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ABSTRACT

Traditional passive distribution networks can not sufficiently handle the voltage regulation
issues brought by the increasingly integrated photovoltaic (PV) systems, while an active
distribution network, which features active management of distributed energy resources, can
flexibly utilise PV inverters to provide a volt/var control (VVC) function to regulate the network
voltage. However, PV inverters are vulnerable power electronics devices and utilising them for
additional VVVC support can further degrade their reliability, leading to shortened inverter lifetime
and impaired economic benefits. In this regard, the thesis focuses on addressing the PV inverter
reliability issues in VVC methods, via assessing the PV inverter reliability in VVVC and proposing

advanced PV inverter based VVVC methods considering inverter reliability enhancement.

The thesis consists of four stages of my research. Firstly, a comprehensive PV inverter
reliability assessment approach is developed to evaluate inverter lifetime when used for VVC
functions, and the impacts of the PV inverter based VVC on inverter lifetime are successfully
quantified. Secondly, a PV inverter reliability constrained VVC method is proposed in which the
constraints to enhance inverter reliability are developed with a restriction factor to regulate
inverter apparent power outputs. This method can efficiently minimise network power loss and
curtailed PV power, while guaranteeing long inverter lifetime. Thirdly, a PV inverter reliability
constrained VVC approach with power smoothing is proposed, in which an inverter power
smoothing scheme with high control flexibility is developed by utilising a power smoothing factor
to constrict variations of inverter apparent power outputs. Additionally, a penalty convex-concave
procedure (CCP) solution method is developed to solve the non-convex optimisation problem
with high computing efficiency. Fourthly, a multi-objective PV inverter based VVC method is
proposed to simultaneously minimise network power loss and inverter apparent power output,
and a Pareto front analysis method is developed to select a solution to achieve efficient power

loss reduction with expected inverter lifetime. All the proposed methods apply advanced network



operating models and optimisation methods to address uncertainties.

These methods have been successfully demonstrated and tested through comprehensive case
studies, and numerical simulation results verified the feasibility and high efficiency of the

proposed methods.
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Chapter 1 INTRODUCTION

Rapid proliferation of solar photovoltaic (PV) systems in distribution networks brings about
great challenges to network stability, especially the network voltage control. In an active
distribution network (ADN), PV inverters can be utilised to provide reactive power support for
voltage regulation, forming a PV inverter based volt/var control (VVC) method. This method is
highly promising to defer investments of additional voltage regulation equipment such as

capacitor banks, as well as to enhance the networks’ capability in hosting more DERs.

However, with the implementation of PV inverter based VVC, a very practical concern
emerges, i.e., PV inverter reliability. PV inverters are power electronics devices with high
susceptibility to their working conditions and thus relatively short lifespan. The use of PV
inverters for additional VVVC support can further degrade their reliability, leading to much
shortened inverter lifetime and impaired economic benefits. To this end, it is imperative to address

the PV inverter reliability issues when applying PV inverter based VVC methods.

This chapter provides background information about distributed PVs and ADNs and a detailed
review of state-of-the-art VVC methods, investigates the PV inverter reliability, identifies the

research gaps, and summarises the main contributions of this thesis.

1.1 Distributed Photovoltaics

Current energy system is undergoing a rapid and profound transition from a system dominated
by traditional fossil-based generation to a system penetrated with various clean energy resources
such as solar, wind and hydro. A report by International Renewable Energy Agency (IRENA)
indicates that the share of renewable energy in the global generation capacity expansion of 2021
has hit a new record of 81%, with solar and wind accounting for around 88% of the new renewable
energy capacity [1]. Distributed photovoltaics (DPVs) generally refer to the small-scale solar PV
systems located near sites of electricity use, for example, residential rooftop PV systems. Some
small-scale PV systems installed on commercial & industrial sites can also be seen as DPVs.
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DPVs are now quickly penetrating the distribution networks. Australia has the highest penetration
rate of rooftop PVs in the world. By the end of 2021, the number of rooftop solar PV installations
in Australia has crossed the line of 3 million, meaning that almost 1 in 3 households have installed
rooftop PV systems, and the number is still growing rapidly with unbeatable momentum [2]. In
2021, the DPV generation took nearly a quarter of Australia’s renewable generation and 8.1% of
total generation [3]. In some regions such as South Australia, the share of DPV generation was
significantly higher than the country’s average. Among all types of distributed energy resources
(DERs), the DPV is seen as a core game player that contributes the most to the Australia’s

ambitious energy transition.

A typical DPV system consists of solar PV panels, a PV inverter, and associated auxiliary
devices. A PV panel is a collection of PV modules which generate direct current (DC) electricity
from sunlight. The PV inverter is responsible for converting the DC power generated from the
PV panels to alternating current (AC) power which can be consumed by electrical loads or fed
into the grid. Auxiliary devices include micro-controllers, switches, as well as related
telecommunication, metering, and protection devices. Batteries can also be connected to a DPV
system with an alternative hybrid PV inverter or an additional battery bidirectional converter,

forming a distributed PV-BESS system [4] [5].

PV inverter acts as the heart of a DPV system. Apart from power conversion from DC to AC,
PV inverters utilise a DC/DC converter to perform maximum power point tracking (MPPT) to
ensure maximum power output from PV panels in real time. Furthermore, PV inverters are highly
controllable and can be embedded with various advanced functionalities such as PV output
curtailment, reactive power support, low voltage ride through, grid forming, and frequency

control services [6] [7] [8].

By taking off the loads from the grid and feeding back with excessive solar energy, DPVs
contribute significantly to the decarbonisation of power systems. It is reported that the rooftop
PVs installed across Australia have reduced over 17.7 million tonnes of CO2 in 2021 [9].
Moreover, DPVs can bring enormous benefits to the end-users by substantially reducing their
electricity usage from the grid and thus cutting their electricity bills. It is approximated that every

kW installation of a PV system can help reduce a household’s electricity bill by around A$400
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annually [10]. In some states of Australia, the Governments are supporting installations of DPVs
via substantial subsidies, rebates or interest-free loans. The DPVs will continue contributing to

the households’ energy saving as well as the energy transition of the entire industry.

However, the rapid proliferation of DPVs in distribution networks also comes with great
challenges. One of the most significant challenges is associated with the intermittency and
volatility of power generation. The power generation of PV panels is highly dependent on the
sunlight and can be significantly affected by the stochastic cloud movement, which causes a very
high ramp rate and dynamic PV output profile [11]. Moreover, vast integration of DPVs into the
network can cause transient network power flow variations and significant voltage fluctuations,
impairing the power quality [12]. The work [13] also indicates that the undesired reverse power
flow and voltage rise can often be seen in distribution networks with a high PV penetration level,

due to the excessive PV output at midday when the load is relatively low.

Another great challenge is associated with the DPV management. Unlike large-scale renewable
generation such as solar farms which can be easily scheduled and managed, DPVs are usually
“behind-the-meter” resources that are invisible and non-controllable to the network operators
[14]. In Australia, the AS/NZS 4777.2:2020 standard [15] has been released to specify a local
control mode for the DPVs, but local control would be insufficient to ensure the non-violation of
network constraints when large amounts of DPVs are integrated into the networks. Thus, an
effective DPV management scheme featuring visibility of system-wide information and

dispatchability of the DPVs would be highly essential for future PV penetrated networks.

On the customer side, their benefits are challenged by the mismatch of the peak-valley
characteristics of PV outputs and loads, which leads to affected PV energy utilisation efficiency
[16]. Moreover, the burdens on the network can be imposed on the end-users in return. For
example, the AS/NZS 4777.2:2020 standard requires the DPV generation to be curtailed in
response to the voltage rise of the network. The feed-in tariffs have been dropping all these years,
and in some regions it is even not allowed to export any PV power into the grid due to network

constraints [17].

Additionally, the network itself can be seen as a challenge. Traditional distribution networks

are designed for large, centralised generators and operated with a single-direction power flow
3



from upstream transmission networks to end-users. These traditional network infrastructures are
passive, and insufficient to handle the bidirectional power flow and transient network
voltage/current fluctuations brought by the DPVs. Some of the networks are facing ageing
problems or having a much lower rating, and the network constraints can be easily violated with

the integration of DPVs.

All these challenges urge the grid to upgrade with new infrastructure and technologies to
efficiently manage the penetrating DPVs in a way that not only system stability can be securely

maintained but also more DERs can be accommodated into the grid.

1.2 Active Distribution Networks

Traditional distribution networks focus on passive control of large-scale generation and load
to maintain network stability, making them insufficient to accommodate the penetrating DERs
and tackle the emerging challenges such as reverse power flow and voltage fluctuation. It is
essential to change the way in which DERSs are managed. An active distribution network (ADN),
which features active management of DERs, is proposed in recent years as a direction for future
network development. The CIGRE Working Group C6.11 gives a globally shared definition of

ADN:S as follows [18]:

“Active distribution networks have systems in place to control a combination of distributed
energy resources, defined as generators, loads and storage. Distribution system operators have
the possibility of managing the electricity flows using a flexible network topology. Distributed
energy resources take some degree of responsibility for system support, which will depend on a

suitable regulatory environment and connection agreement.”

ADN:Ss give distribution system operators (DSOs) access to the DERs, improving the flexibility
in managing network power flow to cope with various system dynamic issues. For example, an
ADN penetrated with DPVs can enable the DSO to actively control the active/reactive power
outputs of selected PV systems to address the network voltage issues. The Government of South
Australia is considering making the dynamic export function mandatory for all PV system
installations, which allows the DSO to flexibly adjust the PV system exports in real time via

remote dispatch signals [19]. Western Australia is also conducting an Emergency Solar



Management program which requires all rooftop PV installations to be capable of being switched

off remotely by DSOs in emergency situations [20].

ADNSs enable DSOs to further enhance the network hosting capacity of variable renewables
without reinforcement on network infrastructure so that more DERs can be efficiently
accommodated into the current network. It is proved in [21] and [22] that, an optimised DER
allocation/operation under the ADN framework, especially when associated with battery energy
storage systems, can help significantly improve the network hosting capacity of DERs. Moreover,
flexible network reconfiguration approaches in either planning stage or real-time controlling stage
can be utilised in ADNs to greatly enhance the network hosting capacity of DERs without extra

augmentation of grid physical structure [23].

Moreover, ADNs help further explore the potentials of DERs in benefiting the end-users. A
highly dispatchable and coordinative ADN penetrated with DERs can create significant value
streams from arbitrage. For example, facilitated by an ADN framework, various DERs can be
aggregated as virtual power plants (VPPs) to participate in electricity markets or ancillary service
markets for arbitrage and the benefits can be spread to participant end-users across the network
[24] [25] [26] [27]. Moreover, DPVs aggregated in an ADN have the potential to cooperate with
large renewable generators such as wind farms to participate in frequency control markets and the

benefit from arbitrage is proved to be larger than the case where they work separately [28].

