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Abstract

Abstract

The connection of multiple Distributed Generators (DGs) to medium voltage (MV)

distribution networks requires careful control of the power flow in order to maintain

the voltages and currents within limits. At present, the operation of distribution

networks is passive. New devices are required to provide distribution network

operators with the means of controlling the power flow and improving the utilisation

of existing distribution networks.

In

this thesis, various topologies of Soft Open Points (SOPs) to be used in MV

distribution networks were examined. The following points were addressed:

1.

The benefits of a multi-terminal back-to-back (B2B) SOP were quantified and
compared with a two-terminal SOP and with no SOPs. An optimisation problem
was solved to determine the setpoints of the SOPs to achieve multiple control
objectives separately. The three-terminal B2B SOP enabled the distribution
network to host more DGs and achieved lower energy losses than the two-
terminal SOP. However, B2B SOPs have not been widely deployed in MV
distribution networks as they are too expensive.

The operation of a Transformer-less Unified Power Flow Controller (UPFC) in
distribution networks was investigated. It offered power flow control with the
complete removal of interfacing transformers. However, its ability to control
reactive power is limited by the converter’s current ratings. A small-scale
experimental setup was used to test the performance of the Transformer-less
UPFC in response to control signals to step changes in active and reactive
power.

The well-established conventional UPFC, that has been demonstrated in some
transmission systems, was improved for use in MV distribution networks. The
Improved UPFC provides similar performance to the conventional UPFC with
no need for an interfacing series transformer. The series converter was protected
against immediate overvoltage and overcurrent applied when faults occur on

the distribution network using a fast-acting protection circuit.



Abstract

A model of a two-busbar distribution network was used for the investigation,
supported by simulations and some experimental tests. The results showed that SOPs
with a series connection can provide power flow control similar to that of B2B SOPs

with lower rating converters and size.
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Chapter 1 Introduction

Chapter 1 Introduction

This chapter introduces the background, motivation, and objectives of the thesis.

In addition, it provides an outline for the thesis.



Chapter 1 Introduction

1.1 Background

Climate change is a real and rapidly growing risk that must be addressed. The main
drive of climate change is the greenhouse gas emissions by human activities [1]. Since
the industrial period between 1850 and 1900, greenhouse gas emissions are estimated
to have increased Earth’s global average temperature by about 1 degree Celsius, a
number that is currently increasing by 0.2 degree Celsius per decade [2]. The
implications of temperature rise are global warming, changes in precipitation patterns,

more droughts and heatwaves, etc. [3].

The energy sector” that mainly includes electricity, heat generation, and transport,
is the major contributor to climate change. Figure 1-1 shows the global greenhouse

gas emissions by economic activities that lead to their production [4].

Other
Energy

10%
Electricity and
Heat Production

Industry 25%

21%

Agrlculturei:orestry

Transportation and Other Land Use

24%

Figure 1-1 Global greenhouse gas emission by economic sector [4]

Coordinated actions across the world are required to limit global warming and
reduce greenhouse gas emissions. The Paris Agreement on climate change is a legally
binding international treaty that set out a global framework to limit global warming to
well below 2 °C above pre-industrial levels and to pursue efforts to limit the
temperature increase to 1.5 °C [5].

“Energy sector can be broadly defined as a system of interconnecting components that enables
energy (e.g., electricity, gases and fuels) to be produced and supplied to end-users in homes, businesses
and industry. It includes production, conversion, trading, transport, and delivery [6].
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In order to reach the goals of the Paris Agreement, new plans are required to target
cutting greenhouse gas emissions. This will need the use of more clean energy (i.e.,
decarbonise) and to use that energy more efficiently (i.e., optimise). It will also require
shifting energy demand to electricity and away from the combustion of fossil fuels

(i.e., electrify) [7].

1.1.1 Decarbonisation of the energy sector

Decarbonisation includes enabling more Low Carbon Technologies (LCTs) to
reduce carbon dioxide emissions [8], besides, promoting the electrification of heat and

transport [9].

Decarbonisation is driving electricity systems towards decentralisation. This is
demonstrated by the growth in Distributed Energy Resources (DERS), which include
wind generation, solar photovoltaics, fuel cells, distributed energy storage, electric
vehicles (EVs), smart appliances and electric heat pumps [10]. Figure 1-2 shows the

growth in renewable energy globally [11].
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Figure 1-2 Global capacities of renewable resources [11]
The effects of DERs can be attributed to the uncertainty, variability of generation,
and several technical problems (e.g., voltage, frequency and congestion) on electricity
systems. Therefore, new tools and technologies are required to manage highly

renewable electricity systems [12].
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1.1.2 Operational challenges of highly renewable electricity systems

Network operators (i.e., distribution network operators (DNOs) and transmission
system operators (TSOs)) need to maintain their primary role of delivering a secure
and reliable supply of electricity to consumers. The increase in DERs has

consequences on the operation of transmission and distribution networks.

In transmission networks, large generators are being replaced by Distributed
Generators (DGs), causing operability challenges in terms of power system inertia,
short circuit level, voltage and reactive power control and system restoration [13]. For
example, a number of voltage excursions were reported in transmission networks

during periods of low demand [14], [15].

Several technologies could be used to manage the operation of transmission
networks, such as virtual synchronous machines, flywheel, pumped storage
hydropower plants and Flexible AC Transmission Systems (FACTs) [13].

In distribution networks, the main challenges limiting more uptake of LCTs, that
will often be connected to distribution networks, are voltage rise and network
congestion [16]. Distribution networks should accommodate more LCTs at the lowest

cost and maximum flexibility.
1.1.3 The UK’s net-zero emissions target by 2050

In 2019, the UK became the first major economy to adopt an ambitious policy to
bring all greenhouse gas emissions to net-zero by 2050 [17]. Achieving the UK’s net-
zero emissions target while keeping costs and disruption to a minimum requires

innovative approaches to decarbonisation [18].

Figure 1-3 shows the proportion of UK energy supplied from low carbon sources
from 2000 to 2019 [19].



Chapter 1 Introduction

10%

Percentage of energy supply

noy
o

2000 2002 2004 2006 2008 2010 2012 2014 2016 2019
Figure 1-3 Percentage of energy supply from low carbon sources, 2000-2019 [19]

The growth in renewable generation has increased the supply of green electricity.
Still, it has imposed operational challenges as renewable energy is intermittent, and
the output does not necessarily coincide with the local demand. This was demonstrated
by a record low demand and plenty of renewable generation during the Covid-19
lockdown led to a significant increase in balancing costs [20].

In the UK, the accumulated capacity of solar photovoltaics generation connected
to the distribution networks has increased to 12.9 GW and wind generation to 5.7 GW
[21]. In order to adapt the distribution networks in the UK to meet the operational
challenges, the Office of Gas and Electricity Markets (Ofgem) in Great Britain has
introduced innovation stimuli. The Network Innovation Competition (NIC) and
Network Innovation Allowance (NIA) are available to the licensed network companies
to support innovation and encourage competition on emerging technologies, products

and services that supports decarbonisation [22], [23].

Several projects have trialled new innovative methods and tools to actively manage
and optimise the operation of the distribution networks at different voltage levels and
provide the required operational flexibility. This includes improving distribution
networks' visibility, controllability, and automation to guarantee safe operation with
significant levels of LCTs. A good example is the integration of power electronic
devices such as Soft Open Points (SOPs) in medium voltage (MV) distribution

networks.
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1.2 Research motivation

The connection of multiple DGs to MV distribution networks requires new devices

to actively control the power flow to maintain the voltages and currents within limits.

Power electronic devices (e.g., Voltage Source Converters (VSCs)) can be used to
provide power flow control in MV distribution networks, similar to the well-

established Flexible AC transmission Systems (FACTs) and MV motor drive systems.

There has been increasing activity in the engineering development of power
electronic material (e.g., silicon carbide power electronics) and hardware design (e.g.,
new converter topologies) [24]. This is demonstrated by several projects that have
been trialling new configurations and arrangements of power electronic converters in
MV distribution networks [25], [26], [27], [28], [29], [30].

SOPs are power electronic devices installed in distribution networks to provide
power flow control and voltage regulation. For example, SOPs can interconnect two
or more substations that could not normally be interconnected, allowing the transfer
of excess power generated by DGs to other load centres. This will avoid or delay
reinforcement, release the latent capacity of distribution networks and support the
growth of LCTSs.

There are two types of SOPs: fully-rated back-to-back (B2B) SOPs and partially

rated SOPs similar to the conventional Unified Power Flow Controller (UPFC).

This thesis investigated various topologies of SOPs to be used in MV distribution
networks. The thesis quantified the benefits of a multi-terminal fully-rated B2B SOP
and compared them to those of a two-terminal SOP and no SOPs. Despite the benefits
of installing fully-rated B2B SOPs, they have not been widely deployed in MV
distribution networks as they are too expensive. The cost and size of the fully-rated
converters and the interfacing transformers account for the lack of applications of
fully-rated B2B SOPs in MV distribution networks.

SOPs with a series connection were examined as an alternative solution to achieve

the required power flow control using lower rating converters and size.
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1.3 Objectives of the thesis

The objectives of the thesis are to:

Investigate the benefits of multi-terminal fully-rated B2B SOPs in MV
distribution networks.

Investigate using a conventional UPFC to control power flow in MV
distribution networks using partially rated converters.

Investigate the performance of a Transformer-less UPFC in MV distribution
networks.

Test the performance of a Transformer-less UPFC using a small-scale
experimental setup.

Propose a power electronic topology with lower rating converters and size than
fully-rated B2B VSCs.

Examine the performance of the series converter during faults on the
distribution network, then propose a protection circuit to bypass the series
converter within a few milliseconds when faults occur on the distribution

network.
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1.4 Main contributions of the thesis

The main contributions of the thesis are described below.

Quantify the benefits of installing a multi-terminal B2B SOP over a two-
terminal B2B SOP in MV distribution networks. The multi-terminal B2B SOP
offers more operational benefits than the two-terminal B2B SOP by controlling
the power exchange among multiple circuits. The multi-terminal B2B SOP
increased the headroom of voltage limits and reduced the energy losses of a
distribution network more than the two-terminal SOP. Despite the benefits of
installing B2B VSCs, they have not been widely deployed in MV distribution

networks as they are expensive.

SOPs with a series connection can provide power flow control similar to B2B
fully-rated SOPs with lower rating converters and size. Several topologies were
investigated, such as the conventional UPFC, the Transformer-less UPFC and
the Improved UPFC.

The Transformer-less UPFC can provide independent control of active and
reactive power using series and shunt converters that are not connected to a
common DC-link and with complete removal of the interfacing transformers. It
can control active power using a small shunt current. However, it has limited
capability to control reactive power as this requires a large shunt current. A
small-scale experimental setup was used to demonstrate the performance of the
Transformer-less UPFC in response to control signals to step changes of active

and reactive power.

An Improved UPFC was proposed to control power flow in distribution
networks. The Improved UPFC has a similar performance to the conventional
UPFC and does not require an interfacing series transformer. Hence it offers a
smaller size and less cost. The performance of the series converter was
investigated when AC faults occurred on the distribution network. A fast-acting
protection circuit was proposed to protect the series converter against immediate
overvoltage and overcurrent applied when faults occur on the distribution

network.
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1.6 Thesis outline

Figure 1-4 shows the structure of the thesis.

Literature Review Technical Chapters
Chapter 2 Ir _C_ha_ptgrg _______ :
Technical problems of connecting '™ Multi-terminal Fully Rated | | —————————
DGs to MV distribution networks : Back-to-Back Soft Open Points | | | Chapter 6 :
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Network reconfiguration in |_»! | | A Unified Power Flow Controllerin a : __________
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| Chapter 5 1 MV Distribution Network :
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electronic devices | Distribution Networks Jl

Figure 1-4 Structure of the thesis

The thesis is organised as follows:

Chapter 2 provides a literature review on the technical problems of connecting
DGs to MV distribution networks and the methods used to address these challenges.
It also reviews the principles of operation and the control strategies of fully-rated and

partially rated SOPs.

Chapter 3 investigates the operational benefits of multi-terminal fully-rated B2B
SOPs in MV distribution networks. An optimisation problem was formulated and
solved to determine the setpoints of SOPs that achieve multiple objectives separately.
The results showed that a three-terminal SOP reduced the energy losses and increased
the headroom of voltage limits of a distribution network more than a two-terminal
SOP.

Chapter 4 investigates the basic principles of power flow control using a UPFC
connected to an MV distribution network with a low X/R ratio. The UPFC was
controlled to operate in power flow control mode. The control scheme was
implemented using decoupled dq voltage and current control loops. The results
demonstrated the ability of the UPFC to control active and reactive power

independently and regulate the voltage at the point of connection.

10
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Chapter 5 investigates the use of a Transformer-less UPFC in MV distribution
networks. The operating range of a Transformer-less UPFC and the required power
ratings of the series and shunt converters were investigated. Simulation and small-
scale experimental setup were used to validate the theoretical analysis. The results
showed that a Transformer-less UPFC provided power flow control with complete
removal of the interfacing transformers. However, its ability to control reactive power

is limited by the converter’s current ratings.

Chapter 6 proposes an improved topology of a UPFC suitable for MV distribution
networks. The Improved UPFC provides similar performance to the UPFC with no

need for an interfacing series transformer.

Chapter 7 investigates the performance of the series converter during faults on
the MV distribution network and proposes a protection circuit for the series converter.
The Improved UPFC topology was used to examine the challenges facing the series
converter during external faults and test the performance of the proposed protection

circuit.

Chapter 8 presents the thesis conclusions and the suggestions for future work.

11
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Chapter 2 Literature Review

This chapter presents a literature review on technical problems of connecting
Distributed Generators to medium voltage distribution networks and methods
proposed to address these problems. It also reviews Soft Open Points and the state-of-

the-art projects, along with the identified research gaps.
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2.1 Technical problems of connecting Distributed Generators to medium voltage

distribution networks

The increase in Distributed Generators (DGs), such as wind and solar
photovoltaics (PVs), constitutes a significant challenge for distribution network
operators (DNOs) to maintain their primary role of delivering a secure and reliable

electricity supply to consumers.

Several technical problems must be addressed by DNOs when connecting DGs to
distribution circuits, such as voltage rise, feeder congestion, power flow reversal and

network fault level [31].

e \oltage rise
Voltage rise is the most serious problem of connecting large levels of DGs to MV
distribution networks, especially during periods of low demand [32]. Figure 2-1 shows
an equivalent circuit of a two-busbar distribution network with a DG at Busbar 2. The
voltages at Busbar 1 and Busbar 2 are V. and V.. The load has active and reactive

power P and Q,, and the feeder has impedance Z, =R+ jX, where R and X are

the resistance and reactance of the feeder.

AC  _ P, V, +—Pg
source Vi j g DG
S8 >
Zs= R4JX Load
Bushar 1 Busbar 2
PL+jQL

Figure 2-1 Equivalent circuit of a two-busbar distribution network
The DG operates at unity power factor and injects active power P, . Note that the

X/R ratio of a typical distribution network is usually smaller than that of a transmission
network. Hence, the resistive component of the distribution feeder cannot be

neglected.

Figure 2-2 shows a phasor diagram developed using the equivalent circuit in

Figure 2-1.

13
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Figure 2-2 Phasor diagram of the two-busbar distribution network

The voltage difference between v, and v, is approximately obtained in terms of

active and reactive power P, and Q, asin (2-1), where P, =P, —P; and Q,=Q, .

RP, + XQ,

S e v

(2-1)

When P =0, the power flows from Busbar 1 to Busbar 2 and |V:|>[Vs|.

When P; >P_, the term RP, is negative. The power flow is reversed when

IRP,| >|XQ,| and a voltage rise occurs (i.e., [Vi| <|Vz|).

e Feeder congestion
Feeder congestion occurs when the power flow of a distribution feeder exceeds its
rated power (i.e., violation of its current constraint) [33]. Switching actions (e.g.,
network reconfiguration) and other compensations devices (e.g., Soft Open Points
(SOPs)) are used to manage feeder congestion [34]. This is achieved by transferring

load from heavily loaded feeders to lightly loaded ones.

e Reverse power flow
Power flow reversal is likely to happen during low demand periods, and it is

usually associated with voltage rise problems in distribution networks.

Certain types of on-load tap changers place constraints on the level of power flow
reversal through transformers [35]. Hence, distribution networks might be constrained

by the reverse power flow capability of tap-changers [36].

e Network fault level
Many DGs are interfaced to distribution networks using Voltage Source
Converters (VSCs). The fault current of the DGs depends on the control strategy of
the VSCs. Typically, current control schemes are used to control the VSCs [37], and
they limit the fault current of DGs to 1-3 pu to protect the IGBTs from damage.

14
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The integration of DGs in distribution networks increases the fault level of the
existing distribution networks and affects the operation of protection relays. For
example, the behaviour of DGs in grid-connected and island modes can alter the levels
of fault current and affect the coordination of protective relays [38], [39].

2.2 Methods of voltage regulation in distribution networks

Several control strategies are discussed in literature to mitigate against voltage rise

in distribution networks.
2.2.1 On-load tap changer (OLTC)

On-load ap-changers (OLTCs) are mechanical devices that are able to adjust the
voltage magnitude by changing the position of the tap of the transformer under load
[40]. They are usually used in distribution networks to control the voltage and maintain
it within limits [41].

OLTCs are equipped with automatic voltage control (AVC) relays. An AVC relay
monitors the secondary voltage of a distribution transformer and automatically make
adjustment by signalling the OLTC [42].

The uncoordinated operation of OLTCs become less effective with the growing
levels of DGs. In [43], [44], coordinated frameworks of OLTCs and other VAR
compensators were discussed. The optimal setpoints were determined by solving
optimisation problems considering real-time measurements [45]. It was shown that the
coordinated voltage control maintained the voltage within permissible limits that was
not achieved with independent control.

2.2.2 Volt/VAR control

Volt/VAR control is defined as the management of reactive power (i.e., supply or
absorb VAR) to regulate the voltage and improve the performance of an AC network
[46], [47].

A STATCOM and a Static Series Synchronous Compensator (SSSC) are
equipment for providing controllable reactive power using switched power converters
[48], [49]. Figure 2-3 shows schematic diagrams of a STATCOM and an SSSC.
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Figure 2-3 Schematic diagrams of (a) a STATCOM, and (b) an SSSC
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Optimal placement and sizing of reactive power sources was discussed in [50],
[51]. VAR allocation was formulated as an optimisation problem to improve voltage
profiles and reduce power losses. The results showed a reduction in network power
losses and improvements in network voltage. Practically, choosing the best site may

not be feasible due to technical or economic restrictions [52].

