conclusion

This paper presents a summary and emphasizes the notable findings from laboratory evaluation of the
dynamic response of distributed energy resources (DER), battery energy storage systems (BESS), and
loads to power system disturbances. The aim of this testing is to evaluate their performance and inform
updates and revisions to load modelling, including improvements to the dynamic behaviour of the
models. A diverse range of DER inverters and appliances were subjected to various tests, such as
voltage sags, swells, frequency disturbances, and voltage phase angle jumps. The obtained results offer
valuable insights into device behaviour and enhances the understanding of the diverse responses of
these systems to power grid disturbances needed to address network stability issues. The findings in
this paper can be used to develop effective control solutions tailored to the specific characteristics of
each DER and load type. This comprehensive testing approach contributes a more resilient and reliable
power system.
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