With the growing penetration of DERs, ADNs stand out as a promising solution to tackle the
associated network challenges as well as to bring significant benefits to network operators and

end-users.

On the other hand, in terms of practicality, a well-established ADN would require supports

from the following key aspects.

e Support of grid infrastructure. A supportive grid infrastructure such as distribution
lines, network switches, smart metering equipment and associated telecommunication

facilities would lay the foundation of an effective ADN.

* An intelligent control centre. A powerful control centre or platform with advanced

control logics or optimisation algorithms is required to monitor the system-wide



information, calculate optimal network flow and provide instant operating decisions.

* Accessibility and compatibility of DERs. DSOs need to seek approval from DER
owners to access their devices, and work with various industry parties including
retailers, original equipment manufacturers and third-party aggregators to guarantee

the DER devices are compatible and dispatchable with the DSO control platform.

* Incentive mechanisms. A well-developed incentive mechanism is needed to spread the
benefit of ADNs to DER end-users and encourage broader DER participation in the

ADN.

The following table summarises the key advantages and challenges of ADNs with high

penetration of DPVs.

Table 1-1 Advantages and Challenges of ADNs Penetrated with DPVs

Advantages Challenges

e Compatibility of various DPV systems to

ADN operating platform.

Enhance visibility and controllability of DPVs to ) .
e Privacy issues from end-users and mutual

network operators L .
agreements with different parties.

*  Network infrastructure support.

e Intelligent ADN control platform and
advanced solution algorithms.

Address network operation issues with optimal | ¢ Device reliability issues under excessive

decisions based on system-wide information usage.

* Network infrastructure especially metering
and telecommunication devices.

e Advanced optimisation methods and

Improve network hosting capacity of DERs economic modelling approaches.
without augmentation on network physical | « PV and load forecasting and uncertainty
structure. modelling.

e Distribution network unbalance issues.

* DPV dispatchability and responsiveness.

e Control platform support with advanced

Create additional value streams from arbitrage. bidding and operating strategies.

* Reasonable profit allocation approaches to
incentivise participation.




1.3 Volt/VVar Control

Penetration of DPVs in distribution networks poses huge threat on the network operation,
especially the network voltage control. A network with significantly high PV penetration can have
serious voltage rise issues during peak generation hours [29]. In South Australia, the voltage
soaring caused by the DPV proliferation has made the DSO to start implementing flexible solar
export with an option of limiting the maximum output of rooftop PV systems to only 1.5kW per
phase in some overloaded areas, at the cost of compromising the solar energy utilisation and
customers’ benefits [30]. Additionally, the uncertainty and intermittency of PV power generation

leads to dynamic power flows and voltage fluctuations, impairing power quality.

Volt/var control (VVC) generally refers to a control function that optimally manages the
operation of voltage regulating devices and the network reactive power flows to achieve
predefined objectives such as minimising voltage deviations or reducing network power losses
[31]. In this subchapter, conventional VVC methods using mechanically voltage regulating

devices, as well as the emerging inverter-based VVVC method, are introduced.
1.3.1 Conventional VVC Methods

Conventional VVC methods utilise traditional voltage regulating or reactive power
compensation devices such as on-load tap changers (OLTCs), capacitor banks (CBs), and voltage

regulators (VRs), to maintain the network voltage level within an allowed range [32].

OLTCs help regulate the network voltage level via altering the tap positions on network
transformers, which leads to different transformer ratios and thus stepped voltage output levels.
In distribution networks, OLTCs are usually operated by DSOs in a mechanical manner. OLTC
is considered as one of the critical network operational devices for high DER integration. In the
work [33], a coordinatively operating scheme of OLTCs along with static var compensators
(SVCs) is proposed to optimally regulate the bus voltages in distribution networks. Other optimal
control strategies of OLTCs for tackling issues associated with high DER integration can be found

in the works [34] and [35].

CBs are another type of conventional VVC device commonly used in distribution networks.
They are one of the main reactive power resources for power factor correction which compensates
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the broadly existing inductive loads with capacitance for network voltage regulation. CBs are
usually operated by DSOs as well. CBs can be used to switch in/out to provide adjustable reactive
power support that efficiently addresses the bidirectional power flow and rectifies the fluctuant
voltages caused by DER integration. By deploying CBs, additional loads and DERs can be added
to the network without enhancing the network line capacity. A two-stage hybrid voltage control
approach for optimal sizing and location of CBs in distribution networks is developed in [36].
The work [37] develops an optimal placement/operation scheme of CBs for transformers power
loss reduction and voltage regulation, while another online determination method for optimal

location of CBs in distribution networks is proposed in [38].

Voltage regulators are also commonly used across the distribution networks. VRs are auto-
transformers located at distribution feeders for voltage management, which use a VR tap changer
to adjust the voltage ratios of the auto-transformer and thus maintain the network voltage level.
VRs are usually mechanically operated by DSOs, and can be coordinatively operated with OLTCs
and CBs. The work [39] proposes a multistage optimal operation of cascaded OLTCs, CBs and

V/Rs for voltage regulation of distribution networks.

Conventional VVC devices are relatively low-cost and easy to operate. However, these devices
are usually mechanically operated and may not respond swiftly enough to tackle the dynamic
voltage changes [40]. Moreover, the increasing penetration of variable renewables such as DPVs
in distribution networks has added to the voltage fluctuation issues, making it more imperative to

develop and apply advanced fast-response VVC devices.
1.3.2 Inverter-Based VVC Methods

Compared with conventional VVVC devices, power electronic devices have been proved to have
fast and flexible response with the ability to provide VVC in terms of addressing the dynamic
voltage fluctuations [41]. SVCs and STATCOMs are typical VVC devices using power electronic
components. However, these devices are relatively expensive and mainly aimed for transmission
networks, and wide deployment in distribution networks would be uneconomical [42]. On the
other hand, PV inverters are smart power electronic devices which can provide fast and flexible
reactive power support. More importantly, as heart of the DPVs, PV inverters are on-the-spot

reactive power resources that broadly penetrate the distribution networks. Utilising the inverters
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of DPVs to provide VVC functions can be highly promising.

As an emerging VVC method, PV inverter based VVC is broadly suggested due to its high
efficiency, scalability, flexibility, and practicability [43] [44]. The National Renewable Energy
Laboratory (NREL) assesses the impact of PV inverter based VVC on distribution networks and
demonstrates its high effectiveness in saving energy and improving power quality [45]. The work
[46] proves that a properly oversized PV inverter can significantly enhance its reactive power
availability for VVC, and the associated costs of oversizing can be offset by avoiding investment
of conventional VVC devices such as CBs. The IEEE 1547.8 working group has been promoting
the use of PV inverters for VVVC support in distribution networks [47]. Electric Power Research
Institute is also updating protocols of operating PV inverters for reactive power support [48]. In
Australia, it is required that all the rooftop PV inverters should have the capability of providing

var support and adjusting their var outputs in response to the local voltage levels [15].

Moreover, different advanced PV inverter based VVVC models have been proposed in literature.
The work [49] develops a two-stage centralised VVC model which optimally chooses PV
inverters for var support and determines the var amount for voltage regulation. A hierarchically
coordinated inverter based VVC method is proposed in [42] which coordinatively optimises both
the var dispatch set points and droop control functions of the PV inverters in distribution
networks. A distributed online VVC method for ADNs is proposed in [50] to achieve efficient
voltage regulation and network power loss minimisation. In [51], a robust VVVC method with PV
inverters via a two-step calculation approach for inverter droop decisions is proposed. Ref [52]
proposes a three-stage robust VVC model that coordinates various VVC devices including
inverters from both local and central control perspectives. In the work [53], an inter-phase
coordinative VVC method considering the imbalance of PV integration in distribution networks
is developed. A bi-level VVVC optimisation model coordinating both mechanical devices and
smart PV inverters is proposed in [54], and a two-level distributed VVC scheme utilising
aggregated PV inverters via consensus algorithm and droop controller is developed in [55]. Ref
[56] develops a real-time central and local combined PV inverter based VVC method for both
voltage regulation and power loss minimisation. An affinely adjustable robust VVVC method for

high PV penetrating distribution network is proposed in [57]. The work [58] develops a robust



regionally coordinated inverter-based VVVC method based on a multi-agent deep reinforcement
learning approach. A multi-objective VVVC model which hierarchically coordinates and optimises
the PV inverter droop functions in the network is proposed in [59]. In [60], a multi-objective
adaptive inverter based VVC method is developed to simultaneously minimise both the network

power loss and bus voltage deviation.

PV inverter based VVC is proved as an outstanding solution to tackle the voltage regulation
issues caused by the integration of renewables such as PVs. Moreover, it can effectively defer
investments of additional voltage regulating equipment such as CBs and VRs, and enhance the
networks’ capability in hosting more DERs. With the growing penetration of PVs in distribution
networks, network voltage management is facing significant challenges. At the same time, great
potential lies inside this trend as more PV inverters can be aggregated and utilised for inverter-
based VVC functions, to maintain network voltage security in an efficient, economical and

renewable-friendly way.

The characteristics of the above VVC devices are summarised in Table 1-11.

Table 1-11 Comparison of Characteristics of Common VVC Devices

Voltage .
. . . . Var Responsive-
VVC Device| Mechanism | Operation Regulation - Cost
o Capability ness
Variability
Transformer .
OLTC . Mechanical | Step Change N/A Slow Low
Tap Changing
Var . . .
CB . Mechanical Step Change Medium Medium Low
Compensation
Transformer . . .
VR . Mechanical Step Change N/A Medium Medium
Tap Changing
Power .
Var . Continuously .
SvC . Electronics ) Large Fast High
Compensation Variable
Based
Power .
Var . Continuously .
STATCOM i Electronics i Large Very Fast | Very High
Compensation Variable
Based
Power . Low with
PV Inverter Var . Continuously . L
. Electronics . Flexible Very Fast Existing
Based VVC | Compensation Variable
Based Inverters




1.4 PV Inverter Reliability

Utilising PV inverters to provide VVC functions for network voltage regulation is theoretically
proved to be highly promising. However, in regards of VVVC implementation, a very practical

concern emerges, i.e., PV inverter reliability.

PV inverters are power electronics devices that convert direct current originated from solar
panels into alternating current so that the solar energy can be utilised by loads or the grid. The

schematic diagram of a single phase two-stage PV inverter is demonstrated in Figure 1.1.
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Figure 1.1 Schematic of a Single-Phase Two-Stage PV Inverter

At the first stage, a DC/DC converter is connected to the PV panels to perform maximum power
point tracking (MPPT). The second stage utilises a full bridge inverter to perform power
conversion from DC to AC, where 4 power devices (S1-S4) are placed at the 4 arms of the full
bridge inverter for pulse width modulation (PWM) control. A DC-link capacitor is paralleled in
between the two stages to stabalise DC link voltage and arrest current harmonics. An LCL filter

is usually used before connecting to the grid for voltage and current filtering purpose.