In [53], [54], the power converters of PV plants and wind generators were used to

provide reactive power management.

In [55], a PV solar farm was utilized as a STATCOM when no active power is
generated at night. The solar farm inverter regulated the voltage at the point of

common coupling (PCC) during low demand and plenty of wind farm generation.

In [56], a dynamic voltage restorer (DVR) with a storage element similar to an
SSSC was proposed to mitigate against voltage sag. The DVR injects a controllable
voltage phasor and can generate or absorb real and reactive power independently at its

AC output terminals.

In [57], an SSSC was used to improve the voltage profile in an 11-kV distribution
network. The SSSC was modelled as a series voltage that injects an AC voltage
perpendicular to the line current. Results showed improvements in the transmitted

active power.

A 6.6 KV, 1 MVA Transformer-less STATCOM was proposed in [58]. It was built

using a cascaded configuration of H-bridge VSCs to eliminate the bulky line-
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frequency interfacing transformer. A 200 V, 10 kVA prototype was used to test the
voltage balance controller of the H-bridge VSCs.

In [59], a 6.6 kV hybrid Transformer-less STATCOM was proposed using Si and
SiC devices and hybrid modulation. The hybrid Transformer-less STATCOM reduced
the losses and overall volume compared with only Si and only SiC Transformer-less
STATCOM.

2.2.3 Renewable energy curtailment

Renewable generation curtailment is the reduction in the output of DGs from what
it could otherwise produce given available resources (e.g., wind or sunlight) [60].
Curtailment happens when DNOs command DGs to reduce output to keep the network

within the operational limits (e.g., relieve voltage constraints).

Curtailment leads to revenue loss of DGs projects. Avoiding curtailment requires
investing in network capacity (e.g., interconnection and storage) [61]. DNOs identified
opportunities to offer cheaper and faster connections through actively managed non-

firm connection instead of firm connection [62].

Non-firm connection or flexible connection to a distribution network is when
network access is managed by DNOs, often through real-time control [63]. On the
contrary, firm connection means that DGs’ owners can access full generation capacity
even during the outage of one distribution component. This connection scheme needs
more than one circuit to the connection point of DGs, thus having a high cost and
delivery time [64].

In [65], a DG curtailment method was discussed to manage voltage constraints in
distribution networks. This method relies on using sensitivity factors of the Jacobian

matrix to quantify the contribution of DGs P-Q injections to the voltage constraints.

The financial uncertainty of DGs non-firm connection was discussed in [66]. Three

key points were addressed:

1. The order in which generators should be curtailed was defined, especially
when more than one project contributes to the same constraint.
2. The estimated levels of curtailment were determined.

3. The financial risk of uncertainty was identified.
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It was shown that DNOs should estimate the lost revenue from aggregated
curtailment throughout the lifetime of a generation project. Then a trade-off between
the lost revenue and shared reinforcement cost will identify the point at which
developers would rather pay their shares of the reinforcement and have a firm

connection than sustain the estimated curtailment cost [66].
2.3 Network reconfiguration in distribution networks

Network reconfiguration involves changing the distribution network structure by

changing the states of tie-line and sectionalising switches [67].

During normal operation, network reconfiguration is used to alleviate feeder
congestion and manage power flow in distribution networks. During faults, it is used
for service restoration. The faulted area is isolated, and the non-faulted area is restored

with minimum load shedding [68].

Network reconfiguration can be classified as static reconfiguration and dynamic

reconfiguration.
2.3.1 Static reconfiguration

Static reconfiguration considers all switches (manually or remotely controlled) and
looks for an improved fixed topology at the planning stage (e.g., yearly or seasonal).

In [69], a Metaheuristic Harmony Search algorithm was used to simultaneously
reconfigure and identify the optimal locations for installing DGs in a distribution
network. Network reconfiguration was conducted by generating all possible radial
structures of a given network (without violating the constraints). Busbars were sorted
according to the sensitivity of the change in active power losses to the change in DGs
active power. Results showed that simultaneous network reconfiguration and DGs

installation reduced power losses and improved voltage profile.

The operation of distribution networks with high DGs requires frequent
reconfiguration to mitigate against the fluctuations of DGs output. This can be

achieved by dynamically reconfigure the distribution networks.
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2.3.2 Dynamic reconfiguration

Dynamic reconfiguration relies on a centralised control scheme that remotely
controls switches to alleviate voltage constraints and manage network congestion in

real-time.

In [70], mixed-integer conic programming (MICP) model was proposed for online
hourly configuration. The multi-objective function minimises the weighted sum of the
following three objectives: 1) DG active power curtailment, 2) line congestion, and 3)
voltage deviation. The control variables are 1) the statuses of remotely controlled
switches, 2) the active power curtailment factors of DGs and 3) the reactive power
outputs of DGs. The load/generation scenarios were generated by the kmeans data
clustering method to account for the stochastic behaviour of both load and DGs.

Results showed a reduction in network power losses.

In [71], the general algebraic modelling system (GAMS) was used to analyse the
worthiness of hourly reconfiguration in the presence of renewable energy, taking into
account the switching cost. Results showed that the effectiveness of hourly
reconfiguration in terms of loss reduction was greatly dependent on the DGs

penetration level.

In [72], the benefits of online hourly based reconfiguration were presented
considering the time-varying nature of loads. Hourly reconfiguration was compared
with optimal fixed topologies obtained for maximum and average daily demand.
Results showed a reduction in power losses when the network was reconfigured
hourly. However, hourly reconfiguration is complex. It involves overvoltage transient
problems and switching costs of frequent switching operations. These problems make

daily fixed topology more efficient than hourly reconfiguration.

In [73], instead of hourly reconfiguration, the entire year was divided into four
seasons. A probabilistic generation-load model that includes all possible operating
conditions of DGs was generated and accommodated into power flow equations. The
problem was solved based on genetic algorithm optimisation to determine the optimal
seasonal configuration with different DG units. Results showed that a great reduction

in annual losses was achieved.
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2.4 Soft Open Points

SOPs are power electronic devices that consist of VSCs (two or more). They are

installed in distribution networks in place of normally open points (NOP).

SOPs can be classified as; 1) fully-rated back-to-back (B2B) SOPs, and 2) partially
rated SOPs. A fully-rated B2B SOP uses two or more VSCs connected B2B to a
common DC-link and interfaced to AC networks using interfacing transformers. A
partially rated SOP uses a series connection of VSC(s) similar to a Unified Power
Flow Controller (UPFC) [74].

2.4.1 Role of Soft Open Points in medium voltage distribution networks

SOPs are installed to improve the controllability and automation of MV

distribution networks. The key benefits of SOPs are summarised as follows:
e Power flow management

SOPs control active and reactive power independently and provide voltage
regulation in MV distribution networks. They have several advantages such as fast
response, frequent actions and continuous control. The setpoints of SOPs can be
determined using several control strategies that adopt single-objective optimisation or
multi-objective optimisation [75], [76], [77].

e Power quality improvement

SOPs can be used to improve power quality problems of distribution networks. For
example, SOPs can provide instant reactive power support to tackle voltage problems
(e.g., voltage fluctuation). In addition, they can adjust active power flow between
feeders to mitigate against phase imbalance [78], [79].

e Flexibility improvement

SOPs provide distribution networks with the required operational flexibility to
cope with the uncertainty of high levels of DGs [80], [81]. They can be considered
energy hubs that realise mutual power support among multiple regions of distribution
networks [82].

e Fault isolation and quick supply restoration

B2B SOPs enable the connection of AC networks without affecting the fault levels
[83]. During fault conditions, B2B SOPs isolate the fault and limit the fault
20
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propagation. They can also provide fast restoration to the isolated loads on one feeder
through the other [84].
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2.4.2 Fully rated Back-to-Back Soft Open Points

e Principle of operation
Figure 2-4 shows schematic diagrams of a two-terminal SOP in a distribution
network. Figure 2-4(a) shows a basic configuration of an SOP installed in place of a
normally open point. Figure 2-4(b) shows the circuit configuration of a two-terminal
B2B SOP. VSC 1 and VSC 2 are interfaced to Feederl and Feeder 2 using line-
frequency interfacing transformers Tr.1 and Tr.2.

NOP B2B SOP
Ft. -
. N

Feeder 1 DG Load —

HV/IMV

= \ i H

Feeder 2 Load DG —

Il

(@)
Feeder 1 — Feeder 2
|s AN e |5/ 13
= T | N3

VSC1 VSC 2
(b)

Figure 2-4 Schematic diagrams of; (a) basic configuration of a distribution network with an SOP
[85], and (b) circuit configuration of a B2B SOP

The role of the interfacing transformers are 1) provide voltage matching, 2) isolate
the converters from the connected AC networks, and 3) reduce the harmonic content

[86]. Their main disadvantage is the bulky size.

e Control scheme
Figure 2-5 shows the complete control scheme of a two-terminal fully-rated B2B
SOP. VSC 1 and VSC 2 are controlled independently. VSC 1 operates in P-Q control
mode (i.e., inverter) to independently control active and reactive power P1 and Q.
VSC 2 operates in Vq¢c-Q control mode (i.e., rectifier) to regulate the DC voltage Vgc

and provide voltage regulation Q.
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Each VSC regulates active power (or DC voltage) and reactive power (or AC

voltage) by controlling the current components 1, and 1, of the current I
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Figure 2-5 Complete control scheme of a fully-rated B2B SOP [87]
The control scheme of each VSC is realised by cascaded dq current control [88].

Outer control loops generate the reference current components 1, and Iq* for inner
current control loops. The measured currents I, and 1, are transformed into dg current

components I, and I, using an abc to dq transformation. Note that

lgocP &I, 0cV, and I, cQ &I, «<Q,.

The inner current control loops minimise the errors between the reference and
measured current components using Pl controllers, then generate the modulating
signals (mq) and (mq) After transforming (mgq) and (mq) into a three-phase quantity (m)
using dg to abc transformation, the gate signals of the IGBTs are obtained using
sinusoidal pulse-width modulation (SPWM).

Phase-locked loops (PLLs) are used to obtain the phase angle of the voltages at the
point of connection (POC) (e.g., 01 and 02) [89], [90].

To decouple the dynamics of the inner and outer control loops, the inner current

control loops are faster than the outer current control loops [91].
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2.4.3 Partially rated Soft Open Points

e Principle of operation

Partially rated SOPs rely on the series converter(s) to control the power flow.
Figure 2-6 shows the series converter that performs the main function (i.e., power flow
control) of partially rated SOPs.

| | R JX |
Busbar 1 ) Busbar 2
\ NN Series
~ Y~y Iransformer
Series
—5 E— Converter
—
e i

Figure 2-6 Series converter of a partially rated SOP
The shunt converter has various roles within various topologies. For example, in
the conventional UPFC, the shunt converter exchanges active power with the series
converter. In a Transformer-less UPFC and distributed Power flow controller (DPFC)

[92], the shunt converter exchanges only reactive power with the connected AC
network.

Figure 2-7 shows the equivalent circuit of a series converter connected to a two-

busbar distribution network. The series converter injects a controllable voltage

Vs =[V|Zp in series with voltage V. making the controllable resultant voltage \_/1'.
\—/1 vse T \—/1‘ \—/2
A———pr D

| | R jX
Busbar 1 Pee, Qse Busbar 2
V
\Z

Figure 2-7 Equivalent circuit of a series converter connected to a two-busbar network
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e Control scheme
Figure 2-8 shows a basic control scheme of a series converter in P-Q control mode.

V1| v \_/1I VZ
O " e
R jX
Busbar 2

¥y

Busbar 1 PLL \AANS
Y YY)

0

Py &+ Active Power 9¢
I_? > Controller |Vq Me
d
Py Vel SPWM H> -‘KK'?—
@ _|—> abc —_—
Pc

QL & Reactive Power
_ Controller
Q1

The series converter controls the active and reactive power P, and Q, by

Figure 2-8 Control scheme of a series converter

manipulating the direct and quadrature voltage components V; and V, of the series

voltage V.
The X/R ratio of distribution networks is lower than transmission networks

Therefore, power P, and Q, are coupled to voltage components V, and V, [93], [94].
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2.5 Applications of Soft Open Points and other distribution-level power

electronic devices

SOPs and several power electronic devices have been trialled in distribution
networks. Figure 2-9 shows a schematic diagram of the two-terminal SOP and the
three-terminal SOP trialled by the UK Power Networks (UKPN) project “Flexible
Urban Network™ [95]. The SOPs were deployed to release the thermal and voltage

constraints in low voltage networks.

Substation 1

0.4 kV

Two-terminal SOP

!

\

€1
T

\

0.4 kv

l Substation 2

@

( i}: > 0.4 kV
Three-terminal SOP

Substation 1

( i} ) 0.4 kV

Substation 2

Figure 2-9 Schematic diagrams of; (a) two-terminal SOP and (b) three-terminal SOP [96]

In [97], a 33 kV, 20 MVA Flexible Power Link (FPL) was proposed by the
Western Power Distribution (WPD) in the project “Network Equilibrium” to control
the power flow between two 33 kV distribution areas. Figure 2-10 shows the FPL
connected in the 33 kV distribution network. It was implemented using B2B VSCs
installed at a normal open point. The FPL provides power flow and voltage control to

\

I

1
T

\

(b)

0.4 kv@

Substation 3

maximise the amount of DGs connected to the 33 kV distribution network.
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Figure 2-10 Schematic diagram of the 33 kV distribution network with the Flexible Power Link [98]

In [99], £27 kV, 30.5 MVA medium voltage DC link (MVDC) was proposed by
Scottish Power Energy Networks (SPEN) project entitled “Angle DC” to control the
power flow between two 33 kV substations [100]. The DC-link is implemented using
two VSC stations, inverter station and rectifier station, connected with a distribution
network. The two VSC stations are installed either B2B, similar to SOPs or at different
geographical locations [101]. Figure 2-11 shows the circuit configuration of the

MVDC link.
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r 33kV

33KV

Gnd | Gnd 2

|
|
| | ¥a
|
|

Bangor Grid
Substaion

Uasnfalr PG |
Sutrstalon "

IIRV AC

Figure 2-11 MVDC link of Angle DC project [102], [103]

In [104], 11 kV, 5 MVA Soft Power Bridge (SPB) device was proposed by the
UKPN Project “Active Response to Distribution Network Constraints”. The Soft
Power Bridge has both series and shunt elements in similar configuration to a Unified
Power Flow Controller. Figure 2-12 shows a schematic diagram of the Soft Power

Bridge.

Network/ Network/
substation substation
A B

Figure 2-12 Soft Power Bridge [104]
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2.6 Summary

Integrating DGs to MV distribution networks requires improving the
controllability and automation of the existing distribution networks. Voltage rise in
distribution networks is the main barrier for DGs connection, especially during periods
of low demand. Power electronic devices such as SOPs can provide power flow

management and release distribution networks' voltage and thermal constraints.

Several projects have trialled fully-rated B2B configuration of VSCs in MV
distribution networks. They can provide power flow control and voltage regulation
during normal operation. They have a good response during faults (e.g., limit fault

propagation and faster supply restoration).

Recently, the series connection of VSCs similar to a UPFC has been investigated.
The series connection of VSCs aims to provide power flow management using
partially rated converters that achieve lower cost and size over the fully-rated B2B

configuration.

The series connection of VSCs has not been fully addressed in MV distribution
networks. More investigation is required to identify an efficient topology and examine

the performance of the series converter during external faults.
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Chapter 3 Multi-terminal Fully Rated Back-to-Back Soft
Open Points

This chapter investigates the operational benefits of multi-terminal fully-rated

back-to-back Soft Open Points in medium voltage distribution networks.
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3.1 Introduction

A fully-rated back-to-back (B2B) Soft Open Point (SOP) is a power electronic
device installed in distribution networks to provide power flow control and voltage
regulation. Previous studies investigated the operational benefits of two-terminal B2B
SOPs [105], [106]. A multi-terminal SOP offers more operational benefits by realising

mutual power exchange among multiple circuits.

Figure 3-1 shows a simple distribution network with an SOP. It consists of two or
multiple Voltage Source Converters (VSCs) connected B2B through a common DC
link.

Transformer 1 .
Feeder 1 Terminal 1

200 e

Terminal 2 SOP

Terminal N

@ .

Figure 3-1 Simple distribution network with a B2B Soft Open Point

Transformer 2 Feeder 2
U
o—
U
Transformer N Feeder N :
|

This chapter extends the analysis in the Applied Energy Journal paper entitled
“Optimal Operation of Soft Open Points in Medium Voltage Electrical Distribution
Networks with Distributed Generation” [107]. The operational benefits of a multi-
terminal fully-rated B2B SOP were assessed. Then, a comparison of a distribution

network with a three-terminal SOP, a two-terminal SOP and no SOP was undertaken.
The following points were addressed:

1. The use of sensitivity factors based on the Jacobian matrix was
investigated.

2. An optimisation problem was formulated using sensitivity factors. The
solution provided SOP setpoints that achieved an optimal operation of a
distribution network.

3. The operational benefits of a three-terminal SOP were quantified using a

34-bus distribution network.
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The results showed that the connection of a three-terminal SOP reduced the energy
losses and increased the headroom of voltage limits of a distribution network more
than a two-terminal SOP. In addition, the three-terminal SOP of 6 MV A total capacity
enabled the distribution network to host an additional 20% of Distributed Generators
(DGs) more than the two-terminal SOP of 4 MVA total capacity.

A comparison between a three-terminal SOP and a two-terminal SOP was
undertaken with the same network operating conditions and the same total capacity of
SOPs (i.e., a three-terminal SOP and a two-terminal SOP each of 6 MVA). The results
showed that the three-terminal SOP enabled the distribution network to host more

capacity of DGs and achieved lower energy losses than the two-terminal SOP.
3.2 A Two-terminal SOP in a medium voltage distribution network
3.2.1 Literature review

Figure 3-2 shows a schematic diagram of an SOP connected in place of normally
open point (NOP).

HV/MV _| N

o a t1e|

Figure 3-2 A simple distribution network; option A represents NOP and option B represents an
SOP [105]

In [105], the operational benefits of installing an SOP in distribution networks
were investigated compared to other voltage control strategies such as dynamic on-
load tap changer (OLTC) and STATCOM. It was shown that much of the operational
benefits of a B2B SOP were achieved due to its reactive power capability. In addition,
active power transfer capability added some benefits. The benefits were increased with
increased SOP ratings. The SOP reduced the energy curtailment of DGs,
demonstrating the business benefits of adding such a device.

