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Abstract

The recent logistical issues in coal and gas supply have led to global initiatives to perform
green energy transitions. Following this endeavour, most nations have taken up a steep
challenge to convert a large portion of energy generation to renewable form. This warrants the
replacement of conventional synchronous generator-based energy sources with modern power
electronic-based voltage source energy converter-based energy sources. A huge proliferation
of these non-linear switched energy sources into the existing utility grid may result in sustained
oscillations in the voltage and current profile. Solving this stability issue is of paramount
importance for the safe and sustainable integration of renewable energy.

Therefore, the focus of the thesis is to improve the stability of a converter system when it
is tied to the utility grid. It has been observed that the voltage and current waveform at the
point of integration of the converter contains inter harmonic frequency components. These
components don’t die down with time and are observed in a steady state. It is to be noted that,
these oscillations are not produced due to any design issues of the converter. However, the
magnitude and frequency of these sustained oscillation change when the equivalent Thevenin’s
impedance of the grid changes. The work performs a root cause analysis of the instability
phenomenon and proposes mitigation measures from the viewpoint of the grid operator as
well as the inverter manufacturer.

Investigation into the cause of such oscillations has been performed with the help of
impedance-based stability analysis. Impedance-based stability analysis is a recent advance-
ment in the field of stability assessment and is widely discussed in the literature. The analysis
requires the wideband impedance information of the grid side and the converter side seen at

the point of interconnection. It is observed that at the frequency corresponding to the point



xii

of intersection of the wideband grid impedance and the wideband inverter impedance, an
oscillation is generated. A weak grid condition with high grid impedance is the cause of such
a scenario. Therefore, mitigation measure involves re-engineering the wideband impedances.
The real-time re-engineering of the grid impedance may not feasible, therefore the thesis
proposes indices that may help grid operators to perform future integrations, considering
contingencies that may make the grid weak and consequently result in oscillation. A novel
formulation is developed which describes the impact of change in line impedance on the
equivalent Thevenin’s impedance of each bus in the power network. The development of
these indices forms a planning approach towards the alleviation of the instability problem.

Specifically, the sensitivity indices illustrate the contribution of line outages to the weak-
ness/strength of every bus in the system. The proposed indices rank buses on their suscepti-
bility to becoming weak due to changes in the network topology. To show the effect of line
outages on the system voltage profile and further validate the proposed ranking indices, power
hardware in loop (PHIL) experiment has been conducted where a physical SkW grid tied
inverter is connected to a particular bus in the IEEE 30 bus system. The results show that the
indices successfully map the lines and buses according to their potential to weaken/strengthen
the power system. With the help of the developed indices, the system operator can choose
buses whose strength will not change significantly due to contingencies. However, a techno-
economic and geographical constraint can force an operator to integrate a grid tied inverter at
a highly critical bus, as shown by the sensitivity indices. In such a scenario, an operational
approach to mitigation of the instability is proposed.

The operational approach involved re-engineering the wideband inverter impedance. It
is observed that the inverter impedance is a function of the control system structure and the
passive elements like filters. Therefore, initially, the contribution of the control parameter
gains in changing the wideband impedance profile has been explored. Conventional sensitivity
involving the first differential has a serious drawback for non-linear systems. Therefore an
uncertainty propagation-based approach is proposed which highlights the contribution of the

control parameters irrespective of the current system states. This parametric contribution
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knowledge may help in location-specific off-line parameter tuning of the inverter by the
inverter manufacturer before project commissioning.

Post-commissioning of the inverter, due to grid strength variability, an unstable scenario
can arise. Therefore, an adaptive augmentation to the existing control system which will
perform dynamic gain tuning of the existing control system has been proposed. The augmen-
tation works in two stages. Firstly, the existing Thevenin grid impedance is measured. The
measurement is used in a sensitivity formulation, which forms additional feedback to the
existing control system. Such a grid cognizant control system requires an accurate estimate
of the grid Thevenin’s impedance. Therefore, a novel grid impedance estimation technique
at fundamental as well as wideband frequencies has also been proposed in the thesis. The
impedance estimation technique can estimate grid impedance in half cycle duration and has a
significant advantage over the state-of-the-art in terms of estimation speed and accuracy. The
proposed augmented control technique can be implemented by inverter manufacturers in a
digital signal processor/ FPGA controller in real-time.

Thus, to summarize, the thesis gives a planning as well as an operational solution for the
removal of oscillatory instability arising at the point of integration. The planning measure can
be used by grid operators to perform new integration planning while the operational solution
can be used by inverter manufacturers to counteract the problem arising due to the dynamics

of the grid.
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Nomenclature

Abbreviations

AC Alternating Current

AEMO  Australian Electric Market Operator
ARENA Australian Renewable Energy Agency
BESS Battery Energy Storage Systems
COP26  26th UN Climate Change Conference of the Parties
DC Direct Current

DSO Distribution System Operator

DUT Device under Test

EU Energy Utility

FRBC Forbidden Region Based Criteria
GNC Generalised Nyquist Criteria

GTI Grid Tied Inverter

GW Giga Watt

HV High Voltage
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IBR Inverter based resource

IEA International Energy Agency

LV Low Voltage

MPPT Maximum Power Point Tracking
MV Medium Voltage

MW Mega Watt

OEM Original Equipment Manufacturer
PHIL Power Hardware in Loop

POI Point of Interconnection

PV Photovoltaic

RE Renewable Energy

REEC Renewable Energy Electric Control
REPC Renewable Energy Plant Control
SCC Short Circuit Capacity

SCR Short Circuit Ratio

SG Synchronous Generator

THD Total Harmonic Distortion

TSO Transmission System Operator
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i Instantaneous current
Ly, Thevenin’s Equivalent Inductance
r Return Ratio Trajectory
R Thevenin’s Equivalent Resistance
% Instantaneous voltage
o Equivalent Thevenin’s Impedance of the Converter
th Equivalent Thevenin’s Impedance of the Grid

Zin Thevenin’s Equivalent Impedance