PV inverter is the core device of a solar PV system, but also the most fragile one. A PV inverter
contains vulnerable power electronic components, which makes it less reliable than any other
components of a PV system. Compared to solar panels which can last for about 20 to 30 years,
the associated PV inverters usually have a lifespan of less than 15 years [61]. In Australia, most
of the rooftop PV inverters in market only have a warranty period of 5 to 10 years, which is much
shorter than that of associated solar panels and battery modules. A study points out that the PV
inverter is the most vulnerable PV subsystem due to its physical complexity and high
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susceptibility to the working conditions [62]. Moreover, Figure 1.2 demonstrates the analysis
results of PV subsystem reliability for a PV generation plant over a 5-year operation period [63].
It can be seen that the cost related to unscheduled PV inverter maintenance takes 59% of the total
maintenance cost, while the number of unscheduled maintenance events for PV inverters takes

37% of the total events, and both figures are much higher than those of other PV subsystems.

PV,

System
6% .

System
8%

@ (b)

Figure 1.2 Analysis Results of a 3.5MW PV Plant under 5 Years’ Field Experience. (a) Unscheduled
Maintenance Costs by Subsystem. (b) Unscheduled Maintenance Events by Subsystem.

To analyse PV inverter reliability, it is essential to understand the inverter failure mechanism.
As in Figure 1.1, the power switches S1-S4, typically insulated gate bipolar transistors (IGBTS),
and the DC-link capacitor, are the two most critical power electronic components inside a PV
inverter, and their lifetimes are usually considered as determinants for inverter reliability
assessment [64] [65]. Meanwhile, thermal loading is considered as one of the most significant
factors that contribute to the failure of the power electronic components [66]. For power devices,
itis the loading of junction temperature, while for the DC-link capacitor, it is the core temperature.
To obtain the thermal loading of power devices and the DC-link capacitor, their power loss
models and thermal models are needed to interpret their operational conditions into temperature
statuses [67] [68]. Then a cycle counting methodology such as Rainflow counting [69] may be
needed to analyse the thermal loading for lifetime evaluation. Based on the thermal loading
analysis results, their lifetime models can be utilised to calculate their lifetime, and different
lifetime models can be found in [70] [71] [72] for power devices, and [73] [74] for DC-link
capacitors. Moreover, PV inverters’ operational conditions are also the key factors affecting their

reliability, which include the inverter control strategies such as MPPT and droop control, as well
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as the inverter external conditions such as solar irradiance and ambient temperature. Significant
impacts of inverter control strategies and external conditions on inverter lifetime have been

analysed in literature [75] [76].

Utilising PV inverters to provide reactive power support can further degrade the inverter
reliability. The work [77] indicates a negative impact of non-unity power factor operation on PV
inverter reliability. In [67], the reliability of PV inverters used for reactive power compensation
during none feed-in hours is analysed, and significant lifetime degradation is identified compared

to inverters at normal working conditions.

As an active inverter control strategy for network voltage regulation, PV inverter based VVC
aims at optimising and dispatching the var support of PV inverters across the network. Given the
vulnerability of PV inverters as well as the potential negative impact of reactive power support
on PV inverter reliability, this leads to a significant thought that whether the use of PV inverters
for VVC is economically efficient in the long run. However, none of the VVVC works in literature
have discussed PV inverter reliability issues, and the long-term impact of VVC on PV inverter

reliability remains to be investigated, leaving a research gap.

1.5 Addressing PV Inverter Reliability in VVC

PV inverter based VVC utilises PV inverters to provide additional reactive power support,
which may pose extra burden on PV inverters, causing increased thermal load, and thus affected
inverter reliability. On the other hand, existing VVC models mainly focus on network voltage
regulation and power loss reduction, and none of them have ever considered PV inverter reliability
which is crucial for both sustainable PV energy utilisation and reliable VVC support. To this end,
this subsection focuses on assessing PV inverter reliability under the VVC function, and

investigating how to involve PV inverter reliability in VVC models.
1.5.1 PV Inverter Reliability Assessment under VVC

The work [67] analysed the impact of reactive power compensation on PV inverter reliability,
where a localised var control method is applied. However, for VVVC models, the inverter reactive
power support is determined by various factors, including the solar irradiance across the network,
the network topology and parameters, the PV inverter location in the network, as well as the
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customers’ load demand profiles. All the system-wide information is embedded into the VVC
optimisation model to obtain the inverter reactive power output decisions. With the inverter
reactive power output details, the inverter reliability analysis models discussed in Chapter 1.4 can
be applied to analyse the inverter thermal loading and lifetime. Figure 1.3 visualises the inverter

reliability analysis process based on lifetime evaluation of critical IGBTs under the VVC function.
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Figure 1.3 Inverter Reliability Analysis Procedure Based on IGBT Lifetime Evaluation.

In Figure 1.3, the blue capsules are the external mission profiles which create direct impacts
on PV active power outputs, network power flow, and inverter thermal loading. The green
rectangles are the key IGBT reliability models for power loss and junction temperature
calculation, and lifetime evaluation. The orange diamonds indicate the critical electrical/thermal
parameters obtained from or applied to the reliability models for thermal/lifetime assessment.
Application of the inverter reliability analysis process and detailed analysis results can be found
in Chapter 2. It is worth noting that other components especially DC-link capacitors, may fail
before IGBTS, thus determining the inverter lifetime. The DC-link capacitor reliability models

and the reliability assessment procedure are discussed in detail in Chapter 3.



1.5.2 VVC Considering PV Inverter Reliability

The potential negative impact of VVC on PV inverter reliability also points to another
direction, i.e., whether PV inverter reliability can be involved into the VVVC models, to proactively
prevent the reliability degradation or even enhance the inverter reliability with VVC applications.
This direction is meaningful as the device reliability is arising as a major concern for inverter
based ADN operation [78]. Considering PV inverter reliability in VVC schemes contributes to

both the ADN voltage security and operational reliability.

As is discussed in Chapter 1.3, typical PV inverter based VVC methods mainly consider
network voltage regulation and power loss reduction. For power loss reduction, majority of the
VVC works in literature put the network power loss into the objective function for minimisation.
For voltage regulation, it can be put into the objective function to minimise voltage deviations, or
be directly involved into constraints via setting upper/lower bounds. The network power loss
expression is a convex model while the voltage model is linear, both of which can be directly

incorporated into VVVC optimisation models.

To consider PV inverter reliability in VVC, it is essential to effectively incorporate PV inverter
reliability models into VVC optimisation model. However, as indicated in [67] and [68], the PV
inverter power loss models and lifetime models are complex non-convex models that contain
exponential and high-dimensional terms, which are intractable and hard to be incorporated into
optimisation models. Furthermore, as part of the inverter reliability analysis process for thermal
load interpretation, the Rainflow counting technique is a logic based algorithm, which is

completely intractable for mathematical programming optimisation.

Considering the difficulties of involving PV inverter reliability models in VVC optimisation,
this thesis innovatively bypasses the complex reliability models and directly incorporates the
inverter apparent power in VVC modelling, based on the proof that the inverter apparent power
outputs have indirect impact on PV inverter lifetime [79]. On the other hand, the inverter apparent
power has a quadratic equality relationship with inverter active and reactive power, which is non-
convex and hard to be solved. Conventional convex programming methods such as semidefinite
programming (SDP) [80] and second-order cone programming (SOCP) [81] can be used to solve

the non-convex quadratic optimisation problems. However, these methods are not universal for
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use and only apply to certain conditions, and the exactness of these relaxation methods can be
challenged by various factors such as network topologies and formulation of objective functions
[82]. A practicable and efficient solution method is required to address the non-convexity issue

when incorporating inverter apparent power into VVVC models.

Different schemes of VVVC modelling with inverter apparent power regulation to address PV
inverter reliability are discussed in Chapters 3, 4 and 5. Especially, an efficient solution method

is developed in Chapter 4 to tackle the non-convexity of the proposed VVC optimisation model.

1.6 Research Gaps and Significance

Based on the above discussions, the following major research gaps can be identified.

* PV inverter based VVC is theoretically proved to be highly efficient for network
voltage management, but its potential negative effect on inverter reliability has never

been revealed.

e Current inverter reliability analysis methods mainly focus on single independent
devices, while a comprehensive reliability assessment procedure compatible with

VVC and associated PV inverters in the network level is absent.

e Current advanced VVC methods in literature mainly focus on network voltage
regulation and power loss reduction, but none of the works ever considers the PV

inverter reliability in VVC modelling.

e PV inverter reliability analysis models contain intractable nonlinear terms, which are

hard to be incorporated into the VVVC optimisation model.

e The potential positive impacts of properly designed VVC on PV inverter reliability
have never been investigated, and enhancing PV inverter reliability via incorporating
inverter reliability models into the constraints or objective function of a VVC

optimisation model remains totally untapped.

This research focuses on addressing the above research gaps. Firstly, the research proposes an
entire PV inverter reliability assessment process under the VVC function to address the first two

gaps. The proposed reliability assessment process successfully reveals the impact of VVVC on PV
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inverter reliability and effectively estimates the inverters’ lifetime when used for a centralised
VVC method. Then, for the first time the research develops three advanced PV inverter based
VVC methods considering inverter reliability to address the following three gaps. These methods
develop solvable convex PV inverter reliability models and effectively incorporate them into the
constraints or objective function of the VVC optimisation model, to realise efficient network

voltage regulation, power loss reduction, and inverter reliability enhancement.

1.7 Research Contributions

This research mainly focuses on assessing the PV inverter reliability under the VVC function
and developing advanced PV inverter based VVVC methods considering PV inverter reliability
enhancement. In this research, a series of advanced PV inverter based VVC optimisation models
are developed, a complete PV inverter reliability assessment procedure compatible with VVC
operation is proposed, and efficient solution algorithms addressing the non-convexity and
uncertainty problems of VVVC optimisation models are developed. The major contributions of this

research are summarised as follows.
Contributions to Inverter Reliability Constrained VVC Modelling.

o New inverter reliability constraints for power restriction are developed, which are used
to ensure inverter lifetime commitment by utilising a proposed restriction factor to

regulate the amplitude of inverter apparent power output.

e A multi-objective PV inverter reliability constrained VVC optimisation model with
the developed inverter power restriction constraints and a PV curtailment scheme is
proposed, to minimise network power loss and curtailed PV output under uncertainties,
while guaranteeing long inverter lifetime. It is the first time to incorporate PV inverter

reliability into an inverter-based VVVC model.

o New inverter reliability constraints for power smoothing are further developed, which
utilise a proposed smoothing factor to constrict the variation of inverter apparent power

output.

e A PV inverter reliability constrained VVC method is proposed with the developed

power smoothing constraints and formulated as an optimisation problem with system-
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wide information. It is the first time to address the inverter junction temperature

variation in a VVC model to enhance inverter reliability.