In [106], the operational benefits were quantified in three cases: 1) considering
only SOPs, 2) considering only network reconfiguration, and 3) both of them. A
combination of SOP control and network reconfiguration showed that it achieved

better operational benefits with smaller SOP ratings.
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In [107], the Jacobian matrix showed the correlation between the changes in active
and reactive power injections of an SOP and the changes in voltage angle and
magnitude of a distribution network. Three objective functions were applied
separately to quantify the benefits of connecting a two-terminal SOP in a distribution
network. These are Energy Loss Minimisation, Feeder Load Balancing and Voltage
Profile Improvement. Results showed that the two-terminal SOP increased the hosting
capacity of the distribution network. The control scheme using the objective of
Voltage Profile Improvements increased the headroom of the voltage limits by the
largest margin. However, it dispatched the largest amount of reactive power and was

at the expense of increased energy losses.

In [108], an energy storage element was added to the DC-link of an SOP. The
energy storage element mitigated the effects of output power transients of photovoltaic
systems due to a fast-moving cloud cover. It was shown that integrating the SOP with
a storage element reduced the voltage fluctuations and allowed more photovoltaics
(PVs) uptake. However, the study did not analyse the business feasibility of adding
the storage element to the SOP.

In [109], the flexibility brought by SOPs was quantified. The maximum hosting
capacity of DGs described the flexibility index of SOP integration. It was shown that

an SOP with a storage element achieved the greatest flexibility index.

In [110], the performance of real two-terminal and three-terminal SOPs was
recorded. The SOPs were deployed by the UK Power Networks project entitled
“Flexible Urban Network-Low Voltage”. The visualisation techniques used to identify
the candidate busbars of the SOPs were discussed in [111]. The selection criteria of
SOP sites were presented in [112], for example, transfer potential of sites, space
requirements and distance between substations. The control algorithm of the SOPs
was presented in [113]. It was shown that transformer equalisation and voltage support
modes of operation helped to improve network utilisation and reduce voltage

deviation.

In [114], a coordinated voltage and VAR control method was proposed. An
optimisation problem was solved considering the cooperation of an SOP and VAR
devices such as OLTC and switchable CBs. This method relied on a central controller

that receives all network measurements, solves the optimisation problem, and sends
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the setpoints to the SOP and VAR devices. These analyses were extended in [115] to

consider a distribution network with unbalanced three-phase conditions.

A combined decentralised and local voltage control strategy of SOPs was proposed
in [116] to address a centralised approach's computation and communication burdens.
The decentralised optimisation was used to regulate the active power exchange of
SOPs in which a distribution network was divided into subnetworks. The local Q-V
curve of an SOP was set using local measurements to respond quickly to frequent

voltage fluctuations.

In [117], the performance of an SOP was investigated under both balanced and
unbalanced network faults. Results showed that the faulted side VSC had a limited
contribution to the fault current before being disabled. The un-faulted side VSC had a

regulated output current and voltage that were not affected by the fault.

In [118], an SOP was used for supply restoration of a distribution network
following a fault. SOPs offered a faster supply restoration compared to the traditional

network reconfiguration method.

To sum up, a two-terminal B2B SOP provides operational benefits and improves
the controllability and automation of MV distribution networks. It can provide
independent control of active and reactive power and voltage regulation during steady-
state operation. The DC-link can be equipped with a storage element to improve the
flexibility of operation further. It limits the propagation of fault current during faults.
Further analysis is required to investigate the operational benefits of a multi-terminal

SOP in distribution networks.
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3.2.2 Replicating the operational benefits of a two-terminal SOP

For this research, the optimisation and power flow models of the case study in

[107] were replicated before further investigation.

Figure 3-3 shows the case study taken from [107]. The optimal operation of the
test network was obtained considering Energy Loss Minimisation as an objective
function. Figure 3-3(a) shows the test network. A two-terminal SOP is connected at
the remote ends of Feeder 2 and Feeder 3. Figure 3-3(b) shows the P/Q injections of
the two-terminal SOP. Figure 3-3 (c) shows the voltage profiles. The base voltage was
11 kV.
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Figure 3-3 Case study taken from [107]; (a) test network, (b) P/Q setpoints, and (c) Voltage profiles
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Figure 3-4 shows the replication of the results in Figure 3-3. Figure 3-4 (a) shows
the active and reactive power setpoints of the two-terminal SOP. Figure 3-4 (b) shows
the voltage profiles of the test network. The active and reactive power setpoints in
Figure 3-4(a) are similar to that of Figure 3-3(b), and the voltage profiles in Figure 3-
4(b) to that of Figure 3-3(c). These indicate the correctness of the optimisation and

power flow models.
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Figure 3-4 Replication of the results in Figure 3-3; (a) P/Q setpoints, and (b) voltage profiles
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3.3 A multi-terminal SOP in a medium voltage distribution network

Figure 3-5 shows the circuit diagram of a three-terminal B2B SOP. VSC 1, VSC
2 and VSC 3 are interfaced to Network 1, Network 2 and Network 3 using interfacing
transformers Tr.1, Tr.2 and Tr.3.

POC 1 ~ = POC 2
S P:Q:l = L ,\)|:Q:P| S

<« Tr1 — T2 J—p
Pille} vsc1 HH vsc2 Q_y
Network 1 — Network 2

VSC 3
AV
Tr.3
Q3 Ps +—pPOC3
Network 3

Figure 3-5 Circuit diagram of a three-terminal SOP

A three-terminal SOP controls active and reactive power independently in four-
quadrant of operation. The DC bus provides galvanic isolation, which prevents fault

current propagation during faults.

One of the VSC in a three-terminal SOP regulates the DC link voltage such as
ZP1+P2 +P,+P =0, where P_ is the power losses of an SOP. Other VSCs

control active power. Each VSC independently controls reactive power.
3.4 Optimal operation of a multi-terminal Soft Open Points

The P/Q setpoints of an SOP were obtained by solving a constrained nonlinear
optimisation problem using the constrained nonlinear solver fmincon 0f MATLAB
Optimisation Toolbox. The syntax of the optimisation function is

X=f (fun, X0,A,b,A_ ,b_,nonlcon), where X is a vector of the solution, fun

mincon eq’ “eq!?

is the objective function, X0 is the initial point, A is a matrix of linear inequality
constraints, b is a vector of linear inequality constraints, Aeq is a matrix of linear
equality constraints, beq is a vector of linear equality constraints and nonlcon is the

nonlinear constraints [119].
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The optimisation function was formulated using sensitivity factors and considered

the operational limits of both an SOP and a distribution network.

Various objective functions were examined separately, such as Energy Loss
Minimisation, Feeder Load Balancing and Voltage Profile Improvement.

Figure 3-6 shows a flow chart of the optimisation algorithm developed in

MATLAB m-file.
/ Network ¢ Load data

parameters > Input ¢ Generation data
Part I Obtain load flow solution

Load Flow | using Newton-Raphson
method

v

s=[1*
S:Sensitivity factors
J: Jacobian matrix

v

Min f(x), x=[P1 Q1 P2 Qz... Pn Qn]
f: objective function
X: P/Q injections of an SOP as
decision variables
Part 11 N: No. of VSCs

Optimisation ¢

N/

fmin Search for [X]

Ad S | sop
[ ANJ—[ 11,0 =

SOP

Figure 3-6 Flow chart describing the optimisation algorithm
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3.4.1 Steady state modelling

Figure 3-7 shows a generic power injection model of an SOP.

V1 -
+
— 1Q,

| | vsc1

p—

Figure 3-7 Power injection model of an SOP

3.4.2 Jacobian matrix based sensitivity analysis

For all P-Q buses, the sensitivities of voltage angle and magnitude to P/Q

injections of an SOP were calculated as given in (3-1) [120].

o op
AS :Jl[AP}: 35 oV X[AP} 1)
AV AQ] |Q Q AQ

3 OV

For sequential steady-state power flow analysis, the Jacobian matrix was

formulated describing the network conditions at every time step (t).

The sensitivity matrix was obtained by taking the Jacobina inverse as given in (3-

2), where C;, and C;, are the power angle sensitives in rad/MW and rad/MVAr.

Cyp and C, , are voltage sensitives in V/MW and V/MVAr.

s=J"
S_ Cir Cio (3-2)
CV,P CV,Q

The changes in voltage angle A3, and magnitude A|V;| at node (i) were calculated

as in (3-3) and (3-4), where (m) is the total number of busbars, i=2,3,4, ... m, and j
=234, ...m.
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AS; = Z(Csipj ’Apj +C5in 'AQJ') (3-3)
=2
A|V|| = Z:(Cvipj 'Apj + C\/iQJ- ’AQJ‘) (3-4)

=2

The voltage angle and magnitude at node (i) were obtained as given in (3-5) and

(3-6), where &, , and |Vi,0| are the voltage angle and magnitude without SOPs.

0, =98, +AJ, (3-5)

Vi = V| + A (36)

Note that A8, and A|V;| were calculated considering only the active and reactive
power injections of an SOP.
3.4.3 Problem formulation

Three objective functions were examined separately.

e Energy Loss Minimisation
Energy Loss Minimisation was achieved by minimising the total power losses of

a distribution network P.

T,loss *

It was formulated as in (3-7), where r, is the resistance

of branch (k) between node (i) and (j), and (n) is the total number of branches in the

network.
n n V.| £8. —|V.| £,
PTIoss:Zrk'Ikzzzrk'[“ I| : | J| J|]2
’ k=1 k=1 Zi,j
IV £8; = (V| + AV, )(cos(8; + AS,) + j-sin(§,; +AS;)) (3-7)

|VJ.|46j = (|VJ.|+A|VJ.|)(cos(8j +A8;)+ j-sin(8; + A3))

e Feeder Load Balancing

Feeder Load Balancing was achieved by minimising the load balance index LI,

as given in (3-8), where I, and | are the actual and rated current of branch (k)

k,rated
[121].

2

|—|k=zn:(| l ) 3-8)

k=1 "k,rated
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e \oltage Profile Improvement
Voltage Profile Improvement was achieved by keeping the voltages as close as

possible to a flat voltage profile (i.e., 1.0 pu) as given in (3-9), where |V,,,| is the

target voltage for all nodes.
Z (|\/| | - |Vnom |)2 (3-9)
i=1

e Constraints
The apparent power exchanged between VSCy and the connected AC network
should not exceed the converter’s nominal apparent power as given in (3-10), where

(N) is the number of converters within an SOP.

JP2+Q2<S,,V(X)eN (3-10)

During steady-state operation, the sum of the active power must equal zero, as

given in (3-11).
N
Z Px + I:)Loss =0 (3-11)

The operating losses of a VSC is relatively low. For the sake of simplicity, the

losses of the SOP were neglected (i.e., P =0). More information on power losses

0SS

evaluation of VSCs can be found in [122].

The voltages and currents of a distribution network must remain within the

permissible limits as given in (3-12).

{Ik < Ik,rated (3_12)
Vmin = |\/|| < Vmax
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3.5 Case study
3.5.1 Test network

Figure 3-8 shows a three-terminal SOP connected to a 34-bus distribution network.
The three-terminal SOP was connected to the remote ends of Feeder 1, Feeder 2, and
Feeder 3. It has a total capacity of 6 MVA (i.e., each VSC of 2 MVA).

Three-terminal SOP

" Feeder 1 r———————————
2 3 4 5 6 7 8 9| p g€t !
i L 1 1 L1 =N :
i i 1 1 1 1 11 : = |

Feeder2 ' _ _ ——
10 11 12 13 14 15 16 17 18 b, 0 vsc2 :
L1 L L1 irvrLrLrir N
| I O A A
@ 20 21 22 23 24 25 : b, 0y Y5C2 :

3 3
311KV 1L 1 1 11 <N |
20 MVA | i 1 | i | I = I
Feeder 4 L= -
26 27 28 29 30 31 32 33 34

Figure 3-8 A three-terminal SOP connected in a 34-bus distribution network

The network is supplied from a 33/11 kV, 20 MVA transformer. It has four radial
feeders. Various DGs and load types were considered at different locations along with
the feeders. Table 3-1 shows a summary of the loads' peaks and DGs' ratings.

Table 3-1 Load and DG data [107]

Load Distributed generation
Feeder #. Total peak ) Ratings
Type Type Locations

(MVA) (MW)

1 Com. 3 Wind 59 2,05
2 Res. 25 PV 11, 14,17 1,2,25

3 Ind. 3 Wind 22,25 05,25

4 Res. 25 PV, wind 30, 33 0.5,05

The complete network information,

generation data, is found in [107].
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The operational benefits of the three-terminal SOP were quantified for two days
(i.e., a weekend and a weekday), every step of 30 minutes and considering different

DG penetration levels.

The penetration level of DGs refers to the percentage of the sum of all DGs’ ratings

considered relative to the rating of the 33/11 kV transformer.

Various DG penetration scenarios were considered by scaling up and down the
ratings of the DGs. For instance, the DGs’ ratings in Table 3-1 represents a DG

penetration level of 60%.

Figure 3-9 shows the wind and PV generation profiles for the two days under

study. All DGs were operated at unity power factor.
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Figure 3-9 Generation profiles; (a) wind and (b) PV [107]
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Figure 3-10 shows the load profiles of residential, commercial, and industrial
consumers for two days, a weekend and a weekday, with lagging power factors of
0.98, 0.95 and 0.90. The load and generation profiles are normalised to their peak
values mentioned in Table 3-1.
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Figure 3-10 Load profiles of residential, industrial and commercial consumers [107]
For comparison, a two-terminal SOP was connected between Feeder 2 and Feeder
3. Two cases were examined; 1) the two-terminal SOP has a total capacity of 4 MVA
(i.e., each VSC of 2 MVA), and 2) the two-terminal SOP has a total capacity of 6
MVA (i.e., each VSC of 3 MVA).

3.5.2 Network performance without an SOP

Figure 3-11 shows the voltage profiles without an SOP at 50% and 60% DG
penetration levels. The base voltage was 11 kV. Figure 3-11(a) shows no overvoltages
were reported at a 50% DG penetration level. Figure 3-11(b) shows overvoltages
occurred in Feeder 2 when the DG penetration level increased to 60%. Note that
Feeder 2 has a 5.5 MW installed capacity of PVs. The overvoltages happened at the
instants when their PVs delivered full capacity, as shown in Figure 3-9.
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Figure 3-11 Voltage profiles without an SOP at DG penetration levels of; (a) 50%, and (b) 60%
Without an SOP, the distribution network managed to host a 50% penetration level
of DGs without violating the voltage constraint. However, a further increase of DGs
beyond the 50% penetration level resulted in overvoltages (See Table 3-2 for a

complete simulation analysis of the test network).

Figure 3-12 shows the active power flow at the 33/11 kV transformer when the
DG penetration level was 50%. The flow of active power was reversed at the instants

when the DGs’ output exceeded the demand.
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12am 6am 12pm 6pm 12am 6am 12pm 6pm 12am
Two Days, half-hourly
Figure 3-12 Active power at the primary transformer with a DG penetration level of 50%

3.5.3 Network performance with a three-terminal SOP

Figure 3-13 shows the P/Q setpoints of the three-terminal SOP at a DG penetration
level of 90%. The setpoints P1, Q1, P2, Qz, P3, and Qs were determined using Energy
Loss Minimisation, Feeder Load Balancing and VVoltage Profile Improvement applied
separately.

The SOP dispatched active and reactive power in the four-quadrant of operation.

The sum of active power at any instant (t) was zero (i.e., P, +P, +P, =0). The reactive

power was provided independently by each converter.

The setpoints of Energy Loss Minimisation and Feeder Load Balancing are
similar. However, the SOP dispatched more reactive power in Voltage Profile
Improvement. This came at the expense of a substantial increase in energy losses when
Voltage Profile Improvement was used compared to Energy Loss Minimisation and
Feeder Load Balancing (See Table 3-2).
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Figure 3-13 P/Q setpoints of a three-terminal SOP at 90% DG penetration level
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Figures 3-14 shows the voltage profiles using Energy Loss Minimisation, Feeder
Load Balancing and Voltage Profile Improvement at a DG penetration level of 90%.
The base voltage was 11 kV. The SOP managed to keep the voltages within limits at

a 90% penetration level of DGs.
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Figure 3-14 Voltage profiles at 90% DG penetration level
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3.5.4 Comparison between a three-terminal SOP, a two-terminal SOP and no
SOPs

For comparison, the control scheme using the objective of Energy Loss
Minimisation was undertaken. A two-terminal SOP was connected at the remote ends

of Feeder 2 and Feeder 3 in the 34-bus distribution network of Figure 3-8.

e Case 1: a three-terminal SOP of 6 MVA and a two-terminal SOP of 4 MVA
In this case, the three-terminal SOP has three VSCs each of 2 MVA, and the two-
terminal SOP has two VSCs each of 2 MVA. The base voltage was 11 kV.

Figure 3-15 shows the maximum and minimum voltage of the test network
considering Energy Loss Minimisation. The DG penetration level was increased to
100% with a step of 10%. Results show that the three-terminal SOP enabled the test
network to host a DG penetration level of 90%, increasing 20% more than the two-
terminal SOP.
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Figure 3-15 Maximum and minimum voltage of Case 1
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Figure 3-16 shows the energy losses of the test network using Energy Loss

Minimisation. The three-terminal SOP achieved the lowest energy losses.