A multi-objective PV inverter based VVC optimisation model is developed with a
proposed slack variable and a weighting factor to simultaneously minimise both the
network power loss and inverter apparent power output. It is the first time to address

inverter reliability in the objective function of a VVVC optimisation model.

Contributions to Methodology of Inverter Reliability Assessment and Enhancement.

A complete PV inverter reliability assessment approach is developed to evaluate the
reliability of PV inverters when used for the VVVC function. This approach is the first
time to successfully quantifies the impact of inverter-based VVC on the lifetime of

associated PV inverters in the network.

An inverter power smoothing scheme with high control flexibility is developed, which
utilises VVC reactive power support and PV power curtailment to ensure that the
inverter apparent power output is efficiently smoothed and the variation is confined

within a prespecified percentage of inverter apparent power capacity.

A Pareto front analysis method is proposed to select a proper value for the weighting
factor, through numerical simulations of long-term VVC operation. With the selected
weighting factor, the proposed VVC optimisation model can achieve the most efficient

network power loss reduction with guaranteed inverter lifetime.

Contributions to Optimisation Method and Solution Algorithm.

A scenario-based stochastic optimisation method is developed to solve the uncertainty
problems of PV power generation and loads in VVC optimisation models, where a
slack variable is introduced to guarantee a feasible region for the optimised reactive

power results under PV generation uncertainties.

A penalty convex-concave procedure (CCP) programming method is developed to
solve the non-convexity problem of the proposed PV inverter reliability constrained
VVC optimisation model, and the computing efficiency is proved to be outstanding in

comparison with the off-the-shelf solvers.



The proposed models, methodologies, and solution algorithms, in comparison with the existing
proposals in literature, have been successfully demonstrated in case studies, and the simulation

results have verified their high efficiency.

1.8 Thesis Outline

The thesis outline is described as follows.

Chapter 1 gives the introduction of this research, in which the background information about
DPVs, ADNs and inverter-based VVC is introduced, the challenges to PV inverter reliability are

analysed, the research gaps are identified, and the research contributions are summarised.

Chapter 2 develops a complete PV inverter reliability assessment approach to analyse the
impact of inverter-based VVC functions on PV inverter reliability. This approach is the first time
to successfully quantifies the impact of VVVC on the lifetime of associated PV inverters, providing

insights on enhancing PV inverter reliability via properly designed VVC models.

Chapter 3 proposes a PV inverter reliability constrained VVC method for distribution
networks. New inverter reliability constraints are proposed with a restriction factor to limit the
inverter apparent power amplitude. With the reliability constraints, a multi-objective PV inverter
reliability constrained VVC optimisation model is developed to simultaneously minimise the
network power loss and curtailed PV power, while guaranteeing enhanced inverter lifetime. It is

the first time to consider PV inverter reliability in an inverter-based VVVC model.

Chapter 4 proposes a PV inverter reliability constrained VVC method with power smoothing
to enhance inverter reliability. Compared to the proposed method in Chapter 3, this method
develops a highly flexible inverter power smoothing scheme utilising a smoothing factor to
constrict the inverter apparent power variation instead of compromising the apparent power
capability. Besides, a penalty CCP solution method is developed to tackle the proposed non-

convex VVC optimisation problem with high computing efficiency.

Chapter 5 proposes a novel Pareto front analysis method for PV inverter based VVVC methods
to achieve guaranteed inverter lifetime. In this Chapter, a multi-objective PV inverter based VVC
model is developed with a weighting factor to simultaneously minimise the network power loss

and inverter apparent power output. With the proposed Pareto front analysis method, a proper
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weighting factor for the VVVC model is obtained to achieve the most efficient network power loss

reduction while guaranteeing expected inverter lifetime.
Chapter 6 concludes the research and suggests directions of future work.

The framework of this thesis is illustrated in Figure 1.4.
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Chapter 2 OPERATIONAL RELIABILITY ASSESSMENT OF
PHOTOVOLTAIC INVERTERS CONSIDERING

VOLT/VAR CONTROL FUNCTION

In this chapter, the long-term operational reliability of PV inverters when used for the VVC
function is analysed. A complete operational reliability assessment approach is developed to
efficiently quantify the impact of VVVC functions on PV inverter lifetime. Firstly, an inverter based
VVC model considering uncertainties of PV power generation and loads is developed and it is
solved by a stochastic optimisation method. Then, a long-term reliability assessment procedure
for the PV inverters utilised in the VVVC model is proposed. To assess the reliability, a power loss
model considering the VVC results is developed and a modified lifetime model based on Coffin-
Manson model and manufacturing information is proposed. The proposed VVC model and the
inverter reliability assessment approach are verified on a 33-bus distribution network. The
simulation results successfully reveal and quantify the long-term impacts of additional VVC

utilisation on the operational reliability and lifetime of PV inverters.

2.0 Nomenclature

A. Sets and Indices

i Index of IGBT thermal cycles.

K, k Set and index of network buses.

SC, sc Set and index of uncertainty scenarios.
T, t Set and index of operating time intervals.

B. Parameters

1) PV Inverter Parameters

Eonnom-Eofrnom Nominal single-pulse turn-on and turn-off energy loss of IGBT unit (J).

Erecnom Nominal single-pulse reverse recovery energy loss of diode unit (J).
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Switching frequency (Hz).

Output sinusoidal current and voltage amplitude (A,V).

Nominal current and voltage of IGBT module (A,V).

PWM modulation rate.

Power loss on IGBT unit (W).

Power loss on reverse recovery diode unit (W).

Ambient temperature (K).

Junction, case and heatsink temperature (K).

AC voltage RMS value (V).

Applied DC-link voltage (V).

Zero-current on-state collector-emitter voltage and on-state collector-emitter
resistance of IGBT unit (V, Q).

Zero-current on-state voltage drop and on-state resistance of diode unit (V, Q).
Thermal impedance from junction to case (K/W).

Thermal impedance from case to heatsink (K/W).

Thermal impedance from heatsink to ambient (K/W).

Phase difference between PWM modulation signal and inverter current (rad).

2) Network Parameters

I)netloss

Tk Xk

cap
'Sk

Network power loss on the branch lines (W).

Resistance/Reactance of the branch line from bus k tobus k + 1 (Q).
Inverter apparent power capacity at bus k (VA).

Lower and upper limits of voltage at bus k (p.u.).

Voltage at the substation (p.u.).

C. Variables

[ﬁgt!(zki

L L
Iﬂht! (2k$
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Active/Reactive power through the branch line from bus k to bus k + 1 attime
t (W,var).

Uncertain active/reactive load at bus k at time ¢ (W,var).



Pif’tV : ,‘g}" PV inverter active/reactive power output at bus k at time t (W,var).

Q™ Maximum inverter reactive power capacity at bus k at time t (var).
Vit Voltage of bus k attime t (p.u.).
o) Occurrence probability of uncertainty scenarios.

2.1 Introduction

2.1.1 Photovoltaic Development and Ancillary Services

Solar energy is considered as a primary alternative energy resource to reduce the reliance on
traditional fossil energy. With the advance of modern technologies, the utilisation of photovoltaics
(PVs) has been in a rapid growth in the power systems. It is reported by [2] that there are over 3
million distributed rooftop PV systems installed in Australia. The distributed PVs that
significantly penetrate in distribution networks can be aggregated as virtual power plants (VVPPs),
which can provide reliable management support for the power systems. Moreover, the PV based
VPPs have the potential to support ancillary services such as voltage/VAR control (VVC)
functions. IEEE 1547.8 working group has been revising relevant standards to allow PV inverters
to participate in network voltage regulation [47]. Electric Power Research Institute [48] has
recently given protocols for inverter based reactive power compensation methods, including
various control modes. Furthermore, it is suggested that PV inverters can be oversized to allow
more reactive power compensation capacity and the additional cost can be offset by the reduction
of capacitor banks’ investment [46]. The optimal energy management ability and the ancillary
services supported by the PV based VPPs provide a potential to construct active distribution
networks. Particularly, in short future, utilising the PV based VPPs to support the VVC functions
in the active distribution networks, improving power quality and reducing power losses, is

inevitable.
2.1.2 Photovoltaic Inverter Reliability

With the rapid proliferation of PV systems in distribution networks, operational reliability
issues come into the picture. The warranted lifetime of PV modules is about 20-30 years, whereas
the lifetime of associated inverters is usually less than 15 years, and the number analysed in 2012
was only around 5 years on average for PV inverters [61]. According to a study on the 5-year
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operating experience of a PV generation plant [63], the cost associated with PV inverter
malfunctions takes 59% of the total system maintenance cost. Thus, the operational reliability of
PV inverters is becoming one of the most crucial factors for the performance of the whole PV

systems.

Power devices, e.g., insulated gate bipolar transistors (IGBTs) or metal-oxide-semiconductor
field-effect transistors (MOSFETS) are the key power electronic components inside inverters.
According to an industry-based survey [64], power devices are considered as one of the
significantly fragile parts of inverters. Understanding failure mechanisms of power devices would
be essential for the inverter reliability analysis. In addition, it is observed that the thermal cycling,
i.e., the swings of junction temperature, is one of the most critical failure reasons for the power

devices [83].

For the PV inverters, the lifetime of power devices is significantly affected by their operational
conditions, which include control strategies, e.g., maximum power point tracking (MPPT) and
reactive power compensation, as well as mission profiles including solar irradiance and ambient
temperature. The reliability of PV systems under a MPPT algorithm is analysed in [75] and an
improved algorithm that can achieve a tradeoff between energy harvesting and lifetime
consumption is proposed. Besides, the study in [76] indicates that both the PV active power
outputs which are directly affected by solar irradiance and the ambient temperature have
tremendous impacts on the lifetime of PV inverters. Thus, in order to predict the lifetime of PV
inverters, both the control strategies and the mission profiles are expected to be taken into
consideration. However, operational reliability of the PV inverters which are utilised for the VVC

function has not been studied, leaving a research gap.
2.1.3 VVC and Reliability Analysis

As PV inverters can provide fast and flexible reactive power support with the marginal
operating cost, the VVVC based on the PV inverters is highly promising. To achieve a VVC
function, the inverters in the VPPs can be dispatched to support the optimal reactive power
injection to the active distribution networks, aiming to minimise network power losses while
keeping bus voltages within operating limits. It is worth noting that the reactive power

compensation imposes additional operating burdens on the PV inverters, which have negative
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impacts on the inverter operational reliability in a long term. Thus, this issue leads to a significant
thought whether the use of the inverters for the VVC function is economically efficient in the
long run. In [77], the reliability of PV inverters under non-unity power factor operation and low-
voltage ride-through is studied, but the reliability degradation rate and estimated lifetime of
inverters are not specified. The operational reliability of PV inverters is analysed in [67] and
heavy lifetime degradation is identified due to reactive power compensation outside day-time
feed-in hours. However, the analysis is conducted on a device level and only the functionality
outside the feed-in hours is considered. In [84], a reactive power control scheme is proposed to
stabilise the thermal fluctuation of power devices in wind farm, which indicates the potential
positive impacts of reactive power on inverter reliability. Thus, it is imperative to further
investigate the operational reliability of inverters which are coordinated for the VVC function on

a system level.