10 T T T T T T T T T
without SOP

=t Two-termial SOP, ELM
===@» Three-termial SOP, ELM

Energy losses (MWh)

O 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Penetration Level (%)

Figure 3-16 Total energy losses for the two days at different DG penetration levels

Table 3-2 provides the complete simulation analysis of the test network with the
three-terminal SOP, the two-terminal SOP and no SOPs.
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Table 3-2 Overall performance of the test network (Numbers in bold denote overvoltage occurred)
Three-terminal SOP (Total capacity of 6 MVA) Two-terminal SOP (Total capacity of 4 MVA)
DG Without an SOP Energy Loss Feeder Load Voltage Profile Energy Loss Feeder Load Voltage Profile
Penetra Minimisation Balancing Improvement Minimisation Balancing Improvement
tion
level, | voltage, Ener Voltage, | g Voltage, | g Voltage, | E Voltage E Voltage, | g Voltage, | g
ay nergy nergy nergy nergy nergy nergy
% pu losses, pu losses, pu losses, pu losses, , losses, pu losses, pu losses,
MWh MWh MWh MWh i MWh MWh MWh
Max Max Max Max Max Max Max
0 1 2.55 1.000 2.18 1.000 2.19 1.003 7.99 1.000 2.28 1.000 2.29 1.002 6.54
10 1.004 2.14 1.000 1.70 1.001 171 1.003 6.35 1.000 1.81 1.001 1.82 1.002 5.76
20 1.009 2.00 1.004 1.43 1.005 1.45 1.003 6.11 1.005 1.57 1.005 1.58 1.003 4.94
30 1.015 212 1.009 1.38 1.008 1.39 1.003 6.54 1.012 1.54 1.011 1.56 1.006 5.00
40 1.021 2.49 1.015 1.53 1.014 1.55 1.010 7.16 1.018 1.73 1.017 1.75 1.009 581
50 1.030 3.10 1.021 1.88 1.019 191 1.004 8.15 1.025 2.13 1.023 2.15 1.012 6.41
60 1.038 3.95 1.026 2.43 1.024 2.46 1.017 8.92 1.027 2.74 1.027 2.76 1.024 7.15
70 1.046 5.03 1.027 3.18 1.027 3.22 1.024 9.88 1.027 3.64 1.027 3.65 1.027 7.96
80 1.054 6.33 1.027 4.18 1.027 4.23 1.027 11.03 1.033 4.88 1.033 4.89 1.040 8.81
90 1.062 7.86 1.030 551 1.030 5.53 1.030 12.02 1.040 6.37 1.042 6.32 1.050 9.87
100 1.070 9.60 1.041 7.12 1.041 7.13 1.041 12.68 1.048 7.97 1.049 7.95 1.059 10.96
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e Case 2: A three-terminal SOP of 6 MVA and a two-terminal SOP of 6 MVA
In this case, the three-terminal SOP has three VSCs each of 2 MVA, and the two-
terminal SOP has two VSCs each of 3 MVA. The base voltage was 11 kV.

Figure 3-17 shows the maximum and minimum voltage of the test network
considering Energy Loss Minimisation. The DG penetration level was increased to
100% with a step of 10%. Results show that the three-terminal SOP enabled the
distribution network to host more DG capacity than the two-terminal SOP of the same
total MVA capacity (i.e., the three-terminal SOP enabled a DG penetration level of
90%, while the two-terminal SOP enabled 80% of the same total MVVA capacity).
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Figure 3-17 Min. and max. voltage of Case 2
Figure 3-18 shows the energy losses of the three-terminal SOP and the two-
terminal SOP of the same MVA capacity and at a DG penetration level of 90%. The
three-terminal SOP achieved lower energy losses than the two-terminal SOP no matter

which objective function was used.
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Figure 3-18 Energy losses of three-terminal SOP vs two-terminal SOP of 6 MVA each
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3.6 Summary

A multi-terminal fully-rated B2B SOP enabled power flow control and voltage
regulation of multiple distribution network feeders. Results showed the superiority of
the three-terminal SOP over the two-terminal SOP in terms of penetration levels of
DGs and the energy losses. The three-terminal SOP of 6 MVA total capacity enabled
the distribution network to host a DG penetration level of 90%, increasing 20% more
than the two-terminal SOP of 4 MVA and reduced the energy losses. It also achieved
higher DG penetration level and lower energy losses than the two-terminal SOP of the
same total MV A capacity (i.e., the three-terminal SOP enabled a DG penetration level
of 90%, while the two-terminal SOP enabled 80% of the same total MVVA capacity).

Despite the benefits of installing fully-rated B2B SOPs, they have not been widely
deployed in MV distribution networks as they are too expensive. The cost and the size
of the fully-rated converters and the interfacing transformers constitute major
challenges for using the fully-rated B2B SOPs in MV distribution networks.

The series connection of VSCs is an alternative solution to provide power flow
control in MV distribution networks similar to the Unified Power Flow Controller.
The main advantage of the series connection of VSCs is the use of partially rated

converters.
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Chapter 4 A Unified Power Flow Controller in a Medium

Voltage Distribution Network

This chapter investigates the basic principles of power flow control using a
conventional Unified Power Flow Controller installed in a medium voltage

distribution network with low X/R ratio.
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4.1 Introduction

A Unified Power Flow controller (UPFC) was developed by Gyugyi from
Westinghouse [123]. A UPFC is able to provide power flow control in transmission
networks. It has not been widely used in transmission network due to the bulky and
complicated interfacing transformers. The lower voltage level in medium voltage
(MV) distribution networks compared to transmission networks and the advancement
in power electronic modules makes a UPFC viable solution to control the power flow

in medium voltage distribution networks [124].

In this chapter, the use of a UPFC in an MV distribution network was investigated.
Power flow equations were derived for a simple two-busbar distribution network with
the UPFC connected to a distribution feeder with a low X/R ratio. Procedures for
sizing the series and shunt converters were developed. The control scheme was
implemented using decoupled dqg voltage and current control loops that were used to
operate the UPFC in power flow control mode. The UPFC model was built in
MATLAB Simulink using the switched representation of two-level Voltage Source
Converters (VSCs).

The results demonstrated the ability of a UPFC to independently control active and

reactive power flow and to regulate the voltage at the point of connection (POC).
4.2 Principle of operation

A UPFC is a power electronic device that consists of a series and shunt VSCs that
are connected back-to-back through a common DC link. Figure 4-1 shows a schematic
diagram of the UPFC.

56



Chapter 4 A Unified Power Flow Controller in a Medium Voltage
Distribution Network

V]_ _vSe_l_ V:]_I
S AL L‘é“] Series
: U : Series
I — I converter
| Ml S— ——
=
I — I
I — I Shunt
I f\} I converter
_ =
—— Shunt
~YY Y\
T T | Tr.

Figure 4-1 A Unified Power Flow Controller for MV applications

The series and shunt converters are interfaced to an AC system using a three-phase

series transformer and a three-phase shunt transformer.

Figure 4-2 shows a simple representation of a UPFC connected to a two-busbar
network. The series and shunt converters are represented by a controlled voltage
source and a controlled current source.

@_

Network 1| _ |
s sz I

I

I

I

Figure 4-2 Equivalent circuit of a Unified Power Flow Controller connected to a distribution
network

Figure 4-3 shows the phasor diagram developed using the equivalent circuit in

Figure 4-2 to explain the role of the series converter.
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Figure 4-3 Phasor diagram explaining the role of the series converter
The sending-end voltage V: is taken as a reference, and the angle d, represents

the power angle between V: andV:, where V., is the receiving-end voltage.

The series converter injects a controllable voltage Ve =|Ve

Zp Where

V, = . S .
=V’ +V,..~ and tan(p) =$ . Voltage V. is added to voltage Vi making

d,se

V.

the resultant voltage Vi = ‘Vll £8, whose magnitude and power angle is manipulated

to achieve the target active and reactive power P, and Q, .

Current 1=| £ flows through the series converter results in active and reactive

power exchange (P, Q) with the AC network. Only active power P, flows through

e

the DC link.
The shunt converter regulates current s which has an active current component
l,,s and a reactive current component I . The active current component is

determined by the requirement of balancing the real power P,, of the series converter.
The reactive current component can be set to achieve a reference voltage or a reference

reactive power (i.e., provide voltage regulation of \_/1) within the capacity of the

converter.
The distribution feeder of the two-busbar network is represented by a series
impedance Z:‘Z‘L@ where ‘Z‘:\/R2+X2 and 0 =tan(X/R). The voltage V.

and the current | are obtained as in equation (4-1).

58



Chapter 4 A Unified Power Flow Controller in a Medium Voltage
Distribution Network

\_/1' = \_/1 + Vse
Vi =V
17| <0

: (4-1)

The apparent power S, at the receiving-end busbar is given in equation (4-2).

*

= - T \71—\_/2 .
Se=Vz-l =Vo:| ———| =P, +jQ (4-2)
[\MJ ST

The active and reactive power P, and Q, at the receiving-end busbar are given in

equation (4-3).

— — 2 —
Vil -V V2| V|- Vs
P, = —=—100s(J, + 0) ———=—C€0s 0 + —=—-C0s(J, + 6 —p)
2 7
uncompensated active power controllable active power
_ o (4-3)
0, - ‘Vl‘ ‘Vz (5, +6) ‘Vz‘ o ‘Vz V| (5. +0-p)
sin(d, + sin@+——=—sin(5,+0—p
2 0
7 7 Z
uncompensated reactive power controllable reactive power

When Ve =0, the active and reactive power at the receiving-end P, and Q, are

given in equation (4-4).

\ \ s

P, and Q, represent the uncompensated power flow when the UPFC is deactivated.

The net difference between equation (4-3), and equation (4-4) describes the effect of

injecting voltage Ve on the power flow and it is given in equation (4-5).
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P.= cos(SO +0—p)
| | (@-5)

Q_| || |Sln(80+9—p)

where P, =P,—P, and Q,=Q,—Q, are the controllable active and reactive power

of the UPFC.
Using basic algebra, voltage V. is obtained from equation (4-5) and it is given in

equation (4-6).

\_/SG

Z‘ 2 2
—=4/P. +Q,

V2| (4-6)
=(5,+0—tan™ (%))

c

Equation (4-6) shows that the magnitude of voltage Vs depends on 1) the

impedance of the distribution feeder ‘Z‘ 2) the controllable power P, and Q, of the

UPFC, and 3) voltage [V|.

4.3 Procedure for sizing the series and the shunt converters

The size of the series and the shunt converters is determined by the maximum
apparent power that is exchanged by the converters with an AC network. The apparent

power of the series and shunt converters is given in equation (4-7).
?SE = \_/SE '_I *= Pse + JQse (4_7)
Ssh =Vi-lsh = Psh + sth
Assuming lossless converters, the active power exchanged by the series and shunt

converters is equal (i.e. =P, ). The series and shunt converters independently

exchange reactive power with the network.

4.3.1 Series converter

Voltage |V«| is advantageously small in an MV distribution network compared to

a transmission network. This is because the impedance is usually small in the MV
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distribution network compared to the transmission network. Using equation (4-6), the

voltage |V<| can be estimated by considering the controllable power P, and Q,, the

impedance |Z| and the voltage |V-|.

To determine the size of the series converter, it is required to calculate the term
P2 +Q_.* . Figure 4-4 shows P-Q diagrams of the power transfer through an AC

distribution feeder which are used to present two examples for the magnitudes of P,

and Q, where the term /P> +Q_* is maximum. Figure 4-4(a) shows power flow
reversal occurs from point A of 1.0 pu active power and zero reactive power to point
B of -1.0 pu active power and zero reactive power. Figure 4-4(b) shows power flow
reversal occurs from point A’ of 0.8 pu active power and 0.6 pu reactive power to

point B’ of -0.8 pu active power and -0.6 pu reactive power. In both cases, the term

JP.2+Q_ has a maximum value of 2.0 pu.

2Q
1.0

A’ (0.8,0.6)

'4— P.=1.6 pu —»!
(@) (b)

Figure 4-4 P-Q diagrams of the power transfer through an AC distribution feeder showing P, and
Q. when power flow reversal occurs; (a) from point A to point B, and (b) from point A’ to point B’

Assuming |V-| is 0.95 pu, and |Z| ranges between 5% to 10%. From equation (4-

6), |Vs| ranges between 0.105 pu to 0.210 pu.

As the current m is 1.0 pu, the apparent power of the series converter ranges

between 0.105 pu to 0.210 pu.
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4.3.2 Shunt converter

Current s, = Iy, + ilg, o hasadirect current component I, , which is proportional

sh,q

to the active power Py, , and a quadrature current component |y, . which is proportional

to the reactive power Qg (i.e., Py ocly ;and Qg ocly ).

The size of the shunt converter must be at least as large as the active power of the
series converter. Assuming the series converter operates at the full load and unity

power factor, the apparent power of the shunt converter is at least equal to the apparent

power of the series converter (i.e., |Sa|=|Ss

). In this case, the minimum apparent

power of the shunt converter ranges between 0.105 pu to 0.210 pu. Additional capacity
IS required to provide the reactive current needed for voltage regulation.

4.4 Control scheme of a Unified Power Flow Controller

Figure 4-5 shows the single line diagram of a UPFC connected to a two-busbar
network. The UPFC is controlled to operate in the power flow control mode. The series
converter operates in the P-Q control scheme to regulate the active and reactive power

P, and Q,. The shunt converter operates in the Vg.-Q control scheme to maintain a
constant DC voltage of the DC link and provide voltage regulation at busbar V..

- Vl v1' Z VZ

P
~ Y 1
—>
Network 1 ‘ \ Q1 Network 2
1 PI QI ~yY v1 \_/1'
PLL PQ e Gate % Af
control v signals p.*
i « —p Controller !
0 —| I— 0 <+ Q*
\_I_I A
Vdc-QI + B
t W 7
_ contro — Gate signals q
Ish T T /\, <
l Ps Qs _
V ——
RTr. I—Tr. ¢ T
AN

Figure 4-5 Single line diagram of a UPFC connected to a two-busbar network
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Unlike the case in transmission networks, distribution networks have low X/R

ratio, and the flow of active and reactive power is coupled to the power angle .. , and

the voltage difference (‘\_/1‘ —‘\_/2‘) .

The control scheme is based on vector control where PI controllers are used to
regulate the AC quantities that are transformed into dq rotating reference frame. Phase

locked loop (PLL) tracks the phase angle of voltage V.

4.4.1 Series converter

The control of P, and Q, is achieved by injecting voltage Ve. Figure 4-6 shows
the decoupled voltage control loops of the series converter [125]. The errors between

the reference and the measured active and reactive power (P, —P,) and (Q, —Q,) are

manipulated using Pl controllers and transformed into dqg voltage components Vq,se*

and V,_ . Voltage component dese* is in-phase with voltage Vi and voltage

d,se

component quse* is in quadrature to voltage V1. A dg-abc transformation is used to

transform V, " and Vq‘se* into a reference abc voltage \_/se*. The gate signals for the

d,se

IGBTSs are obtained using SPWM. The gain parameters of the PI controllers are given

in Appendix A.
or ! Vi
1
@ m O m Vase v Gate
ko ki Ko ki dq s signals
Q1 RV VA —#+—»{ SPWM |-
* : abc
P PI
Kps, k 0 i
p3; Ki Vg
Py | “eNabc A
Vq,1<_ dqg

Figure 4-6 Series converter decoupled dq voltage control loops [125]

4.4.2 Shunt converter

Figure 4-7 shows the control scheme of the shunt converter. It regulates current

[ by controlling voltage V., where V. is the terminal voltage of the shunt converter.

Figure 4-7(a) shows the outer power control loops. The DC voltage control loop
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ensures balanced active power transfer through the DC link (i.e., P, =P,, ). The error

(V,, —V,,) is manipulated using PI controller to generate the reference current
component lsh,d*' The reactive power control loop regulates Qg . The error
(Q, —Q,,) is manipulated using PI controller to generate the reference current

component IS,Lq . Current limiters are used for limiting the reference currents during

abnormal conditions such as faults.

Figure 4-7(b) shows the inner dq current control loops. The measured current Is
is transformed into direct and quadrature current components Iy, 4 and Ish,q using an
abc-dq transformation. The errors between the reference and the measured currents

(Ish,d* — 1l 4)and (Isth* —1lg,4) are manipulated using PI controllers and transferred
into voltage components chd* and chq*. A dg-abc transformation is used to transform

V,, and V., to a reference abc voltage V. . SPWM is used to generate the gate
signals for the IGBTSs.

Vdc

Vo ‘ I-IEI I Ishd

*

v.E Gate
[ Ted ) dq A signals
Veq —#—»{ SPWM >
—P abc
§
Vyg —
<€ \abc vV,
dqg
AR

(b)
Figure 4-7 Shunt converter decoupled dq current control loops; (a) outer power control loops and
(b) inner current control loops
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The parameters of the controllers (i.e., gain and time constant) are determined
using Internal Model Control technique [126]. The gain parameters of the PI
controllers are given in Appendix A. The speed of response of the outer control loop
is slower than that of the inner control loop. This decouples the dynamics of both

control loops.
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4.5 Simulation results

A UPFC model was built in MATLAB Simulink using the switched representation
of two-level VSCs. The system configuration shown in Figure 4-5 was used for the
simulation and for generating the results in Figure 4-8 to Figure 4-10. The UPFC was
connected to 12.66 kV, 5 MVA distribution feeder of a two-busbar network. Network

1 was modelled as a voltage source with an internal impedance (i.e., V1 =12.66.20
kV and Zs =0.02+ j0.1Q2) and Network 2 was modelled as a constant voltage source.
Table 4-1 summarises the circuit parameters of the Simulink model.

Table 4-1 Parameters of the Simulink model

Parameters Value
Network power rating 5 MVA
Network voltage 12.66 kV
Impedance of the feeder, Z 0.966+j 1.140 Q
Series transformer (Phase voltage) 460/460 V, 630 KVA, Zyse= 4%
Shunt transformer (Line voltage) 12.66/0.8 kV A/Y, 750 kVA, Zsh=6%
DC capacitance 2 mF

A step change of active and reactive power was performed to test the ability of the

control system to independently control the active and reactive power flow.

Figure 4-8 shows the performance of the UPFC model in response to control
signals to change the reactive power from 1 MVAr to 3 MVAr att = 1 s and the active
power from2 MW to4 MW att=2s.

Figure 4-8(a) shows the response to step change of active and reactive power. At t
= 1 s, the reactive power was increased from 1 MVAr to 3 MVAr while the active
power was maintained unchanged at 1 MW. Att =2 s, the active power was increased
from 2 MW to 4 MW while the reactive power was maintained unchanged at 3 MVAr.
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Figure 4-8(b) shows the current m After t = 2 s, the distribution feeder was

operating at the full load and the peak value of current [I| was 322 A (i.e., |I|=228 A
rms).

Figure 4-8(c) shows the active and reactive power of the series converter P, and
Q.. Att=1sandt=2s, power P, and Q. was increased in response to the control
signals.