In summary, utilisation of PV inverters in VPPs to support the VVC function is highly
promising for the stability and sustainability of modern power systems. However, the impacts of
the additional VVC function on the inverter operational reliability have not been studied and
addressed. Thus, this chapter develops an inverter based VVVC model considering uncertainties, a
power loss model of the switch module considering the VVC results and a modified lifetime
model based on Coffin-Manson model and manufacturing information. Last, with these models,
this chapter proposes an operational reliability assessment approach of PV inverters considering
the VVC function. In case study, this approach is validated on a 33-bus distribution network,
indicating the impacts of the additional VVVC function on the inverter operational reliability and

suggesting potential solutions.

2.2 Inverter Based VVC Under Uncertainties

In order to analyse the inverter operational reliability considering the VVC function, firstly, an
inverter based VVC optimisation model under uncertainties such as PV power generation and

load demand is developed in this subchapter.
2.2.1 Inverter Based VVC Optimisation Model
The inverter based VVC optimisation model aims to minimise the total network power losses
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while keeping bus voltages within allowed range, by optimising the inverter reactive power

outputs. The inverter based VVC optimisation model is formulated as follows:

. net,loss
i Z Z Pt (2.1)

teT keK
St Prsre = Pre + Piiie — Piore Vi t (2.2)
Qk+1,t = Qk,t + QlicTLt - QI€+1,D Vk,t (2-3)

(TePre + %1 Q)

Vir1,e = Vier — ,Vk, t (2.4)
Vo
Pkn;at,loss =1 k,t 2Qk,t ,Vk, t (2.5)
Vs
Vi Vit <V, Vi, t (2.6)
—QR* < QY < QR Ykt 2.7)
QR = (5, P)2 = (Pl ) Yk, t (2.8)

Obijective function (2.1) aims to minimise the total network power loss over a given dispatch
period T by optimising control variables, i.e., the inverter reactive power outputs Q,i}_‘t”. Note
that index t denotes each operation time interval in T and index k denotes the bus number in
the bus set K. Equations (2.2)-(2.4) are the linearised DistFlow equations given by [52]. Herein,
P, and Q, are active and reactive power flowing from bus k tok + 1, P} and Qf are active
and reactive power demand at bus k, PFV represents active power generation of the PV systems
atbus k, r, and x; represent resistance and reactance of the branch line between bus k and k +
1, V is voltage magnitude of bus k and V, denotes voltage magnitude at the substation. Eq.
(2.5) calculates power loss of each branch line. Constraints (2.6) and (2.7) ensure that bus voltage
magnitude and inverter reactive power output of each bus are limited within the allowed ranges.
cap

Eq. (2.8) calculates real-time reactive power capacity of the inverters at each bus, where S,

denotes total apparent power capacity of the inverters at bus k.

The proposed VVC model (2.1)-(2.8) forms a quadratic programming problem containing
uncertainty variables such as PV active power generation (P*") and load demand (P* and Q%).
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2.2.2 Stochastic Optimisation Method

To solve the VVVC model that contains uncertainty variables, i.e., PPV, PX and Qf, this

chapter applies a scenario-based stochastic optimisation method.

The objective function of a scenario-based stochastic optimisation model can be written as:

min z PG, &) (2.9)

SceSC

where x stands for the control variables, &;. denotes the uncertainty realisation in scenario
sc, psc represents the corresponding occurrence probability of scenario sc and G(x, &) is the

objective function with the realised ;..

Thus, the proposed VVVC model can be converted as:

min D pec ) PR (210

Ot scesc kek

st.  (2.2)-(2.8),Vk,sc

{(Plf,}:w Plé,sc' ng,sc):psc} € ¥y, vk (2.11)

where P{Y., Pig. and Qg . represent the PV active power generation, active and reactive

power demand in scenario sc, and ¥, denotes the scenario set.

In this chapter, Monte Carlo sampling (MCS) is used to generate the uncertainty realisation
scenarios with given probability density functions (PDFs) which can characterise realisation
probability distribution. For example, Gaussian PDF, which can efficiently represent the

uncertainty realisation of PV outputs and loads, is applied in the MCS to construct the scenarios.

The proposed stochastic optimisation problem of the VVC model can be solved by commercial

solvers such as the GUROBI solver [85].

2.3 Inverter Reliability Assessment

With the VVC optimisation model, the long-term inverter reactive power outputs can be
simulated and obtained. Then the long-term operational reliability of the inverters considering the
VVC function and the mission profiles (solar irradiance and ambient temperature) can be assessed.
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Firstly, a power loss model based on inverter active and reactive power outputs is developed to
calculate the power losses dissipated in power devices inside the inverters. Herein, the active
power outputs are affected by the solar irradiance and the reactive power outputs are optimised
by the proposed VVC model under the uncertainties. Secondly, with the power losses, this chapter
applies the thermal model and one-year real-field data of ambient temperature to obtain the
junction temperature profiles of the power devices. Then, a Rainflow counting technique [69] is
used to interpret the randomly varying junction temperature profiles into regulated thermal cycles.
Last, this chapter modifies the Coffin-Manson model to estimate the lifetime of the power devices

in the inverters with consideration of practical concerns.
2.3.1 Power Loss Model

In this chapter, a single-phase PV inverter using IGBTSs as power devices is used for operational
reliability analysis. Since an IGBT module contains two parts, an IGBT unit and a diode unit, the

power losses dissipated in these units are calculated separately.
2.3.1.1 IGBT Power Loss Calculation
The power loss of the IGBT unit (P25%) during one certain period can be expressed as:
Pig* = Pigon + Pidow (2.12)

where P25 and P/gSs, denote the conduction and switching losses of the IGBT unit,

respectively. PSS and Pj255, can be calculated by the following equations:

1 mXcosg ] 1 mXcosg .
Pllgi‘son = (E + T) X VCEO X lp + (g + T) X TcE X lpz (213)
fs ip X Vpe
Pllg,ssiz == X (Eon,nom + Eoff,nom) X (2-14)
n Inom X Vnom

where i, denotes the inverter sinusoidal output current amplitude, Vg, denotes the IGBT
on-state zero-current collector-emitter voltage, r-z denotes the IGBT on-state collector-emitter
resistance, Inom, Vhom» Eonnom and E,ffnom denote the nominal current/voltage and the
corresponding nominal single-pulse turn-on/off energy losses respectively, m denotes the PWM

modulation rate, ¢ denotes the phase difference between modulation signal and inverter current,
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fsw represents the switching frequency and Vp denotes the applied DC link voltage.
2.3.1.2  Diode Power Loss Calculation

The power loss dissipated on the diode unit can be calculated by:

PYS = PRoon + Phlsw (2.15)
1 mXcosg ) 1 mXcose .
Pg?ggn = (E — T) X VDO X 1p + <§ — T) X 1p X lPZ (216)
ip XV,
Péoss\f/ = fs_w X Erec,nom P b (2.17)

Inom X Vnom

where P}’5S denotes the power loss of the diode unit during one period, PS5, and PSS
represent the conduction and switching power losses of the diode unit respectively, Vp, denotes
the on-state zero-current voltage drop on the diode, r, denotes the diode on-state resistance and

Erecnom represents the nominal value of single-pulse reverse recovery energy of the diode.

It is worth noting that generally, Vcgo, 7ce, Vpor ™pr Eonnoms Eoffnom: Inoms Vnom and
Erecnom can be directly obtained from the IGBT manufacturer’s datasheet. Thus, given the
PWM modulation pulse patterns and the inverter DC link voltage, the total power loss of an IGBT

module is a quadratic function of ip.
2.3.1.3 Power Loss Calculation Considering VVC Function

As mentioned, the total power loss of an IGBT module has a close relationship with the
sinusoidal output current amplitude ip. For an inverter used to support the VVC function, ip

and cos ¢ can be calculated as follows:

i = ix \/(pPV)Z + (Qinv)z (2.18)
VAC
PPV

cosg = \/(pPV)Z + (Q)2 (2.19)

where PPV denotes the PV active power output affected by the solar irradiance, Q™
represents the inverter reactive power output determined by the VVC model, and V,. denotes
the inverter AC root mean square voltage. By substituting (2.18) and (2.19) into (2.12)-(2.17), the
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power loss model of an IGBT module considering inverter active and reactive power outputs can

be obtained.
2.3.2 Thermal Loading
2.3.2.1 Thermal Model

The power losses dissipated in the power devices lead to junction temperature rise. Thus, an
accurate thermal model of the IGBT module is required to transfer power losses into junction
temperature fluctuations. In this chapter, an IGBT thermal model based on Foster RC model as
shown in Figure 2.1 is developed. The junction temperature of the IGBT unit T;,; can be

calculated as follows:

Ti16 = Ztnic(i-c) X P, f255 + T, (2.20)
Te = Zine-ny X (P& + PSS) + T, (2.21)
Th = Zipn-ay X (P[2°° + PE*) + T, (2.22)

where T, and T} denote the temperatures of the case and heatsink of the IGBT module,

respectively, and T, denotes the ambient temperature, Zip(j—cy, Zenc—n) and Zp(n—q) are the
thermal impedances from junction to case, from case to heatsink and from heatsink to ambient,

respectively. The junction temperature of the IGBT unit can be obtained by:

Titc = Zenic(i-c) X PIe% + (Ztnce—ny + Zin(n-ay) % (P& + PE5S) + T,. (2.23)

IGBT Power Diode Power

Loss Loss Tj
IGBT unit Diode unit
: Cthl Rth1
Junction Zth.D(j-c)
Cth2 Rth2
—Zth(j-c
Case Zth(c-h) (-c)
i Cthn Rthn
Heatsink Zth(h-a)
Ambient Tc
(@) (b)

Figure 2.1 IGBT thermal model. (a) Thermal structure of an IGBT module. (b) Foster RC thermal model.
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Similarly, the junction temperature of the diode unit Tj, can be calculated as:
Tip = Zenp(-c) X P + (Zence—n) + Ztnn-ay) % (P25 + PYS) + T,. (2.24)

Note that the thermal capacitances in the applied thermal model only lead to fast thermal
changes in time constants of milliseconds to seconds. For the long-term thermal analysis, the
thermal capacitances can be ignored, and only the thermal resistances are taken into consideration

[72].
2.3.2.2  Ambient Temperature Profile

Conventional reliability analysis usually focuses on the thermal loading and lifetime
assessment under simple external conditions where the ambient temperature is assumed constant,
which is not practical. Besides, it can be seen from (2.23) and (2.24) that the ambient temperature
directly impacts on the IGBT and diode junction temperature. Thus, it is essential to have an
accurate mission profile of ambient temperature for thermal loading analysis. Mission profiles of
real-field ambient temperature are representative and often used for thermal loading analysis [86].
This chapter applies an extensive real-field ambient temperature data for the long-term thermal

loading analysis.
2.3.2.3 Thermal Cycling Interpretation

Due to irregular characteristics of the mission profiles, i.e., long-term PV outputs and ambient
temperature, the obtained junction temperature profiles cannot follow repetitive patterns in terms
of amplitude and duration. Thus, this chapter applies a Rainflow counting method [69], which is
a widely used cycle counting technique for stress analysis, to interpret the irregularly varying
thermal loading into regulated thermal cycles. As a result, junction temperature variation AT;,
mean junction temperature Tj,, and cycle heating period t,, of each regulated thermal cycle

can be extracted for further lifetime estimation.
2.3.2.4 Lifetime Estimation

Coffin-Manson model can be used for lifetime estimation of the power devices inside the
inverters [70]. This model mainly describes the impact of the junction temperature variation AT;

on the lifetime, and it can be expressed as follows:
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Ny = A x (AT)® (2.25)

where Ny denotes the number of cycles to failure under the given AT;, and A and a are

constant coefficients.

The Coffin-Manson model is modified in [71] by adding the impact of the mean junction
temperature Ty, as:
a Ea

xT,

where kg is Boltzmann constant (8.617 x 10™%eV - K~ 1), and E, denotes the activation

energy, which is derived from extensive accelerated lifetime tests [87].

Furthermore, it is indicated in [88] that the thermal cycle heating period t,, can also

significantly impact on the lifetime of the power devices.

On the other hand, lifetime models which are built on extensive lifetime test results done by
the device manufacturers, are also widely adopted for lifetime estimation [72]. Thus, to consider
the impacts of AT;, T;,, as well as t,,, this chapter proposes a modified lifetime model,
combining the modified Coffin-Manson model in (2.26) and the manufacturer’s application

model in [89], as:

Ea ton —
Ny = A x (AT))* X exp (kB ~ ) X (——)703 (2.27)

ij thom

where t, .., denotes the nominal cycle heating period, which is equal to 1.5 s. It is worth
noting that the typical range of t,,, adopted in [89] is from 0.1 sto 60 s. If used for longer cycles,
the approximation can be applied based on the assumption that viscoplastic deformation saturates

for time larger than 60 s.

Thus, N regarding certain AT;, T, and t,, of each regulated cycle through the Rainflow
counting is calculated by using (2.27). With the obtained N at each regulated cycle, Miner’s
rule [90] is applied to calculate the accumulated lifetime consumption LF. of one mission profile

duration T, as:
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i Nyi (2.28)

where i denotes the cycle number, n; denotes the number of cycles accumulated for a certain
AT;, Tj, and t,,,and Ny; denotes the corresponding number of cycles to failure for the certain
ATj, Tjy and t,y. Thus, the final estimated lifetime of the IGBT modules can be obtained as:

Toup
LF = 75 (2.29)

2.4 Case Study

2.4.1 Test System and Parameter Settings

In this chapter, a 33-bus radial distribution network [91] is used to verify the proposed
operational reliability assessment approach. This chapter considers a high PV penetration case
where 10 PV based VVPPs are allocated at buses 6, 10, 13, 16, 17, 18, 21, 22, 25 and 30. Each VPP
contains 100 individual PV systems of 5 kW and has the total PV power generation capacity of
500 kW. It is assumed that the inverter of each individual PV system is oversized by 10% to 5.5
KVA so as to provide more available reactive power compensation. The network topology with
the VPPs is shown in Figure 2.2. In this test, V, = 1p.u., and the allowed bus voltage range
[Z-,Vi] = [0.95,1.05]p. u., the VVC dispatch interval is set at 1 hour, and the mission profile
duration T, is one year. This chapter assumes that all the inverters in a VPP share the same
reactive power output amounts during each dispatch interval. It is also assumed that the network
covers a relatively small area where the solar irradiance and the ambient temperature are identical

at all the buses.

In this test, a 650-V/75-A IGBT module is used as the power device of the PV inverters.
Parameters of this IGBT module can be found in [92]. PWM modulation rate m is set as 0.8,
and switching frequency f;,, is 20 kHz. In this chapter, according to [71], [89] and [93], the

activation energy E, issetas 0.8eV,and A and a are set as 4400 and —6.68, respectively.
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Figure 2.2 Network topology of the test system.

Note that other systems, inverters and power devices can also be used without affecting the

efficiency of the proposed operational reliability assessment approach.
2.4.2 VVC Model Simulation

In this chapter, firstly, the PV power generation scenarios are constructed by the MCS with the
Gaussian PDF based on historical solar irradiance profiles and the load scenarios are based on
data of the IEEE Reliability Test System-1996 [94]. Then, the proposed inverter based VVC
problem is solved by the stochastic optimisation method (objective (2.10) subject to (2.2)-(2.8),
(2.11)). The hourly dispatch results of each VPP for the whole year can be obtained. The inverter
reactive power outputs of the VPPs 1, 4 and 10 are shown in Figure 2.3. It is worth noting that
positive values mean the VPP is injecting reactive power into the network while negative values

for absorbing reactive power.

It can be seen that VPPs 1 and 10 are injecting reactive power the whole year, while VPP 4 is
reducing reactive power injection and even absorbing reactive power during the midday peak PV

generation periods.
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Figure 2.3 One-year reactive power outputs of (a) VPP 1; (b) VPP 4; (c) VPP 10.

2.4.3 Thermal Loading and Cycling Results

To conduct the thermal loading analysis of inverters, a one-year mission profile of PV power
generation and ambient temperature is needed. It is worth noting that the PV active power
generation is based on the constructed PV output scenarios in the VVC model and the ambient
temperature is based on the one-year hourly real-field data of Los Angeles from December 2016

to November 2017 [95].

With the mission profile, by applying the thermal model developed in Chapter 2.3.2, the IGBT
junction temperature profiles of the VPPs can be obtained, which are shown in Figure 2.4.
Junction temperature profiles without the VVC function are also obtained and shown for
comparison in this figure. It can be seen that the junction temperatures of the IGBT modules
increase due to the implementation of the VVVC function. Moreover, VPP 10 has the largest

temperature rise, but its temperature variation is smaller than that without the VVC function.
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Figure 2.4 One-year junction temperature profiles of the IGBT modules of (a) VPP 1; (b) VPP 4; (¢) VPP
10.

These junction temperature profiles can be further interpreted by the Rainflow counting method.
It is worth noting that the junction temperature Rainflow counting results of all the VPPs are
identical when not used for VVC function, due to the same mission profiles of PV power
generation and ambient temperature at all buses. Taking the thermal loading of the IGBT modules
in VPP 4 as an example, a total number of 4632 regulated thermal cycles are identified when used
for the VVC function, and the corresponding AT, T, and t,, of each regulated cycle are
obtained. Figure 2.5 gives the Rainflow counting results of VPPs 1, 4 and 10 with and without

the VVC function, which indicate the variations of AT; and Tj,,, under the VVC case.

Figure 2.6 gives a two-dementional demonstration of AT; and Tj,,, to represent the difference
between cases with and without VVVC function. It can be seen that the implementation of VVC
increases the mean junction temperature of VPPs 4 and 10, as well as the junction temperature

variation of VPP 4. However, the jucntion temperature variation of VPP 10 is decreased.
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Figure 2.6 Comparison of results of VPPs 4 and 10 under VVC case.
2.4.4 Lifetime Estimation Results

With the Rainflow counting results, the estimated lifetime of the IGBT modules inside the PV

inverters can be obtained by (2.27)-(2.29). Without the VVC function, the lifetime of all the
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inverters is calculated as a uniform 40.8 years, due to the identical mission profiles of PV active
power outputs and ambient temperature. The estimated lifetime of all the inverters when used for
the VVC function has been given in Table 2-1. Furthermore, the lifetime reduction percentages
are also calculated and shown in the table. The negative percentages mean the lifetime increment

rates.

Table 2-1 Estimated Lifetime of Inverters

VPP No. 1 2 3 4 5
Lifetime (years) 21.3 50.5 12.1 7.1 10.2
Reduction Percentage 47.8% -23.8% 70.3% 82.6% 75%
VPP No. 6 7 8 9 10
Lifetime (years) 9.6 47.2 335 21 296.1
Reduction Percentage 76.5% -15.7% 17.9% 48.5% -625.7%

The implementation of the inverter based VVVC model reduces the lifetime of the inverters in
VPPs 1, 3, 4, 5, 6, 8 and 9, whereas the other inverters have longer lifetime than that without the
VVC function. It is worth noting that the inverters in VPP 4 have largest lifetime reduction, about
82.6% lifetime degradation, but the lifetime of the inverters in VPP 10 increases by about 6.3

times when used for the VVVC function.

The Rainflow counting results of VPP 4 indicate larger mean junction temperature and junction
temperature variation when used for the VVC function, which leads to significantly shortened
lifetime. However, as for VPP 10, the junction temperature profile and the Rainflow counting
results show that the implementation of the VVVC function raises the mean junction temperature
but reduces the junction temperature variation. This leads to the longer lifetime, indicating that in
this simulation case, the lifetime degradation caused by junction temperature variation is larger

than that by mean junction temperature.

In this test, the VVC reactive power output results are mainly impacted by the settings of
network topology as well as the locations of VPPs. As for VPPs 4, 5 and 6, they have short
lifetime. This is because they are densely located at the feeder end, and they need to absorb

reactive power at peak power generation hours, which leads to significantly varying junction
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temperature. For VPP 10, it is the only VPP at its own feeder, so that it needs to constantly provide
reactive power injection to the network. This leads to high mean junction temperature with low
temperature variation, and then eventually leads to the extended lifetime. Thus, the simulation

results provide useful insights on the impacts of VPP location on the inverter lifetime.
2.4.5 Reliability Assessment with Different Oversizing Rates

This subchapter aims to explore the impacts of inverter oversizing rate on the inverter lifetime
when used for the VVC function. Herein, the 5% and 20% inverter oversizing rates are also
applied in the proposed VVC model. Note that other parameter settings are kept the same during
the VVC optimisation and reliability assessment processes. The simulation results regarding the

different oversizing rates are given in Table 2-II.