Figure 4-8(d) shows the DC voltage. Att=1sand t =2 s, the DC voltage slightly
dropped upon the change in active power P, which caused instantaneous imbalance

in the active power flow through the DC link. The DC voltage controller of the shunt

converter responded to the deviation in voltage V,, by generating current I, ;" to meet

the active power demand by the series converter and to bring the DC voltage to its

reference value.
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Figure 4-8 Performance of UPFC in response to step change of active and reactive power; (a)

power P,
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Figure 4-9 shows the active and reactive power of the shunt converter P,, and Q,,
Att=1sandt=2s, the active power P, was increased to meet the active power
demand of the series converter P, . After t = 1 s, the shunt converter supplied reactive
power Q (i.e., source of reactive power) of 178 kVAr which then increased to 200

KVAr after t = 2 s. This provision of reactive power Q, aimed to compensate for the

voltage drop across the internal impedance of Network 1 and to maintain voltage ‘\_/1‘

constant (i.e., [V1|= 1.0 pu).
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0.5 1 1.5 2 2.5 3
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Figure 4-9 Active and reactive power of the shunt converter
Figure 4-10 shows the performance of the series converter in response to a sudden

change in impedance Z.Att=4s, impedance Z was increased by 50%.

\_/SE

Figure 4-10(a) shows the series voltage Ve . Beforet=4s, the peak voltage

Se| was 241 kVA (ie.,

was 500 V (i.e., [Ve|= 353 V rms) and the apparent power

V| was increased by

See =3*353V*228A). After t = 4 s, the peak voltage

See| Was

V<|=510 V rms) and the apparent power

approximately 50% to 721 V (i.e.,
increased to 349 kVA.
Figure 4-10(b) shows the power P, and Q,. The controller maintained the power

flow to its reference values.
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Figure 4-10 Performance of the series converter when feeder’s impedance was increased
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4.6 Summary

A UPFC inan MV distribution network is able to independently control active and
reactive power flow and provide voltage regulation using partially rated B2B VSCs
that are interfaced to a medium voltage AC network using series and shunt interfacing

transformers.

A UPFC model was built in MATLAB Simulink. The response to control signals
to step change the active and reactive power flow demonstrated the ability of the UPFC

to independently control active and reactive power and provide voltage regulation.

The size of a UPFC connected to the distribution feeder of a two-busbar network
was shown to depend on the impedance of the distribution feeder, the receiving-end
voltage, and the controllable power.
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Chapter 5 Transformer-less Unified Power Flow Controller

in Medium Voltage Distribution Networks

This chapter investigates the use of a Transformer-less Unified power Flow
Controller in Medium Voltage Distribution Networks.
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5.1 Introduction

A Transformer-less Unified Power Flow Controller (UPFC) is a power electronic
device consisting of series and shunt Voltage Source Converters (VSCs) that are not
connected to a common DC bus. It was proposed in [127] to control power flow in
transmission networks and was based on the concepts of Flexible AC Transmission

Systems (FACTS). Figure 5-1 shows the structure of a Transformer-less UPFC.

Vi Ve + Ise_> I V,
- - - ¢-|sh
[ACTilter] [AC filter] [AC filter] i
_ 1 1 1 [AC filter]
Series ~ ~N N 1 |
converter ~N Shunt

LlcseH Llcs Lcl:!eJ I—l |j converter

Csh
Figure 5-1 Structure of a Transformer-less UPFC
The main advantage of a Transformer-less UPFC over a conventional UPFC is the
complete removal of interfacing transformers, hence a significant reduction in its size

and cost.

In this chapter: (1) the use of a Transformer-less UPFC in transmission networks
was reviewed, and then (2) the use of a Transformer-less UPFC considered for

distribution networks was investigated.
The following points were addressed:

1) The operation of a Transformer-less UPFC in a distribution circuit was
investigated. Distribution circuits are different from transmission circuits
and the low X/R ratio of distribution circuits makes the analysis more
complex than transmission circuits.

2) The operating range of a Transformer-less UPFC and the required power
ratings of the series and shunt converters were investigated. The analyses

were carried out considering both active and reactive power control.
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3) A simulation and a small-scale experimental setup were used to validate

the theoretical analysis.

The results showed that a Transformer-less UPFC in MV distribution network is a
good choice for applications that require controlling active power exchange. However,

it has limited control of reactive power as this requires a large shunt current (i.e., >1.0
pu).
5.2 Transformer-less UPFC in transmission networks

5.2.1 Literature review

A literature review for a Transformer-less UPFC in transmission networks was

undertaken.

A Transformer-less UPFC was proposed in 2014 to control active power, while
maintaining reactive power flow minimal over long-distance lines [127]. The main
advantage of the Transformer-less UPFC over the conventional UPFC is the complete
removal of the interfacing transformers such as the complicated zigzag transformers
used with 48-pulse gate turn-off (GTO) converters [128], [129] and the transformers
used with the modular multilevel converters (MMCs) [130]. Figure 5-2 shows the
structure of the Transformer-less UPFC in transmission networks. Figure 5-2(a) shows
a Transformer-less UPFC connected to a two-busbar transmission network. The series
and shunt converters were built using cascaded multilevel inverters (CMIs) to reach
high-voltage level without transformers [131]. Figures 5-2 (b) and (c) show CMIs built
using H-bridge and half-bridge modules.
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Figure 5-2 Circuit diagram of a Transformer-less UPFC in transmission networks; (a) system
configuration, (b) CMI based on H-bridge modules, and (c) CMI based on half-bridge modules [132]

In [132], a Transformer-less UPFC was investigated to increase the transfer
capability of a transmission grid. It connected two separate transmission grids with a
large phase difference that could not be previously connected. Results showed the
ability of the Transformer-less UPFC to maximise power flow over the transmission

grid, hence improving the utilisation of transmission lines.

In [133], the performance of a2 MV A, 13.8 kV prototype Transformer-less UPFC
demonstrated the ability of a Transformer-less UPFC to control power flow in an
inductive line. It was shown that the voltages and currents of the series and shunt

converters were 90° phase shift (i.e., they only exchanged reactive power).

In [134], semiconductor device power ratings (SDPRs) was used to demonstrate
the cost-benefit of a Transformer-less UPFC using CMIs when compared to a back-

to-back (B2B) topology based on MMCs. Calculations of SDPR showed significant
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reduction in the required SDPRs of the Transformer-less UPFC based CMIs compared
to the B2B based MMCs.

In [135], the ratings of the series and shunt converters were investigated. Analysis
showed that the ratings of the series and shunt converters are small and of 0.2 pu and
0.5 pu. However, this analysis only considered active power control while keeping the

reactive power unchanged.

In [136], [137], the control schemes of the series and shunt converters were
presented and used to test the performance of a Transformer-less UPFC in response to

a step change of active power.

The control scheme of a Transformer-less UPFC is quite complex. The series and
shunt converters of the Transformer-less UPFC regulate their floating DC bus
voltages. In contrast to a B2B configuration, one converter is dedicated to regulating
the DC-link voltage [138].

To sum up, a Transformer-less UPFC can provide independent control of active
and reactive power using partially rated converters and with complete elimination of
the interfacing transformers. However, the capability of the Transformer-less UPFC

to control active and reactive power has not been fully investigated.
5.2.2 Replicating a Transformer-less UPFC in transmission networks

Figure 5-3 shows the shunt current’s magnitudes in [135] when the Transformer-
less UPFC was used to increase the power flow from various uncompensated active
and reactive power to 1.0 pu target active power while keeping the reactive power

unchanged.
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Figure 5-3 Shunt current for various uncompensated power [135]
An algorithm was developed using MATLAB m-file (see Figure 5-8) to calculate
the magnitude of the shunt current at various operating conditions of active and

reactive power control.

The algorithm was used to replicate the results in [135], for example, Figure 5-3.
This is to ensure the correctness of the algorithm before undertaking more

investigation. Figure 5-4 shows the replication of Figure 5-3 given in [135].

Shunl current (pu)

0
0.1

. . 4.2 Original active power (pu)
Onginal reactive power (pu) 03 -l Shunt current (pu)

Figure 5-4 Replication of shunt current’s magnitude

Figures 5-3 and 5-4 show similar shunt current magnitudes when a Transformer-
less UPFC was used to control active. However, the unavailable information in [135],
such as the X/R ratio of the transmission line, constitutes a challenge to exactly

replicate Figure 5-3.

A Transformer-less UPFC model was built in MATLAB/Simulink using the same
parameters as in [127]. The base voltage and apparent power were 13.8 kV and 2

MVA. Figure 5-5 shows a complete replication of the Simulink results in [127].
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Transformer-less Unified Power Flow Controller in

Figure 5-5(a) shows the results of the Simulink model. Figure 5-5(b) shows

snapshots of the results in [127]. The waveforms show similar steady-state values.

However, the dynamics and the total harmonic distortion (THD) are different due to

different gain parameters and different converters’ topologies.
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Figure 5-5 Step change of active power: (a) replication of the results and (b) the results in [127]
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5.3 Transformer-less UPFC in MV distribution networks

Figure 5-6 shows the equivalent circuit of a Transformer-less UPFC connected in
a two-busbar distribution network. The series converter is modelled as a controlled

voltage source and the shunt converter as a controlled current source.

X p,

Network 1 | —» Network 2
Q2
pShl QSh :
Transformer-less |
UPFC = |

Figure 5-6 Equivalent circuit of a Transformer-less UPFC connected to a two-busbar distribution
network

The voltage and current at busbar \_/1‘ are given in (5-1)

{Vl =Vi+ Ve (5-1)

ise =i+ish
Figure 5-7 shows a phasor diagram developed using the equivalent circuit in
Figure 5-6. It explains the role of the series and shunt converters, where voltage Vi of

Network 1 is taken as a reference, and angle J, represents the power angle between

Vi1 and voltage V, of Network 2.

Figure 5-7 Principle of operation of a Transformer-less UPFC
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The role of the series converter in a Transformer-less UPFC is similar to that in a

conventional UPFC. It injects a controllable voltage Vi =|V<«|~p whose magnitude

and phase angle are given in equation (4-6) and rewritten, as given in (5-2).

_ |z
Vee = \_/_‘ P02 + ch
Ve (5-2)
_ ~tan(e
p= (3, +0~tan(:5%))

c

Voltage Ve is added to voltage V: making the resultant voltage Vi = Vi

/5,

which is regulated to achieve the target active and reactive power P, and Q, as shown
by the voltage phasors in Figure 5-7.
The role of the shunt converter in a Transformer-less UPFC is different from that

in a conventional UPFC. The shunt converter ensures that each converter can only

exchange reactive power Q,, and Q, with the connected AC network (i.e., P,=0and

P, =0).

The shunt current 1s is controlled to be perpendicular to voltage V: (i.e., Ts L Vi

), and it must make the series current s perpendicular to voltage Vs (i.e., I L Ve

) as shown by the current phasors in Figure 5-7 and is given in (5-3), where ¢ is the

angle between voltage Vi and current I. Note that the series current is the resultant

of the shunt current and the current of the distribution feeder (i.e., Ise = Isn +1).

|sh |se

Z(5, +90°) =

Z(p—90°)—[1] 29 (5-3)

Equation (5-3) is used to obtain an expression of lsr, as in (5-4). Detailed

derivation of (5-4) is provided in the Appendix B.
- -1 cos(p—
I = LosP=9) (5 _g09) (5-4)
sin(p—3,)
Equations (5-2) and (5-4) are used to calculate the reference voltage and current

Ve and ls for the series and shunt converters (i.e., the series and shunt converters

are in voltage and current control mode).
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Given that the feeder’s impedance is available, a Transformer-less UPFC relies on

the measurements of Vi and V> to calculate its Ve and s . Vi is measured locally.

However, V. requires communication.
5.4 Operating range of a Transformer-less UPFC in MV distribution networks

The operating range of a Transformer-less UPFC describes its capability to control
active and reactive power in an MV distribution network, and it is directly related to
the power ratings of the series and shunt converters.

The series and the shunt converters’ power ratings must fulfil the maximum

apparent power |Se| and |Sq

exchanged between the converters and the connected

|sh <

V1' ésh

and

< |Sse

Ise

AC network such as V..

5.4.1 Series converter

The power rating of the series converter can be estimated using equation (5-2).
Assuming |V-| is 0.95 pu, the term JPZ+Q.2 is 2.0 pu (e.g., the series converter
can reverse the power flow from (1 pu, 0 pu) to (-1 pu, 0 pu)) and impedance ‘Z‘ ranges

between 5% to 10%, then substituting in equation (5-2), voltage Vs

ranges between

is 1.0 pu, the power rating of the series converter

Ise

0.105 pu to 0.210 pu. As current

ranges between 0.105 pu to 0.210 pu.
5.4.2 Shunt converter

The shunt converter has the full network voltage applied across its terminal. The

power rating of the shunt converter is determined based on |ls|. Therefore, it is

required to calculate the maximum shunt current required to ensure zero active power
exchange between each of the series and shunt converters and the connected AC

network.

An algorithm was developed to calculate the shunt current as shown in Figure 5-

8. It calculates current [ls,| when the power flow changes from various

uncompensated active and reactive power P, and Q, (i.e., prior to connecting the
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Transformer-less UPFC) to an arbitrary target active and reactive power P, and Q,.

Start

1- Generate various power flow operating conditions P, &Q; :

v, 2| Ve g
: I
jX P —> |
—» | Network 2 |

Network 1 Q;-
V4= 1.0 pu, 8;=0 [V|, and &, — variables
Calculate: [P2 Jun&[Q2 Tmxn
2- Choose an arbitrary target power flow P,&Q,where
PA+Q%< S,

v

3- Calculate [VeImxn, [snIvx » and [Tselm using (6-2)&(6-4)

4- Check constraints

lls}<1.0 pu
& |I| 1.0 pu
& [Ie|<1.0 pu

Yes No

P2'(m,n)= Py’ P,'(m,n)= none
Q2(m,n)= Q2 Qz/(m,n)= none
[1sn] (M, n)= {1sn| [1sn](M,n)= none

| Plot(P5,Q2,| 1) |

Figure 5-8 The algorithm used to determine the shunt current

Firstly, various operating conditions of the uncompensated power P, and Q, are
generated by hypothetically changing voltage ‘\_/2‘ and phase angle 6, while

maintaining voltage ‘\_/1‘ and phase angle 3, constant at 1.0.£0° pu. Power P, and

Q, are calculated using equation (4-4) and rewritten, as in (5-5).
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cos(5, +6) —Mcose
2

_ (5-5)
sm(8 +0) - ‘ ‘sme

\Z\ 4

Various operating points of P, and Q, are stored in matrices [Pz']M y and

[Q,],,,, Where Mand N are the range of |V2| and 8, , for example [V:| changes from

0.95 puto 1.03 puand &, changes from -5° to +5° such as +/(P,)* +(Q,)* <S, where

S, is the maximum apparent power of the distribution feeder.

Secondly, an arbitrary target power P, and Q, is chosen such as

J(P,)?+(Q,)* <S,. Thirdly, voltage [\_/se] , current |:ish:| and current

MxN MxN

[ise] are calculated using equations (5-2) and (5-4). Finally, the algorithm checks
MxN

l| < 1.0 pu).

the current constraints (i.e., |l

&m&'

Figure 5-9 shows current |Is»| mapped against uncompensated power P, and Q,

. The base voltage and apparent power were 12.66 kV and 10 MVA. The distribution

feeder has impedance of 8 % and X/R of 2.0. A circle of 1.0 pu radius represents all
the values of the uncompensated power P, and Q, . The color map provides the shunt
current’s magnitude at every power P, and Q, to the Target Power of (0.6 pu, 0.2

pu) such as dark blue area represents zero shunt current, while dark red area represents

1.0 pu shunt current. The areas with black circles and red crosses are inoperable as

exceeded 1.0 pu.

Ise

exceeded 1.0 pu or current

Ise

and current

either current |ls

Three cases were selected to demonstrate the shunt current’s magnitude by
changing the uncompensated power "A", "B" and "C" to the same Target Power. These

cases are:

Case A: the change of power flow from A (0.2 pu, 0.2 pu) to Target Power (0.6

pu, 0.2 pu), where the per-unit values in each bracket are the active and reactive power.
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Case B: the change of power flow from B (0.6 pu, 0 pu) to Target Power (0.6 pu,
0.2 pu).

Case C: the change of power flow from C (0.2 pu, 0 pu) to Target Power (0.6 pu,
0.2 pu).

o L& =10pu s« [ >10pu |

] 0.9
Active power
0.8 1 control

0.6

04r
02— S 10.6

0.8

10.5

Q, (pu)

027
04t
6T
0.8 1

10.4

0.3

0.2

0.1

power control

S — 0
-1 08060402 0 0204 06 08 1 | h[pu}
1 5
P, (pu)
Ish

Figure 5-9 Current mapped when the uncompensated power P, and Q, within 1.0 pu

circle changed to point A (0.6 pu, 0.2 pu)

It can be observed that in Case A, current |Is»| was only 0.1 pu when the power

flow changed from "A to Target Power" (i.e., step change of active power from 0.2 pu

to 0.6 pu while the reactive power was maintained constant).

In Case B, the change of power flow from "B to Target Power " (i.e., step change

of reactive power from 0 to 0.2 pu while the active power was maintained constant)

exceeded 1.0 pu.

lse

&

was in the area with black circles as currents |Is

In Case C, the change of power flow from "C to Target Power" (i.e., step change

of active power from 0.2 pu to 0.6 pu and reactive power from 0 pu to 0.2 pu) was in

Ise| exceeded 1.0 pu.

the area with red crosses as current

Note that in all cases, the power flow was changed from either "A", "B" or "C" to

is

"Target Power" because of injecting the corresponding voltage V. While [Isn

required to guarantee zero active power exchange between each of the series and shunt

converters and the connected AC network.
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A horizontal line was drawn to Target Power of (0.6 pu, 0.2 pu), where P, changes

while Q, is constant (i.e., active power control). The points along the horizontal line
show a maximum shunt current’s magnitude of 0.1 pu. This demonstrates the ability
of the Transformer-less UPFC to control active power using a small shunt current.

Similarly, a vertical line was drawn to Target Power of (0.6 pu, 0.2 pu), where Q,

changes while P, is constant (i.e., reactive power control). The vertical line is entirely

in the areas with red crosses and black circles. Hence, the Transformer-less UPFC is
inoperable.

Table 5-1 shows steady-state voltages and currents of the series and shunt
converters for Cases B and C when the Transformer-less UPFC was inoperable. These
values were calculated using equations (5-1), (5-2) and (5-4) and used to develop the
scaled phasor diagrams in Figure 5-10.

Table 5-1 Voltage and current of the series and shunt converters (Numbers in bold denote the
currents exceed 1.0 pu). The base voltage and apparent power were 12.66 kV and 10 MVA.