Table 2-II Inverter Lifetime (Years) With Different Oversizing Rates

VPP No.
Oversizing Rate
1 2 3 4 5
5% 48.2 25.8 12.8 13.1 15.2
10% 21.3 50.5 12.1 7.1 10.2
20% 34 56.8 7.4 3.6 52
o VPP No.
Oversizing Rate
6 7 8 9 10
5% 9.6 43.9 35.6 17.4 656.2
10% 9.6 47.2 335 21 296.1
20% 9.8 48.1 335 16.8 97.4

It can be seen that the inverters’ lifetime has high correlation with the oversizing rate. The
lifetime of inverters in VPPs 1, 3, 4, 5 and 10 is decreased with the increasing oversizing rate.
This indicates the oversizing of inverters at these buses has direct impacts on their reactive power
output results during VVC process, which leads to high junction temperature variation or high
mean junction temperature. Lifetime of inverters in VPPs 6, 7, 8 and 9 has minor changes,
indicating the oversizing has less impacts on their VVC results. It is worth noting that there is a
notable increase of inverter lifetime in VPP 2. Through analysis of the VVC simulation results, it
is found that the reactive power outputs in VPP 2 are actually reduced due to the increased outputs

of the oversized inverters at other buses.
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It can be concluded that during VVC implementation, the inverter oversizing rate can have
significant impacts on the inverter reliability and lifetime. The inverter oversizing is expected to

be optimised considering the inverter reliability assessment in future works.

2.5 Conclusion

This chapter proposes an operational reliability assessment approach of PV inverters
considering the VVC function. In this approach, with inverter based VVC results under the
uncertainties, a power loss model and a thermal loading model of the inverter power devices are
developed. Then, a modified lifetime estimation method based on the Coffin-Manson model is

proposed. This approach is verified on a 33-bus radial distribution network.

The simulation results indicate that the implementation of the VVC function increases mean
junction temperature but may decrease junction temperature variation, which may lead to positive
or negative impacts on the lifetime of the power devices. Moreover, reliability assessment
considering different inverter oversizing rates is conducted, which demonstrates high correlation
between the inverter oversizing and its reliability. Thus, impacts of the VVC function on the
inverter lifetime are expected to be considered with additional reliability constraints in the VVC
optimisation model, aiming to achieve a trade-off between VVC performance and inverter long-

term reliability.
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Chapter 3 PV INVERTER RELIABILITY-CONSTRAINED
VOLT/VAR CONTROL OF DISTRIBUTION NETWORKS

WITH INVERTER APPARENT POWER RESTRICTION

Chapter 2 develops a PV inverter reliability assessment approach under the VVC function,
reveals the close relationship between VVC functions and associated inverter lifetime, and
provides insights that a properly designed VVVC function can have positive impacts on PV inverter
reliability via successfully containing the thermal stress of PV inverters. Following this thread,
this chapter proposes a PV inverter reliability-constrained VVVC method of distribution networks
under uncertainties. Firstly, compared to Chapter 2, a more comprehensive reliability analysis
procedure for PV inverters is developed to estimate the lifetimes of both the power device and the
DC-link capacitor inside inverters. Secondly, considering the impacts of VVC on PV inverter
reliability, reliability constraints are proposed based on regulation of inverter apparent power and
application of a PV curtailment scheme, and a restriction factor is proposed to realise different
restriction levels for analysis. Thirdly, a multi-objective PV inverter reliability-constrained VVC
optimisation model is proposed, which aims to minimise the network power loss and PV curtailed
power, simultaneously. Accordingly, the nonconvex model is relaxed by a second-order cone
programming method, and the uncertainties such as PV power generation and loads are addressed
by a scenario-based stochastic optimisation method. The proposed VVC method is tested on the
33-bus and 69-bus distribution networks, and the simulation results verify high efficiency of the

proposed method in network energy loss reduction and inverter reliability enhancement.

3.0 Nomenclature

A. Sets and Indices

B Set of network branches.
i Index of IGBT thermal cycles.
j, k, 1 Index of network buses.
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Set of parent buses of bus k.

Set of network buses.

Set of child buses of bus k.

Index of capacitor ripple current frequencies.
Set and index of uncertainty scenarios.

Set and index of operating time intervals.

B. Parameters

1) PV Inverter Parameters

Eonnom-Eof fnom Nominal single-pulse turn-on and turn-off energy loss of IGBT unit (J).

Erec,nom

ESR(f)
fsw
Hy
iP , Up
I nom Vnom
m
PIlgss
Pll)oss
Ploss
CA

Rth(co—a)

VerosTcE
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Nominal single-pulse reverse recovery energy loss of diode unit (J).
Equivalent series resistance of capacitor under frequency f,, (Q).
Switching frequency (Hz).

Base lifetime of capacitor (hours).

Output sinusoidal current and voltage amplitude (A,V).

Nominal current and voltage of IGBT module (A,V).

PWM modulation rate.

Power loss on IGBT unit (W).

Power loss on reverse recovery diode unit (W).

Power loss on DC-link capacitor (W).

Capacitor thermal resistance from core to ambient (K/W).
Ambient temperature (K).

Capacitor core temperature (K).

IGBT junction, case and heatsink temperature (K).

Maximum rated core temperature of capacitor (K).

AC voltage RMS value (V).

Applied DC-link voltage (V).

Zero-current on-state collector-emitter voltage and on-state collector-emitter



Vpo.Tp
VDCT
Ztn(j-c)
Zth(c—h)
Zth(h-a)

@

resistance of IGBT unit (V, Q).

Zero-current on-state voltage drop and on-state resistance of diode unit (V, Q).

Rated DC voltage of capacitor (V).
IGBT thermal impedance from junction to case (K/W).
IGBT thermal impedance from case to heatsink (K/W).

IGBT thermal impedance from heatsink to ambient (K/W).

Phase difference between PWM modulation signal and inverter current (rad).

2) Network Parameters

1 ﬁcap Current capacity of the branch line from bus j to bus k (A).
pnetloss Network power loss on branch lines (W).
peurtloss Power loss on PV curtailment (W).
Tik, Xjk Resistance/Reactance of the branch line from bus j to bus k (Q).
S ,jap Inverter apparent power capacity at bus k (VA).
Vi, Vi Lower and upper limits of voltage at bus k (p.u.).
) Restriction factor for inverter apparent power.
C. Variables
. Current and its square value of the branch line from bus j to bus k at time ¢t
Ligtr Ukt
(AA?).
Active/Reactive power through the branch line from bus j to bus k at time ¢t
P t:Qjk ¢
(W,var).
Pie, Qky Uncertain active/reactive load at bus k at time ¢ (W,var).
P,f, v ,‘th” Scheduled inverter active/reactive power output at bus k at time ¢t (W,var).
P Actual PV active power output at bus k at time ¢t (W).
P C PV curtailed active power at bus k at time t (W).
By Uncertain PV MPPT power generation at bus k at time ¢ (W).
Skt Inverter apparent power output at bus k at time t (VA).
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Vit Ve Voltage and its square value of bus k at time t(p.u.).

p Occurrence probability of uncertainty scenarios.

3.1 Introduction

In recent years, with the advance of photovoltaic (PV) technologies, the penetration of PV
systems is having an unprecedentedly fast growth. It is reported by [2] that by the end of 2021,
there are over 3 million rooftop PV systems installed in Australia. The wide utilisation of PV
energy is beneficial to the construction of a cost-efficient, low-carbon and sustainable power
system. However, it also brings about challenges, especially to the voltage regulation and control
in distribution networks. The work [96] points out that the main challenge of renewable energy
integration is associated with the power generation intermittency and volatility. It is indicated in
[41] that the stochastic characteristics of PV power generation can lead to fast and dramatic
voltage fluctuations. Moreover, the voltages at the buses with high PV levels tend to rise beyond

the limit during peak power generation hours, impairing the power quality [13].

To address these issues, volt/var control (VVC) acts as an effective method for voltage
regulation and power loss minimisation in distribution networks. Conventionally, on-load tap
changers (OLTCs) and capacitor banks (CBs) are utilised in the VVC methods, to provide
adjustable and reliable voltage regulation and reactive power compensation support. The work
[33] proposes a coordinative approach of OLTCs and static var compensators for optimal voltage
regulation in distribution networks. A two-loop hybrid method for optimal sizing and placement
of CBs in distribution networks is proposed in [36]. However, these conventional devices are
mechanically operated and cannot respond fast enough to address rapid voltage variations due to

the uncertain and intermittent PV power generation [43].

On the other hand, PV inverters are power electronic devices which can provide fast and
flexible reactive power support. Besides, PV inverters can be controlled to curtail the PV power
generation to further mitigate the voltage rise when necessary. IEEE 1547.8 working group has
advocated the utilisation of PV inverters for VVC implementation [47]. Electric Power Research
Institute has also been updating protocols of PV inverter operating modes for network voltage

regulation [48]. Furthermore, according to [46], a properly oversized PV inverter can efficiently
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increase its reactive power capacity, and the additional costs can be offset by reducing the
investment of traditional CBs. With the advantages of PV inverters for reactive power
compensation and PV curtailment in distribution networks, advanced inverter-based VVC
schemes considering uncertainties have been proposed. A two-stage centralised VVC model is
proposed in [49], which optimally selects PV inverters for VVVC function and then dispatches
reactive power in active distribution networks. Considering real-time uncertain network operating
conditions, ref. [42] proposes a hierarchically coordinated VVVC model, which coordinatively
optimises central dispatch setpoints of PV inverters for network power loss minimisation and
local droop control functions for real-time voltage regulation. In [97], a two-stage robust reactive
power optimisation method against uncertainty of renewable power generation is proposed. The
work [53] proposes a distributed inter-phase coordinative VVVC method considering unbalanced
PV integration in three-phase distribution networks. A local two-layer real-time adaptive VVC
method is proposed in [98], which can dynamically adapt its droop control function to enhance
performance under system disturbances. In addition, a three-stage robust inverter-based VVC
model is developed in [52], which coordinates three different control stages of slow scheduling
of OLTCs and CBs, fast dispatching of inverter base outputs and local control on inverters. In
[60], a multi-objective adaptive VVC model is proposed to minimise both network power loss
and bus voltage deviations. Furthermore, a distributed online VVC method coordinating PV
curtailment to achieve efficient voltage regulation and power loss reduction is proposed in [50].
Different control methods are presented in the above literature to highlight the advantages and
remarkable potentials of utilising PV inverters for system voltage regulation. However, there is
still one practical concern for the implementation of inverter-based VVC functions, i.e., the

reliability of PV inverters.