Point \_/Se (pu) ise (pu) \_/1‘ (pu) ish (pu)
"B to Taregt
g 0.016£-29° 1.26 £ 61° 1.0142-05° 1.33 £89.5°
Power"
" T
CloTarget | 0a5.37°| 103/-5 103/12° 061/—-88.8°
Power"

Although the principle of operation of the Transformer-less UPFC was fulfilled as

shown by the scaled phasor diagrams in Figure 5-10 (i.e., Is J_\_/ll &l L V), Cases

B and C are inoperable.
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(b)
> 1.0 pu, and b)

ISE ISS

&

|sh

Figure 5-10 Scaled phasor diagrams; a) > 1.0 pu

5.4.3 Shunt current for several Target Power

Figure 5-11 shows the shunt current’s magnitude against power P, and Q, for

several Target Power points. Figures 5-11(a) to (c) show similar characteristics when

the Target Power was changed to several arbitrary points in four-quadrant of operation,

and indicate that current |1s| has a maximum value of 0.5 pu for active power control,

while either currents [Isn| and |Ise| exceeded 1.0 pu or current [Ise| exceeded 1.0 pu

for reactive power control.
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Figure 5-11 Current against power P, and Q, for several Target Power; (a) (0.6 pu, -0.2

pu), (b) (-0.6 pu, -0.2 pu) and (c) (-0.6 pu, 0.2 pu).
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5.4.4 Theoretical analysis of the shunt current

Simplified expressions of [Is»| can be obtained in two cases: 1) active power

control (i.e., Q. =0), and 2) reactive power control (i.e., P, =0).

Firstly, an approximate expression of current [1s| can be obtained from (5-4) by

neglecting angle &, which is usually small in MV distribution networks as given in

(5-6).

|sh

[i|- 29 ging) (5-6)

tan(p)

Secondly, the controllable power P, and Q. was obtained in (4-5) and rewritten

in equation (5-7).

[
2R

‘VZ‘ Vse

Q.= H sin(d, +6—p)

cos(d, +6—p)
(5-7)

Approximate equations for the controllable power P, and Q_ can be obtained from

(5-7) by neglecting angle §,, as in (5-8), where V, and V, are the direct and
quadrature components of voltage V.

V,R,, V,X

P = V,+—=2-V
c 2 d 2 q
\Z/x \Z/R -8

When Q_ =0, then substituting in (5-8) obtains / % or tan(p) = %

this case, current [Is»| in (5-6) can be rewritten as given in (5-9).

Ish

~[1] €29, Gineay) (5-9)

R
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Since the feeder is utilised for active power control, hence angle ¢ is close to zero.

Therefore, current |Isn| is a fraction of current m considering a distribution feeder of

an X/R ratio greater than 1.0.
= - = — R
Similarly, when P, =0, then substituting in (5-8) obtains %d = A In this

in (5-6) can be rewritten as given in (5-10).

case, current |Is

< [1]- (E25@) | Ginay)
ez

Ish

(5-10)

Equation (5-10) demonstrates that current [Is| is very likely to exceed 1.0 pu

especially when the X/R ratio of a distribution feeder increases.

The above analysis demonstrates that a Transformer-less UPFC can control active

power with a partially rated shunt converter. Assume the full-load operation of current

1|, angle ¢ is zero, and the X/R is 2.0, using (5-9), the power rating of the shunt

converter is 0.5 pu when used to control active power. However, its ability to control

reactive power is limited by the converters’ current ratings.
5.5 Simulation study

In this section, the control methodology of a Transformer-less UPFC was taken
from the IEEE Transaction on Power Electronics paper entitled “Modulation and
Control of Transformer-less UPFC” [136].

5.5.1 Control scheme of the simulated Transformer-less UPFC

Figure 5-12 shows the test system implemented in MATLAB Simulink.
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Figure 5-12 Simulated Transformer-less UPFC

The Transformer-less UPFC was connected to a 10 MVA, 12.66 kV distribution
feeder whose impedance was 8%, X/R ratio of 2.0. The base voltage and apparent
power were 12.66 kV and 10 MVA. The series converters were implemented using
single-phase two-level VSCs, while the shunt converter was implemented using a

three-phase two-level VSC.

The minimum capacitance of the single-phase series converters and three-phase

shunt converter was calculated as given in (5-11) [139], where AV,, is the maximum

ripple voltage and was considered 5%.

. S,./3
o 20) Vdc,se A\/dc,se (5_11)
Ssh
Con = oV, . AV
dc,sh dc,sh

C
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Table 5-2 summarises the parameters of the Transformer-less UPFC model.

Table 5-2 Parameters of the Transformer-less UPFC model

Parameter Value
nominal power, S_, 1.5 MVA
Series converter DC voltage, v, 1750 vV
DC capacitance, C_ 6 mF
nominal power, S, 10 MVA
DC voltage, vV, 30 kv
Shunt converter
DC capacitance, C, 5mF
filter inductance, L, 20 mH

e OQverall control

The Transformer-less UPFC was operated to control active and reactive power P,

and Q, at Network 2 independently. Figure 5-13 shows the overall control structure.

Series DC voltage control

|
i
i
|
. .y
Calculation in | L0
. |Upper Control | [
Q2 Layer -
> | Shunt DC voltage control
| Vdc,sh* Ps Gg
i —»@
! fVdc,sh —L \_/ !
| Vi T !
Stage | | Stage II

Single-phase
series converter

Voltage
Generation

Three-phase
Current | Shunt converter
Closed-loop[—»
Control

Stage 111

Figure 5-13 Overall control scheme of a Transformer-less UPFC [136]

In stage I, the desired active and reactive power at Network 2 (P, and Q,") were

used to calculate the reference voltage Vo Of the series converter and the reference

current isho* of the shunt converter according to (5-12) and (5-13).
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Pc* = Pz* - Pzan* = Qz* _Qz
.z _ _ X . (5-12)
‘Vseo = %'\/(Pc )?+(Q.)?, )
(= conJ( P +1Q, )
COSZ( o (5-13)
ST p - " s a0y
Isho| =]l —Sin(p* —5:) 0 = (8, —90)

Equations (5-12) and (5-13) are derived from (5-2) and (5-4). When both V. and

1s» are regulated effectively, P, and Q, will be maintained close to P,” and Q,".

In stage II, the DC voltage control loops of the series and shunt converters are

found. Their outputs are AVe and Als which are added t0 Vseo and Tsno .

In stage III, the series and shunt converters generate the switching signals of the

IGBTSs.
e Individual converter control
a. Series converter

Figure 5-14 shows the control loop of the single-phase series converter. In total,

three identical control loops were used for the series converters.

The DC voltage controller (in the red dash box) maintains the DC voltage V,_ ., of

C,se

the series converter at its reference value V,. _.". The PI controller eliminates the error

dc,se

and V

dc,se

between V.

dc,se

" and generates an output power P, which equals the power

losses of the converter (i.e., P ). This ensures the active power is balanced

Ioss
within the converter.
The output (P,,) is then divided by 1_? to obtain a virtual resistance R, . The value

of R, is equal to the equivalent resistance of the converter. R

se

is further multiplied

by the vector ls to obtain the AC voltage drop across the converter AV caused by
the equivalent resistance of the converter. AV needs to be added to Veo 10
compensate for the AC voltage drop. The sum (\_/seo* +AV,,) is the reference voltage
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\_/S; that is forwarded to the PWM block, generating the switching signals S1—Sa

[136]. The gain parameters of the PI controller are given in Appendix A.

Vi \/ 1 V1
Ve, ey ~
<7
Two-level
single-phase JSE‘E_&_’&
A VSC —/
1

S1—S,

*
Vdc,se PWM '

— | |
VSEO* I___EE’SE_'ki’_SE____J ?

Figure 5-14 Control scheme of the single-phase series converter [136]

b. Shunt converter

Figure 5-15 shows the control loops of the three-phase shunt converter. The DC

voltage controller (in the red dash box) maintains the DC voltage V,_, of the shunt

c,sh
converter at its reference value V,,". It has similar control structure to the DC voltage

controller of the series converter.

The shunt current is regulated in the dqg frame using abc to dq transformation. The

dq current errors (1, —1,4) and (I ) are sent to the PI controllers of the

shg Ish,q

current control loops.

The PI controllers minimise the dqg current errors and generate the reference dq

voltage signals V, ; and V, ,, which are then transformed to abc frame using dq to abc

transformation. The PWM block generates the gate signals of the IGBTs (S1—Se). The
gain parameters of the PI controllers are given in Appendix A.
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02
Vc,d *
—» dq S1—Se
—pl /abc
Two-level
three-phase
VSC

| ™ Kpsm, Kisnt

IshO

Figure 5-15 Control scheme of the three-phase shunt converter [140]

5.5.2 Results

The same three cases (Case A, Case B and Case C) shown in Figure 6-9 were

simulated.

e CaseA
Figure 5-16 shows the voltages and currents of the series and shunt converters
when a step change of active power occurred at t = 0.2 s in response to a change in
active power control signal. Before t = 0.2 s, the uncompensated active power was 0.2

pu and the uncompensated reactive power was 0.2 pu.

Figure 5-16(a) shows that P, was increased from 0.2 pu to 0.6 pu while Q, was

maintained unchanged at 0.2 pu in steady-state. This demonstrates the ability of the

Transformer-less UPFC to independently control active and reactive power.

and were 0.11

I'se

Figures 5-16(b) and (c) show that after t = 0.2 s, currents |Is

pu and 0.69 pu and both with 90° phase shift in respect of voltages \_/1' and V.. This
small shunt current matches with the analysis in Section 5.4.2 (i.e., Case A). Thus, it
demonstrates the ability of the Transformer-less UPFC to regulate active power with

a small requirement of shunt current (i.e., partially rated shunt converter).

94



Transformer-less Unified Power Flow Controller in

Medium Voltage Distribution Networks

Chapter 5

0.3

02 022 024 026 0.28

0.12 0.14 0.16 0.18

s

___Q2

Q

(nd)

4

—

S

0

0.3

02 022 024 026 0.28

Time (s)

(
1,00

0.12 0.14 0.16 0.18

1

0.

a)

——

1

0.12 0.14 0.16 0.18

1.5

(d) "1 /(nd)' A

0.3

022 024 0.26 0.28

0.2
Time (s)

(b)

0.1

E
(nd) A
—~ o o <
g 2 g S 2 2 2 <
S S 3 S o < <2 <
T T :

-1

|
‘N
<

03

022 024 026 0.28

0.2
Time (s)

0.12 0.14 0.16 0.18

0.1

(©
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e CaseB
Figure 5-17 shows the voltages and currents of the series and shunt converters
when a step change of reactive power occurred at t = 0.2 s in response to a change in
reactive power control signal. Before t = 0.2 s, the uncompensated active power was

0.6 pu and the uncompensated reactive power was zero.

Figure 5-17(a) shows that Q, was increased from zero to 0.2 pu while P, was

maintained constant at 0.6 pu in steady-state. In response to this step change of reactive

to 1.21 pu in steady-

Ise

was increased to 1.31 pu and current

power, current [

Ise| exceeded 1.0 pu. These

and

Ish

state as shown in Figures 5-17(b) and (c). Both

magnitudes match with Case B in Section 5.4.2 and the phasor diagram in Figure 5-
10(a).
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e CaseC
Figure 5-18 shows the voltages and currents of the series and shunt converters
when a step change of active and reactive power occurred at t = 0.2 s in response to
changes in active and reactive power control signals. Before t = 0.2 s, the
uncompensated active power was 0.2 pu and the uncompensated reactive power was

Zero.

Figure 5-18(a) shows that P, was increased from 0.2 pu to 0.6 pu, and Q, was

increased from zero to 0.2 pu in steady-state.

Isn| was increased to 0.64 pu, and current

Figure 5-18(b) and (c) show that current

Ise Ish I | exceeded 1.0

was 1.06 pu. Although current

was below 1.0 pu, current

pu. These results match with Case C in Section 5.4.2 and the phasor diagram in Figure
5-10(b).
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5.6 Experimental results
5.6.1 Experimental equipment

A physical experiment was used to demonstrate the shunt current’s magnitude of

a Transformer-less UPFC, as shown in Figure 5-19. It consists of;

1) an Imperix power electronic rig [141]. (See Appendix C for more information

on the Imperix power electronic rig)

2) two power amplifiers [142]. (See Appendix D for more information on the
power amplifier)

3) a series impedance.

Vl V]_' vZ

—_———— T T T T T T T I =

s |1z I
I Ao I - | —H— | i )|
| Network 1 : —'ﬁ Lsn | Series | Nework 2 |

T | I—|C|J | impedance T
Digital | se f& | Digital
simulator | [ simulator
| I

Transformer- |_| IJ
less UPFC C

vvvvv

Power

amplifier 2
Power

amplifier 1

i

Digital
simulator

.. Series impedance
Power electronic rig

Figure 5-19 Physical set-up of the test system

The Imperix power electronic rig has half-bridge modules that were connected to
form the single-phase series converters and the three-phase shunt converter. Two half-
bridge modules were used to implement each two-level single-phase series converter
and were directly connected to Network 1. Three half-bridge modules were used to
implement a two-level three-phase shunt converter interfaced to the AC network

through a filter inductance L, .
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The power amplifiers were used to emulate Network 1 and Network 2, and both
were controlled using an OPAL-RT digital simulator [143]. The series impedance

represents the distribution feeder connecting Network 1 and Network 2.

Table 5-3 shows the parameters of the test setup.

Table 5-3 System parameters of the test setup

Parameter Value
rated apparent power 0.75 kVA
Network Phase voltage 50V.£0°,50 Hz
Feeders’ impedance 0.68+j1.57 Q
switching frequency 20 kHz
PWM
dead time band lps
DC voltage, Vv, 20V
Series converter
DC capacitance, C_ 750 uF
DC voltage, V., 150V
Shunt converter DC capacitance, C,, 750 uF
filter inductance, L, 2.5mH

5.6.2 Tests conducted and results

The start-up of the experiment required starting the series converters and shunt

converter and both are physically connected to the same point (i.e., busbar \_/1‘). Then,
synchronisation procedures were followed to connect Network 1 and Network 2. For
the sake of simplicity, the experiment was conducted at low voltage.

Figure 5-20 shows the DC voltage across the DC buses of the series and shunt
converters from start-up until steady-state. In Step 1, the series converters were

connected and charged through the anti-parallel diodes. In Step 2, the DC voltage
and V.

dc,se,

controllers of the series converters were activated, and V, V,

c,se, ' Y dc,se,

were

maintained constant at 20 V. In Step 3, the shunt converter was connected and charged
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through the anti-parallel diodes. In Step 4, the DC voltage controller of the shunt

converter was activated, and V, , was maintained constant at 150 V.

i
. 10 s/div ) ’I

Step 1 Step2 Step 3 Step 4

Figure 5-20 DC voltages of the three single-phase converters with 20 V/div (C1-C3), and the DC
voltage of the shunt converter with 50 V/div (C4)

Figure 5-21 shows the experimental waveform of voltage Vi after closing the

Switch “S”.
60 /\
40 §

V.(V)
o B

A
(=)
T
I

| 20 ms/div R

Figure 5-21 Experimental waveform of the phase voltage V,

Two cases were tested: 1) step change of active power while the reactive power
was kept unchanged. 2) step change of reactive power while the active power was

maintained constant.

Figure 5-22 shows the experimental results of the Transformer-less UPFC in

response to a control signal to step change the active power flow. The base voltage

and apparent power were \/5(50) V and 750 VA.
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Figure 5-22(a) shows the measured active power P, at Network 2. P, was
increased from 0.36 pu to 0.8 pu, while the reactive power Q, was maintained
unchanged at 0.12 pu.

Figure 5-22(b) shows a small shunt current of approximately 0.63 A rms (i.e., 0.13

pu) provided by the shunt converter.
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Figure 5-22 Experimental waveforms in response to step change of active power; (a) active and
reactive power at Network 2, and (b) shunt current

Figure 5-23 shows the experimental results of the Transformer-less UPFC in
response to a control signal to step change the reactive power flow. Figure 5-23(a)

shows that Q, was increased from 0.12 pu to 0.3 pu while P, was kept unchanged at

0.36 pu. Figure 5-23(b) shows a large shunt current of 5.16 A rms (i.e., 1.03 pu).
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Figure 5-23 Experimental waveforms in response to step change of reactive power; (a) active and
reactive power at Network 2, and (b) shunt current

5.6.3 Discussion of results and limitations

The lower voltage used with the experiment did not provide the same operating
points as in the Simulation section. However, it highlights the most important findings
of this work that are; 1) a small shunt current when a Transformer-less UPFC controls
active power (see Figure 5-22(b)). 2) a large shunt current when a Transformer-less

UPFC controls reactive power (see Figure 5-23(b)).

The series converter controls the power flow by injecting series voltage up to 5 V
(approximately 10 % of the phase-voltage). It was difficult to replicate the results in
the Simulation section, considering the voltage drop of the wires, the IGBTS, and other

passive components.
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5.7 Summary

A Transformer-less UPFC was investigated as a candidate for power electronic
devices in MV distribution networks. It can provide power flow control using series
and shunt converters that are not connected to a common DC-link and with complete

removal of the interfacing transformers.

The operation of a Transformer-less UPFC relies on controlling the series and
shunt converters together such that both converters exchange only reactive power with
the AC network.

The shunt current of the Transformer-less UPFC was small when it was used to
control active power. In contrast, the use of the Transformer-less UPFC to control

reactive power required a large shunt current (i.e., > 1.0 pu).

A Transformer-less UPFC in MV distribution network is a good choice for
applications that require controlling active power. However, its ability to control

reactive power is limited by the converters’ current ratings.
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Chapter 6 Improved Unified Power Flow Controller for a

Distribution Circuit

This chapter introduces an Improved Unified Power Flow Controller for power

flow management in medium voltage distribution networks.
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6.1 Introduction

The Improved Unified Power Flow Controller (UPFC) can provide power flow
management similar to a UPFC. It does not need an interfacing series transformer with
aunique design such as small capacity, high insulation level, large short-circuit current
and an over-excitation tolerance. Hence it offers a smaller size and less cost. Figure 6-

1 shows the Improved UPFC in comparison to a UPFC.
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Figure 6-1 Circuit configurations of (a) Improved UPFC and (b) UPFC

The series connection of the Improved UPFC is performed using three separate
single-phase converters directly connected in series to an MV distribution network
instead of a three-phase converter interfaced using a three-phase series transformer in
a UPFC. The Improved UPFC has three separate DC-link buses. The shunt converters
are connected back-to-back (B2B) to the series converters, and they are interfaced to
an AC network using a three-phase interfacing shunt transformer. The shunt
converters of the Improved UPFC can be either single-phase or three-phase converters.
In this work, single-phase shunt converters were used. Three-phase converters require
smaller DC-link capacitance, though they require more IGBT modules and a more

complex multi-winding three-phase shunt transformer.