PV inverters are the key devices for var compensation in inverter-based VVC methods.
Besides, they are responsible for converting active power generated from PV panels, as a basic
function. Thus, the operational reliability of PV inverters is a crucial factor to ensure both reliable
VVC support and PV power generation. Ref. [62] indicates that PV inverters are the most
vulnerable subsystems in PV systems due to their complexity in both the physical structure and

operating conditions. Study in [61] indicates that compared to other components in PV systems,
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PV inverters have much shorter lifetime which is usually less than 15 years. Moreover, significant
lifetime degradation is identified in [67], if a PV inverter is used to provide reactive power support
at night. Thus, the additional utilisation of PV inverters for VVC functions may seriously affect
the PV inverter reliability, leading to shortened lifetime and poor economic results. In this regard,
it is imperative that the PV inverter reliability is systematically considered, analysed and modeled

in VVC methods. However, in the existing literature, such a problem has not been investigated.

To conduct inverter reliability analysis, it is important to understand the inverter failure
mechanisms. According to [65], the power devices, e.g., insulated gate bipolar transistors (IGBTS)
and metal-oxide-semiconductor field-effect transistors (MOSFETS), as well as the DC-link
capacitor, are the two most fragile components inside an inverter, and their lifetime is a
predominant factor for inverter reliability. Besides, for both the power devices and DC-link
capacitors, their lifetime is critically affected by their thermal status, i.e., the junction temperature
cycling of power devices and the core temperature of DC-link capacitors [66]. The thermal status
is subject to power losses dissipated on the devices. Thus, the power loss modeling and thermal
analysis of the power devices and the DC-link capacitors play a key role in inverter lifetime
estimation. Furthermore, lifetime models are required for lifetime estimation. Regarding the
power devices, a Coffin-Manson model [70] which describes the impact of junction temperature
variation on lifetime can be used; a modified Coffin-Manson model is proposed in [71], by adding
the impact of junction temperature mean values; moreover, lifetime models provided by
manufacturers, which are based on intensive power cycling tests, can also be used for lifetime
estimation [72]. For DC-link capacitors, the lifetime models regarding different device types can
be found in [73], and those from manufacturers [74] can also be used. Thus, with the above
reliability analysis models, the inverter lifetime can be calculated. However, due to the complexity
of the above models, the inverter reliability analysis methods cannot be directly involved in the

VVC optimisation model.

According to the above literature review, two unsolved problems can be identified: 1) the
existing inverter-based VVVC methods do not consider the inverter reliability issues; 2) the existing
inverter reliability analysis models cannot be directly used in VVC optimisation models for

lifetime improvement purpose. To solve these problems, this chapter develops the inverter
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reliability constraints via a full inverter reliability analysis process, and further proposes a multi-
objective PV inverter reliability-constrained VVC optimisation model which can guarantee

improved inverter lifetime.
The main contributions of this chapter are as follows.

1) A full PV inverter reliability analysis procedure is developed to estimate the lifetime of
power devices and DC-link capacitor inside inverters. With this procedure, the impacts of

VVC on inverter lifetime can be quantified.

2) New constraints modeling inverter reliability are proposed, which are used to ensure inverter
lifetime commitment by utilising a restriction factor to regulate inverter apparent power

output.

3) A multi-objective PV inverter reliability-constrained VVC optimisation model with PV
curtailment is proposed, to minimise the network power loss and PV curtailed power under

uncertainties, while guaranteeing long inverter lifetime.

The rest of this chapter is organised as follows: Chapter 3.2 describes a PV inverter reliability
analysis process and analyses the impact of VVC on the inverter lifetime; then, in Chapter 3.3,
inverter reliability constraints are developed and a multi-objective reliability-constrained VVC
optimisation model is proposed; case studies are conducted in Chapter 3.4 to validate the proposed
reliability constraints and VVC method; last, conclusions and future works are given in Chapter

3.5.

3.2 Reliability Analysis of PV Inverters

3.2.1 Single-Phase Grid-Connected PV Inverter

Single-phase grid-connected PV inverters are widely used in small-scale PV systems,
especially residential rooftop PVs. The schematic of a typical two-stage single-phase full-bridge

grid-connected PV inverter is shown in Figure 3.1.
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Figure 3.1 Schematic diagram of a single-phase two-stage full-bridge grid-connected PV inverter.

A DC/DC converter is applied at the first stage to conduct the maximum power point tracking
(MPPT). Then, a full-bridge inverter is placed at the second stage to complete power conversion
from DC to AC. A DC-link capacitor is paralleled between the converter and the inverter to
efficiently arrest multi-frequency harmonics and stabilise DC-link voltage. The inductor-
capacitor-inductor (LCL) filter is usually utilised before connection to the grid to reduce current

harmonics and smooth voltage output.
3.2.2 Reliability Analysis Process

In this chapter, reliability analysis will be applied for the components in the inverter including
the power devices (S1-S4) and the DC-link capacitor as shown in Figure 3.1. In addition, IGBTs
and an aluminum electrolytic capacitor are used as the power devices and the DC-link capacitor,

respectively.

@ Control Methods: VVC, PV Curtailment PV Inverter Reliability Analysis Process
} _Meie ‘
PV Inverter ! -O: Solar Irradiance Environmental
Pinv: Qine: Mpwm: fo || Ambient Temperature ~ CONditions
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L0s5 (Pyoss ca) Temperature (T,,) Lifetime

Figure 3.2 PV inverter reliability analysis process.

The reliability analysis process is demonstrated in Figure 3.2. Firstly, with the PV inverter

power outputs (Pin, Qinv) and modulation parameters (Muwm, fsw), the power losses dissipated on
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the IGBTS (Pioss 1) and the capacitor (Pioss,ca) are calculated by their power loss models. Secondly,
the junction temperature of IGBTSs (T;) and the core temperature of capacitor (Tco) are computed
by their thermal models with the obtained power losses. Then, a thermal cycle interpretation
technique, i.e., the Rainflow counting technique, is used to transfer the irregular junction
temperature profile into useful information (47, Tim, Ton). Last, the IGBT and capacitor lifetime

models are applied to obtain their estimated lifetime.
3.2.3 Reliability Models of IGBT Module
3.2.3.1 Power Loss Model

An IGBT module consists of the IGBT unit and the reverse recovery diode unit. The power
loss of IGBT unit P/g* contains conduction loss P/255,, and switching loss P¢%s,, which can

be calculated by the following equations.

PIESS = PIgn + PIESS, (31)
loss 1 mcose ) 1 mcosg 5 3.2
PrG con = E"‘ 8 Vegolp + §+T Tcelp (3:2)
fs ipVpc
Pllg:qsim === (Eon,nom + Eoff,nom) T (3-3)
T[ InomVnom

Here, ip denotes the inverter output sinusoidal current amplitude, Vg, denotes the IGBT
zero-current on-state collector-emitter voltage and r;; denotes the IGBT on-state collector-
emitter resistance. m is the PWM modulation rate and ¢ is the phase difference between
modulation signal and inverter output current. Moreover, f;,, is the switching frequency and Vp
is the applied DC-link voltage. Eoypnom and Eqfrnom are the IGBT nominal single-pulse turn-

on and turn-off energy losses under nominal current I,,,,, and nominal voltage V;,,,.

The reverse recovery diode unit conducts on the other half cycle. With the diode zero-current
on-state voltage drop Vp,, on-state resistance rp and nominal single-pulse reverse recovery
energy 10ss Eyecnom. its power loss PLoss can also be obtained. Detailed diode power loss model

can be found in [99].
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3.2.3.2 Thermal Model

The thermal model of an IGBT module is shown in Figure 3.3. The power losses generated
from the chips are dissipated through each layer into the ambient, causing different temperature

levels. The temperature of each layer can be calculated as follows.

Tiic = Zth,IG(j—c)PIlgss + T (3.4)
T, = Zence-ny (P8 + PY>*°) + T, (3.5)
Th = Zinn—ay(PI& + PESS) + T, (3.6)

Here, T; 6, T, and T, denote the junction temperature of the IGBT unit, case temperature and
heatsink temperature of the IGBT module, T, is ambient temperature. Besides, Z:p(j_c),
Ztn(e—n) and Zipn—q) are the thermal impedances from junction to case, from case to heatsink
and from the heatsink to ambient, respectively. Note that the thermal capacitances C;, in Figure
3.3 (b) only account for transient thermal dynamics in terms of milliseconds to seconds. For long-

term thermal analysis, only the thermal resistances R, is considered in the thermal model [72].

IGBT Power Diode Power

Loss Loss Tj
IGBT unit] Diode unit
: Cthl Rth1
Junction Zth D(j-c)
Cth2 Rth2
—Zth(j-c
Case Zth(c-h) (-0
i Cthn Rthn
Heatsink Zth(h-a)
Ambient Tc
@ (b)

Figure 3.3 IGBT thermal model. (a) Thermal structure of an IGBT module. (b) Foster RC thermal model.

For an IGBT module working in the power inverting mode, the IGBT unit usually has dominant
power loss and thus much severer thermal stress than the diode unit [100]. Therefore, in this
chapter, it is assumed that the reliability of the IGBT module is mainly dependent on the thermal

loading of the IGBT unit.
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3.2.3.3 Thermal Cycle Interpretation Technique

Due to the irregular variations of power losses and ambient temperature, the IGBT junction
temperature profile may not follow repetitive patterns regarding amplitude and duration. In this
chapter, a Rainflow counting technique [69] is applied to transfer the irregularly varying junction
temperature profile into regulated thermal cycles. By using this technique, key thermal parameters
such as junction temperature variation AT;, mean junction temperature Tj,, and cycle heating

time t,, of each cycle can be obtained for further lifetime estimation.
3.2.3.4 Lifetime Model

The extracted parameters from the Rainflow counting results can be utilised to calculate the
lifetime of the IGBT module. This chapter applies a combined lifetime model based on the

improved Coffin-Manson model in [71] and the manufacturing information in [89], as follows.

— . A Ea . ton -0.3
Ny = A BT e G ) () (3.7)

T}'m thom

Here, Ny denotes the number of thermal cycles until failure, E, is activation energy and kg
is Boltzmann constant. In addition, t,,,, denotes the nominal cycle heating time according to

manufacturers’ datasheet. A and « are constant coefficients.

Then, N; of each regulated thermal cycle can be obtained by (3.7). Following the Miner’s rule
[90], the efforts of each thermal cycle to failure are accumulated linearly and independently. Then,
the accumulated lifetime consumption C,r during a specific time horizon TH can be obtained

as below.

n;
Cip= —
= 2N, (38)

i€ETH

Here, i is the index of thermal cycles in TH, n; is the number of cycles accumulated for a
certain stress level of AT;, Tj,y,, and t,,. N; denotes corresponding cycling number to failure at

the stress level. Thus, the final IGBT module lifetime can be computed as follows.

LF; = — (3.9
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3.2.4 Reliability Models of DC-Link Capacitor
3.2.4.1 Power Loss Model and Thermal Model

The power loss of a DC-link capacitor is mainly af