The Improved UPFC can be built using three-level converters that are widely used
for MV motor drive applications [144]. It has a similar configuration to the Soft Power
Bridge (SPB) being implemented by UK Power Networks (UKPN) as part of the NIC

project entitled “Active Response to Distribution Network Constraints” [145].
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The Improved UPFC was modelled in MATLAB Simulink using the switched
representation of single-phase three-level NPC Voltage Source Converters (VSCs).
The Simulink model of the Improved UPFC aims to test the performance of single-
phase series and shunt converters operate in P-Q and V4c-Q control schemes to
regulate the power flow of 5 MVVA, 11 kV distribution feeder of a two-busbar network.
The performance was tested by performing step changes of active and reactive power

and power flow reversal.

The results demonstrated the ability of the control scheme to independently control
active and reactive power flow and maintains the DC-link voltages constant.

6.2 Principle of operation

The Improved UPFC is a power electronic device with the same functionality as a
UPFC. It consists of three single-phase series converters connected B2B to three
single-phase shunt converters through three separate DC-link buses. The series
converters are directly connected to an AC network with no need for interfacing series
transformers. The shunt converters are interfaced to the AC network using a three-

phase shunt transformer. Figure 6-2 shows a single line of the Improved UPFC.

Vi Ve A
—_ + I
- $t
[ACFilter] P= Qe
/\, Series
= converters
C
—H H
— Shunt
’\, converters
| Shunt
WA Tr,
| I:’sh Qsh

vy

Figure 6-2 Single line diagram of the Improved UPFC

Three-level topology was selected to reduce the blocking voltage of the IGBTS,
reduce the harmonics in the output voltage and current, and it has been used for MV

motor drive applications [146]. Although the series voltage is small (e.g., 10% of the
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full network voltage), the insulation level of the IGBT modules should match the

network voltage.
6.3 Control scheme of the Improved Unified Power Flow Controller
6.3.1 SPWM of a single-phase three-level NPC converter

Figure 6-3 shows the circuit configuration of a single-phase three-level full-bridge

NPC converter. The DC voltage V,. is split into three voltage levels +1/2V,.,

-1/2V,, and zero by two series-connected capacitors.

S

L, tlo De > Db '
— Vg — - -
2 _

0

=

+ Cz
ivdc -
2 _

Legb Leg a
Figure 6-3 A single-phase three-level full-bridge NPC converter

Sinusoidal PWM was used to generate the gate signals (S, — S;) for the IGBTSs.

Figure 6-4 shows the operating principles of SPWM for a single-phase three-level full-

bridge NPC converter. Figure 6-4(a) shows two modulating signals (m,) and (m,)
that are compared with two triangle signals C, and C, to generate the gate signals
(S, —S,) and (S, > S;) of leg a and leg b. Figure 6-4(b) shows the output voltage
V,, of leg a, and voltage V,, of leg b of the single-phase NPC converter. Figure 6-

4(c) shows the output voltage V,, of the single-phase NPC converter.
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Figure 6-4 Operating principles of SPWM; (a) reference and carrier signals (b) voltage Va and
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6.3.2 Power flow control mode

The Improved UPFC was controlled to operate in power flow control mode. Figure

6-5 shows the schematic diagram of the Improved UPFC connected to a two-busbar
distribution network.

Vi g Pi— 7 _ vV, bd V,
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L _h= - ' WA—1 O _ _ 1
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Controller | ["NA| |NAT [N TT
l/|dc,a C \_/|dc|£ c l/|dc,c c Pse Qse
T |\~ T’ ‘-|-’
iabc ’.&A&J W w Psh Qsh

D

Figure 6-5 Schematic diagram of the test system built in MATLAB/Simulink

The series converters operate in P-Q control scheme to regulate the active and
reactive power P, and Q,. The shunt converters operate in Vqc-Q control scheme to
maintain constant DC voltages across the DC-link buses and to provide/absorb

reactive power Q.. at busbar Vi.

Pl controllers are not well suited for single-phase converters as they require a
computational effort to provide an orthogonal component (i.e., B axis component) of
voltages and currents in the af frame [147]. An alternative to synchronous dq frame
PI controllers is stationary frame Proportional-Resonant (PR) controllers.

A PR controller is a combination of proportional gain and resonant path tuned at a
desired frequency. The basic transfer function of a PR controller G_(s) is given in (6-
1).

ks

G,(5) =k, +——>
)=k, s +Ws+w,’

(6-1)

where k, and k; are the proportional gain and integral gain, w, and w, are the

resonant cut-off frequency and the resonant target frequency.
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Figure 6-6 shows the control loops of the Improved UPFC. Figure 6-6(a) shows

the control loops of the series converter. The reference power P and Q, are

* *

P ~_Q
/15y, ad 1 ="

transformed into dq current components 1, = where V,

1.5V,
is the direct component of voltage Vi. The dq current components 1, and Iq* are
transformed into aff current components 1~ and Iﬁ* using dg-ap transformation. A

PLL is used to generate the phase information 6 of voltage V.. Two separate anti-

windup PR digital controllers are used to regulate the aff current components I, and
I, of current 1 [148]. The output of the PR controllers is the modulating signals M,

and Mg, in af frame, and they are converted into m, . in abc frame using af3-abc
transformation. SPWM is used to generate the gate signals (S, ,,. —S;,,.) to drive the

IGBTSs of the three single-phase series converters.

Figure 6-6(b) shows the three separate control loops that are used to control the

three single-phase shunt converters. The error signals of the DC voltages AV,

c,a’

AV, and AV,

dc,c

and of the reactive power AQ AQ,,, and AQ, . are

sh,a?’ sh,c

manipulated using Pl controllers to generate the reference direct and quadrature

*

G s Id,b*+j|q,b* and Id,c*+j|q,c* of the single-phase shunt

current components |, + jl

converters. The reference current of each single-phase shunt converter is determined

as given in equation (6-2).
iabc* (t) = Id,abc* Sin(eabc) + Iq,abc* Cos(eabc) (6'2)

The PR controllers track the reference currents i, "(t) and generate the

abc

modulating signals m before being converted into PWM signals to drive the

sh,abc

IGBTs.
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Figure 6-6 Control loops of the Improved UPFC; (a) series converters, and (b) shunt converters

6.3.3 Second order filter

The measured feedback DC voltage signal (i.e., V,.,, V., and V, ) has a DC

ca’ dc,c

voltage component and a ripple component. The ripple component is mainly double

frequency harmonics that inherently exist with single-phase converters.

Second-order digital filters H(s) are connected to the measured feedback voltage
signals to extract the DC voltage components and prevent the ripple components from
being introduced to the control loops, hence improving the control loops’

performance. The transfer function H(s) is given in equation (6-3).

28w S

H(s)=1-
©) S*+ 28w S+W,’

(6-3)
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where w, and & are the desired double frequency harmonics and the damping factor.

Using w, =200m and & = 0.05, the Bode diagram in Figure 6-7 was obtained and
the magnitude (dB) shows that the transfer function H(s) provided very low gain

around the resonant frequency w, =200m.
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Figure 6-7 Bode diagram of second order filter

6.4 Simulation results

6.4.1 Case study

The system configuration shown in Figure 6-5 was used for the simulation. The
simulation aims to test the performance of Improved UPFC with single-phase
converters operating in P-Q and V4c-Q control schemes. This was conducted by

performing several step changes of active and reactive power and power flow reversal.

The model of the Improved UPFC was built in MATLAB Simulink using the
switched representation of single-phase three-level NPC converters. The gain

parameters of the anti-windup PR controllers were calculated as in [149].

The Improved UPFC was connected to an 11 kV, 5 MVA distribution feeder of a

two-busbar network. Table 6-1 shows the circuit parameters of the Simulink model.
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Table 6-1 Circuit parameters of the Simulink model

Parameters Value
Network power rating 5 MVA
Network voltage 11 kV

Impedance of the feeder, z 0.57+j 1.140 Q

Filter inductance, L, 150 uH
DC capacitance, C 12 mF
DC voltage, Vgc 1200 V
Rated power of series converter, Sge 600 kVA
Rated power of shunt converter, Sqn 600 kVA

Shunt transformer 11/1.4 kV, 600 kVA, Zish=6%

proportional gain 0.022
PR controller gain
time constant 1.4ms
proportional gain 33
PI controller gain
time constant 2.5ms

The minimum DC voltage for a single phase VSC was obtained from

V, (peak) =mV, , where (m) is the modulating index. A 10% reserve voltage was

considered together with the minimum DC voltage to ensure proper operation during
transients and to consider the voltage drop across the interfacing impedance (i.e., series
\_/SE

AC filter and shunt transformer) [150]. Considering = 750 V rms and the

maximum modulation index of SPWM is 1.0, the DC voltage was selected to be 1200
V.

The voltage rating of the IGBTs was selected such that the summation of the DC
voltage, ripple voltage and turn off overshoot voltage is restricted to 70% of IGBT’s
nominal voltage rating [150]. Given that the blocking voltage of the IGBTs is half of
the DC voltage (i.e., 600 V) and the feeders’ nominal power is 5 MVA, IGBTs of 1.2
kV, 300 A were selected [151].

115



Chapter 6 Improved Unified Power Flow Controller for a Distribution Circuit

S
The DC capacitance was calculated from C>——""_ [152]. Given that Si-pn
dc dc

=210 kVA, AV4c = 4%, and V4. = 1200 V, the capacitance of the DC link is 12 mF.
6.4.2 Results

Figure 6-8 shows the response of the Improved UPFC to control signals to change
active and reactive power P, and Q, at 0.4 s, 0.8 s and 1.2 s, and conduct power
reversal at 1.6 s, 2.0 and 2.4 s.

Figure 6-8(a) shows accurate and fast-tracking performance to the target active
and reactive power. Att=0.4 s, P, was increased to 4 MW while Q, was maintained
constant at 1 MVAr. Att=0.8s, Q, was increased to 3 MVAr and the distribution
feeder transferred its full capacity (i.e., 5 MVA). Att=1.2s, P, and Q, were decreased
to 2 MW and 1 MVAr.

Att=1.6s, P, was reversed to -2 MW while Q, was maintained constant, then at
t=2.0s, Q, was reversed to -1 MVAr while P, was kept unchanged at -2 MW. At =
2.4, P, was reversed to 2 MW while Q, was maintained constant at -1 MVAr. These

demonstrate the ability of the Improved UPFC to independently control active and

reactive power of the distribution feeder.

Figure 6-8(b) shows the active and reactive power of the series and shunt
converters. The active power supplied or absorbed by the series converters
approximately equals the active power absorbed by the shunt converters (i.e.,

P.+P, =0) in the steady-state, apart from the active losses absorbed to supply
internal losses. The series converters provided the requested reactive power Q. while

the reactive power of the shunt converters Q,, was set to zero.

Figure 6-8(c) shows that the DC voltage controllers well-regulated the DC voltages

across the DC-link buses.
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Figure 6-8 Response of the Improved UPFC; (a) active and reactive power of the feeder, (b)
active and reactive power of the converters, and (c) DC-link voltages
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Figure 6-9 shows the response of the Improved UPFC to a control signal to reverse
the power flow at t = 0.5 s. Before t = 0.5 s, uncompensated power of 4 MW and 3
MVAr flows from Network 1 to Network 2.

Figure 6-9(a) shows that the active power P, was changed from 4 MW to -4 MW

with a rate of 0.4 MW/ms, and the reactive power Q, was changed from 3 MVAr to -

3 MVAr with a rate of 0.3 MVAr/ms. In this case, the controllable power was
maximum (i.e., P.?+Q.2 = 2.0 pu, Sease = 5 MVA).

Figure 6-9(b) shows active and the reactive power of the series and shunt

converters P

o Q. Py, and Q. Before t = 0.5 s, the converters injected zero active
and reactive power. After t = 0.5 s, the series converters operated at full-load and
injected active power of 261 kW and reactive power of 500 kVAr. The shunt

converters absorbed 276 kW to supply the active power requested by the series

converters, while no reactive power was provided at busbar V; (i.e., Q, =0).

Figure 6-9(c) shows the DC voltage across the DC-link buses. The DC voltage
controllers maintained a constant DC voltage across the DC-link buses. The DC
voltage has double frequency oscillations. which inherently exist with single-phase

converters.
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Figure 6-9 Response of the Improved UPFC to a power flow reversal at t = 0.5 s; (a) active and
reactive power of the feeder, (b) active and reactive power of the converters, (c) DC-link voltages
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Figure 6-10 shows the output voltage of the three single-phase series converters.

Before t = 0.5's, V.| was zero. After t = 0.5 s, |Vs:| was increased to 685 \V phase-

rms (i.e., [Vee|= 10.7 %).
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Figure 6-10 Maximum series voltage of the Improved UPFC
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Figure 6-11 shows the current of Network 1 when the distribution feeder operated

at full load with 262 A rms. The total harmonic distortion (THD) of current 1. was
1.35%.
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Figure 6-11 Current of Network 1 at the full load
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6.5 Summary

The UPFC was improved for use in MV distribution networks by eliminating its
interfacing series transformer. The series connection is performed using three single-
phase converters with three separate DC-link buses. The shunt converters are
connected B2B to the series converters and interfaced to an AC network using a three-

phase shunt transformer.

A model of the Improved UPFC was built in MATLAB Simulink using the
switched representation of single-phase three-level NPC converters. The single-phase
series converters operated in the P-Q control scheme, and the single-phase shunt
converters operated in the Vgc-Q control scheme. Step changes of active and reactive
power and power flow reversal were performed to test the performance of the
Improved UPFC connected to an 11 kV, 5 MVA two-busbar distribution network.

The Improved UPFC provided independent control of active and reactive power.
The total harmonic distortion of the feeder current was low when the feeder and the

series converters operated at full load.
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Chapter 7 Performance of the Series Converter during
Faults on the MV Distribution Network

This chapter investigates the performance of the series converter during faults on
the MV distribution network and proposes a protection circuit for the series converter.
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7.1 Introduction

The series converter of the Improved Unified Power Flow Controller (UPFC)
provides the main function of the device. During normal operation, it controls active
and reactive power of a distribution feeder by injecting a small controllable AC voltage

Ve =|Vee and 0<p<360°) in Series with the

Zp (e, 0<|Ve

< \Vse
max

distribution feeder. Figure 7-1 shows a single-line diagram of the Improved UPFC

connected to a medium voltage (MV) distribution network.
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Figure 7-1 Single-line diagram of the Improved UPFC connected to an MV distribution network
A large current flows through the series converter during external faults, and a
large voltage is suddenly applied across its terminal. The large current and voltage can
destroy the IGBTSs of the series converter. Therefore, a protection circuit is required
across the series converter. The protection circuit should bypass the series converter

in a time scale of few milliseconds.

The objective of the protection circuit varies from radial to meshed distribution
networks. In radial networks, the protection circuit should bypass the series converter
and disconnect the feeders as fast as possible to avoid endangering network assets with
excessive fault current. In meshed networks, the protection circuit should bypass the
series converter without jeopardising the fault ride-through performance of a
distribution network [153].

In this chapter: (1) the protection schemes of series converters in transmission and
distribution networks during external faults were reviewed, and (2) a protection circuit
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was proposed for meshed distribution networks. It has the advantage of a small number
of thyristors and a small number of switch disconnectors.

The following points were addressed:

1. the challenges facing the series converter during a three-phase fault in an
MV distribution network were investigated. A mechanical circuit breaker
was considered across the series converter.

2. aprotection circuit suitable for MV distribution networks was proposed
for the series converter.

3. the operation of the protection circuit and its main components (e.g.,
thyristors, metal oxide varistors and switch disconnectors) were
discussed.

4. aPSCAD model was used to test the performance of the proposed

protection circuit.

A three-phase fault was applied near to the series converter. The results showed
that when a mechanical circuit breaker with a trip time of 20 ms was used to protect
the series converter, large voltage and current (e.g., 8.5 kV and 13 kA) were applied
to the IGBTS.

The proposed protection circuit managed to bypass the series converter within
1.003 ms (i.e., 1 ms time delay of the series converter protection system and 3 ps for
thyristors to turn on). The varistor clamped the voltage to 2 kV until the thyristors
turned on. The switch disconnectors completely isolated the series converter from the

network without affecting the fault path.
7.2 Literature review
7.2.1 Transmission networks

The protection schemes of UPFCs in transmission networks were reviewed. In
[154], [155], the protection scheme of the series converter of a UPFC relies on a fast
bypass system [156]. Figure 7-2 shows the fast bypass system used to protect the series

converter against faults in transmission networks [157], [158].
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Figure 7-2 Fast bypass system for protecting the series converter [159]

The fast bypass system consists of thyristor bypass switches (TBS) and mechanical
bypass breakers. The TBS comprises antiparallel connected thyristors and auxiliary

components such as metal oxide varistor (MOV) [160].

During normal operation, the TBS is in a forward blocking state. When a fault is
detected, the MOV protects the series converter against immediate overvoltages. The
protection sends trigger signals to the TBS and both the valve side bypass breaker and
the grid side bypass breaker. The TBS conducts in less than 1 ms, and the series
converter is bypassed [161]. Once the bypass breakers are closed, the firing pulses of
the TBS are removed, and the TBS turns off at the current zero-crossing point.

The valve-side bypass breaker provides a path for the fault current instead of the
TBS. Its operation is essential to switch off the TBS. Therefore, the TBS does not need
cooling equipment [162]. The grid-side bypass breaker ensures a safe and reliable
operation of the UPFC [160].

The grid side bypass breaker carries the fault current until either the fault
disappears (i.e., temporary fault) or the grid protection is activated (i.e., permanent
fault).
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7.2.2 Distribution networks

The performance of the series converter during faults in distribution networks is
still under investigation. In 2018, a power electronic device with a series converter
was proposed by the UK Power Networks project [163]. The project proposes a device
called “Soft Power Bridge” to control the power flow in an 11 kV, 5 MVA distribution
feeder using partially rated converters. No details have been published yet about the

protection arrangements of the series converter.

In [164], a thyristor crowbar circuit was proposed to protect the series converter of
a Static Series Synchronous Compensator (SSSC) against external faults and to ensure
that the fault level of the network is unaffected. Figure 7-3 shows the thyristor crowbar

circuit proposed for radial distribution networks.

CB CB
_D D_
Busbar 1 5 # 5 Busbar 2

CB

0 C:B SSSC CDB Q.:B

4 2 1 3
Thyristor Thyristor
crowbar y ﬁ_ y ﬁ_ crowbar

Figure 7-3 Protection scheme using thyristors crowbar [164]
The thyristor crowbar circuit comprises several thyristors installed at each side of

the series converter to the ground.

When a fault occurs, the MOV clamps the voltage for a short time. This time
includes the protection time and the thyristors turn-on time [164]. The thyristors are
turned on to route the fault current away from the series converter. The series converter
is isolated once circuit breakers 1, 2, 5, 6 are opened. Then, the thyristor crowbars are

turned off. Circuit breakers 3 and 4 are back-up for 1 and 2.

The protection scheme offered fast isolation of the series converter during faults
in distribution networks. However, the arrangement requires a string of thyristors to
withstand the full network voltage, and it uses many circuit breakers. In additions, the
operation of the thyristor crowbars imposes a momentarily fault on a healthy feeder.
For an instant, when an AC fault occurs at Busbar 1, the operation of the crowbar
circuit connects both Busbar 1 and Busbar 2 to the ground.
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7.2.3 Components of a Thyristor Bypass Switch

e Thyristor
A thyristor's datasheet provides a non-repetitive surge current representing the
thyristor's destruction limits and is defined using half-cycle conduction of a sinusoidal
wave. In addition, some datasheets provide a repetitive surge current for multiple half

cycles of sine wave [165].

During the operation of a TBS, the maximum fault current of the thyristor should

not exceed its overcurrent capability described in the datasheet.

e Varistor
A Varistor is a nonlinear resistor used to clamp the voltage to a safe level when
exposed to high-voltage surges. During normal operation, a varistor has high
resistance and resemble an open circuit. A varistor becomes highly conductive during
abnormal conditions such as faults, presenting a low impedance path to high-voltage
surges [166], [167].

Varistors conduct rapidly, with no apparent time lag [168]. The ratings of varistors
are typically described based on 8/20 ps impulse current waveform of the maximum
peak current and at the rated voltage (i.e., 8 us rise and 20 ps to 50% decay of peak
value) [169], [170].

The energy of a varistor (E,,., ) developed during conduction time (T ) must be
within the datasheet limits to avoid varistor destruction. E,,,, is calculated as in (7-

1), where V,,,, and 1,,,, are the voltage and current of the varistor.

Evov = }VMOV (1) Imov (t) dt (7-1)

7.2.4 Summary of the literature review

To sum up, a series converter is prone to large current and voltage during faults in
distribution networks. A protection circuit is required to bypass the series converter as

fast as possible when faults occur.

The concept of the protection circuit to be used in distribution networks is similar

to transmission networks. The operation of the protection circuit relies on a fast bypass
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system that consists of an MOV, thyristors and mechanical bypass breakers. The MOV
protects the IGBTs against immediate overvoltages. The thyristors provide the
required fast response, and their firing signals should be removed after the bypass

breakers are closed.

Investigations are required to examine the performance of the series converter
during faults in MV distribution networks. A protection circuit suitable for MV

distribution networks is required for the series converter.
7.3 Performance of the series converter during an AC fault

During a network fault, an overvoltage or overcurrent is detected and the operation
of the series converter is blocked [141]. Figure 7-4 shows the equivalent circuit of a

blocked two-level VSC converter with a three-phase external fault.

V1 . V,

® =)

Busbar 1 Busbar 2

Zs: feeder impedance

D,

2 \/lo\/

=]

Vdc
Figure 7-4 Equivalent circuit of the blocked two-level VSC

The path of the fault current I, is shown in one pair of diodes (D1 and D3) over a
half cycle. The fault current depends on the MV A short-circuit level of a distribution
network. For example, an 11 kV, 250 MV Asc distribution network has a prospective
fault current of 13 kA (symmetrical short circuit current); this does not include the
effect of the DC component of the short circuit current. The actual short circuit current

comprises a DC component that increases the peak short circuit current.

The fault current charges the DC-link capacitor(s) through the anti-parallel diodes
of the blocked IGBTSs. This imposes a large voltage across the IGBTs and the DC-link

capacitor(s).
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The DC voltage can reach almost the peak voltage of the network (i.e.,

V. =V, o — 11X ), Where X, =2nf L, and L, is the filter inductance.

,peak se !

7.4 The proposed protection circuit

Figure 7-5 shows the proposed protection circuit of the series converter in an MV
distribution network. The main objective of the proposed protection circuit is to bypass
and isolate the series converter from the distribution network as fast as possible

without affecting the fault path.

The protection circuit consists of antiparallel thyristors T1 and T2, an MOV and
switch disconnectors SD1, SD2 and SD3.

~ CB1V|1 Ve, VR x om
rn~—"<¢p1 ~— T 1
Busbar 1 | SBl | Bushar 2
| | sD2 SD3| |
| ) T1 4
: E | I_ :\ Proposed
| T | protection circuit
| MOV |
N — as— |
Series @V
converter .

Figure 7-5 The proposed protection circuit for the series converter

Figure 7-6 shows a timing diagram describing the operation of the proposed
protection circuit when an external fault occurs on the distribution network in Figure
7-5.
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Figure 7-6 Timing diagram of the proposed protection circuit
When a fault occurs on the distribution network (i.e., t = t1), the MOV immediately
conducts and limits the voltage across the series converter to a safe limit. The
protection of the series converter trips and sends control signals to the thyristors and

switch disconnectors at t = t> following a protection time delay of At;.

At t = t3, thyristors T1 and T2 turn on and bypass the series converter. The fault
current passes through T1 and T2, and the MOV comes off. Note that At represents
the turn-on time of the thyristors.

At t = t4, disconnector SD1 is closed, and disconnectors SD2 and SD3 are open.
Atzis the time required for the switch disconnectors to operate. The series converter is
now isolated from the network. The firing pulses of the thyristors are removed, and
they turn off at the current zero-crossing point.

The operation of SD1, SD2, and SD3 are essential. SD1 provides a path for the
fault current and ensures that thyristors T1 and T2 conduct over a short time. SD2 and

SD3 ensure complete isolation of the series converter from the network.

Disconnectors SD1, SD2 and SD3, can carry and make current under normal and

abnormal conditions. They can break the current under normal conditions only [171].
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Note that the proposed protection circuit protects the series converter from the
impacts of external faults on the distribution network within few milliseconds (i.e., At1
+ Atz). However, clearing faults on the distribution network is undertaken by the
distribution network protection, which takes approximately 120-150 ms after fault
inception [172], [173].

7.5 Selection of metal oxide varistor and thyristor

The series converter of the Improved UPFC was connected to control the power
flow of an 11 kV, 5 MVA two-busbar distribution network. The short-circuit level of

the network is 250 MVAs.. The maximum output voltage of the series converter

\_/SE

e iS 10% (Vbase =11 kV)

7.5.1 Metal oxide varistor (MOV)

The Littelfuse MOV (V751BA60) of 750 V continuous rms voltage, 70 KA peak
current and 2600 J energy capability was selected and modelled in PSCAD using its
datasheet IV characteristics [174].

Figure 7-7 shows the maximum clamping voltage of the Littelfuse MOV
(V751BA60). The maximum clamping voltage of the MOV can be obtained
corresponding to its peak fault current. For example, the maximum peak clamping
voltage of the MOV is 2.76 kV when its peak current is 15 KA.

10

276 === —mm i mmmm e oo — -

1.0}

Maximum Peak Voltage (kV)

0.1 1 1 1 1 1
0.0001 0.001 0.01 0.1 1 5 15 100

Peak Current (kA)
Figure 7-7 Maximum peak clamping voltage of Littelfuse MOV V751BA60 [174]
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7.5.2 Thyristor

The thyristors were selected to withstand the prospective fault current during
conduction. Thyristors are in conduction until the switch disconnectors operate and

the thyristors' current passes the zero-crossing point.

In this application, the switch disconnectors (SD1, SD2 and SD3) were assumed
to operate in 20 ms (i.e., Ats = 20 ms, see Figure 7-6). The ABB (5STP 45N2800)
thyristor was selected. Its peak non-repetitive surge current is 75 kKA at a junction

temperature of 125 °C, and its maximum repetitive peak blocking voltage of 2800 V.

Figure 7-8 shows the surge current versus the number of pulses of the ABB 5STP
45N2800 [175]. The maximum allowable surge current is 49 kA for two half-sine
wave pulses (i.e., 20 ms) and 43.5 kA for three half-sine wave pulses with a maximum
reapplied reverse voltage of 60% of the rated repetitive peak blocking voltage of the
device. Note that a typical fault current has a different waveshape than the half-sine
wave. The ABB 5STP 45N2800 switch was selected with a fault current capability
margin to account for the different waveshape of the fault current than half-sine (i.e.,

asymmetrical).
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Figure 7-8 Surge on-state current of thyristor vs the number of half-sine wave pulses
Thyristors conduct very quickly [176]. The turn-on time of a thyristor strongly
depends on the thyristor gate-current pulse [177]. Assuming a suitable initial gate-

current pulse (e.g., the recommended gate-pulse for ABB thyristors [177]), the turn-
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on time of a thyristor can have a value of 1 ps to 5 us [178]. The turn-on time of the
ABB (5STP 45N2800) thyristor was considered 3 ps (i.e., At2 =3 s, see Figure 7-6 )
[179].

The detailed design analyses of the thyristors and their auxiliary components (e.g.,
RC-snubber circuit) are out of the scope of this work.

7.6 Simulation results

Figure 7-9 shows a schematic diagram of the Improved UPFC connected to an 11
KV two-busbar distribution network. The converters were modelled in PSCAD using

the switched representation of single-phase three-level NPC VSCs.

Vl,abc Vse,a VI labc Ze= R+jx V2,abc
- + Ia_> ANA~YY Y
CB1 _ + | e CB2
@—E Vse,b b—p- Avnvi\’_rwn__n_@
'c_> — Vgc +
Busbar 1 sec AMA—TA Busbar 2
1 _— i .
Protection Protection < Protection >/' Circuit Breaker
circuit circuit circuit
~J
? L Le Lse\
N~ N~ N~
Vdc,l Vdc,2 Vdc,3
CH CHI- CHH
AY, "\ iY
U0 i WO B o -
|_K~N] ) Trans. (M~ | MoV
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Figure 7-9 Schematic diagram of the simulation test system
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The parameters of the test system are given in Table 7-1.

Table 7-1 Parameters of the test system

Parameters Value
System voltage 11 kV, 50 Hz
Short circuit level 250 MVA
Feeder’s impedance R=0.57Q, X=1.14Q
Filter inductance, L, 150 uH
DC capacitance, C 12 mF
DC voltage, Vc 1200V
Shunt transformer 11/1.4 kV, 630 KVA, Zisn=6%

The performance of the series converters was examined in the worst-case scenario
of a three-phase fault applied at busbar Vlv. The resistance between branches (i.e., fault

on resistance) equals 0.001 Q.

The results were obtained considering mechanical circuit breakers across the series

converters, then the proposed protection circuit.
7.6.1 Performance of the series converters with mechanical circuit breakers

The performance of the series converters was assessed when mechanical circuit
breakers of a 20 ms trip time were connected across their terminals. This aims to
examine the voltage, and current immediately applied to the series converters when
external faults occur, and it provides the basis for the fast protection circuit.

Att=0.305s (i.e., the instant of phase-a peak voltage), a three-phase fault occurred
at busbar Vll,abc- Figure 7-10 shows the performance of the series converters during
the three-phase fault.

Figure 7-10(a) shows the current through the IGBTSs of the series converters. After

t = 0.305 s, the current increased up to 13 kA, and then it decreased as the DC-link
capacitors were charged through the anti-parallel diodes. Att=0.325 s, the mechanical
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circuit breakers isolated the series converters from the AC network. After t = 0.325,
the fault current passes through the distribution feeder until either the fault disappears
or in case of a permanent fault, the protection of the distribution network will trip the
feeder using CB1 and CB2.

Figure 7-10(b) shows the voltages across the DC-link capacitors. The DC-link

voltage increased up to 8.5 kV, almost the peak phase-voltage of the connected AC

network. Figure 7-10(c) shows the series voltage Vi ..
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Figure 7-10 Performance of the series converters during external three-phase fault;(a) feeder
current, (b) DC-link voltage, and (c) series voltage.
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7.6.2 Performance of the series converters with the proposed protection circuit

The performance of the proposed protection circuit was examined when the same

three-phase fault was applied at busbar V'l’abc att = 0.305 s. The protection system of
the series converter was assumed to trip after 1 ms (i.e., At1 = 1 ms, see Figure 7-6)
[164].

Figures 7-11 shows the voltage at busbar V.. After t = 0.305 s, Voltage V', .

dropped close to zero.
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Figure 7-11 Voltage waveform at the faulted busbar
Figure 7-12 shows the voltage across the series converters. When the faults
occurred at t =0.305 s, the voltage across the series converters increased immediately,
and the MOVs clamped the voltage to 2.0 kV until the thyristors operated and

bypassed the series converters.
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Figure 7-12 Series voltage during external three-phase fault

Figure 7-13 shows the current through the MOVs during conduction. The peak
current of the MOVs was up to 0.9 kA.
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Figure 7-13 Current through MOVSs during conduction
Figure 7-14 shows the power dissipated by the MOV during conduction. Phase-a
has the highest power dissipation of 1.8 MW. The energy absorbed by the MOV across
phase-a was calculated using equation (7-1) and was found to be 1057 J which is less

than the datasheet energy dissipation of 2600 J.
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Figure 7-14 MOVs power dissipation during conduction

Figure 7-15 shows the current of the thyristors. At t~ 0.306 s, the thyristors turned

on, and the series converters were bypassed. At t = 0.326 s, the firing pulses of the

thyristors were removed, and they turned off at the current zero-crossing point.

The conduction times of the thyristors on phases a, b, and ¢ are 28 ms, 24 ms and

21 ms. The currents of the thyristors were asymmetrical. The peak currents on phases
a, b, and ¢ were 25.6 kA, 24.6 kA, and 20.2 kA. Note that the thyristors can withstand

43.5 kA for three half-sine wave pulses (i.e., 30 ms).
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Figure 7-15 Current of the thyristors
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At t = 0.326, the switch disconnectors operated (i.e., SD1 closed, SD2 and SD3
opened). Figure 7-16 shows the current through SD1. The current was divided between

the thyristors and SD1 until the thyristors turned off at the current zero-crossing points.
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Figure 7-16 Fault current through the switch disconnector SD1
Figure 7-17 shows the current of the distribution feeder. The operation of the

protection circuit did not affect the path of the fault current.
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Figure 7-17 Current of the distribution feeder
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7.7 Summary

The Improved UPFC is a power electronic device that can control the power flow
in MV distribution networks using partially rated converters and with no need for an
interfacing series transformer. During external faults, the series converters are prone

to overvoltage and overcurrent.

A protection circuit is required across the series converters. The protection circuit
must isolate the converters from the connected AC network in order of few

milliseconds.

A protection circuit was proposed to protect the series converter. The protection

circuit consists of antiparallel thyristors, MOVs and switch disconnectors.

The results showed the effectiveness of the proposed protection circuit to protect
the series converter from the impacts of faults on the distribution network without

affecting the fault path.
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Chapter 8 Conclusions and Suggestions for Future Work

This chapter outlines the main findings and conclusions of the thesis. It also

presents suggestions for future work.
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8.1 Conclusions

The connection of multiple Distributed Generators (DGs) to distribution networks

may cause operational challenges, such as voltage rise and network congestion.

Soft Open Points (SOPs) are power electronic devices installed in distribution
networks to control the power flow, maintain the voltages and currents within limits,
improve the utilisation of existing assets, and support the growth of Low Carbon
Technologies (LCTs).

There are two types of SOPs; 1) fully-rated back-to-back (B2B) SOPs and 2)
partially rated SOPs.

Fully rated B2B SOPs can be implemented using two or multiple Voltage Source
Converters (VSCs) that share a common DC-link (i.e., a two-terminal SOP and a
multi-terminal SOP). A multi-terminal SOP offers more benefits than a two-terminal
SOP by realising mutual power exchange among multiple circuits.

The benefits of using a multi-terminal fully-rated B2B SOP in a medium voltage
(MV) distribution network were investigated. The results showed that the multi-
terminal SOP enabled the distribution network to host additional levels of DGs more
than a two-terminal SOP and reduced the energy losses. Despite the benefits of using
the multi-terminal fully-rated B2B SOPs, they are expensive and have not yet been

widely deployed in MV distribution networks.

Partially rated SOPs (i.e., SOPs with a series connection) is an alternative solution
to control power flow. Several topologies of SOPs with a series connection of VSCs
were investigated. This includes the conventional Unified Power Flow Controller
(UPFC), the Transformer-less UPFC, and the Improved UPFC. The results showed
that SOPs with a series connection could provide power flow control and voltage
regulation similar to that of B2B fully-rated SOPs with lower rating converters and

size.

The main conclusions of the thesis are summarised in the following sections:
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8.1.1 Benefits of multi-terminal fully-rated back-to-back Soft Open Points

Multi-terminal fully-rated B2B SOPSs are able to control active and reactive
power in the four-quadrant of operation by controlling the magnitude and phase angle
of the terminal voltages.

A 34-bus distribution network was used to quantify the benefits of the multi-
terminal SOP. Then a comparison of the distribution network with a three-terminal
SOP, a two-terminal SOP and no SOPs was undertaken. The results showed the
benefits of the three-terminal SOP over the two-terminal SOP in terms of the
penetration levels of Distributed Generators and the energy losses.

Without an SOP, the distribution network managed to host a 50% penetration level
of DGs without violating the voltage constraints. However, a further increase of DGs

beyond the 50% penetration level resulted in overvoltages.

A three-terminal SOP of 6 MVA total capacity enabled the distribution network to
host a DG penetration level of 90%, increasing 20% more than the two-terminal SOP
of 4 MVA and reduced the energy losses. The three-terminal SOP also achieved a
higher DG penetration level and lower energy losses than the two-terminal SOP when
both have the same total capacity of 6 MVA (e.g., the three-terminal SOP achieved a
DG penetration level of 90% and the two-terminal SOP 80%).

Despite the benefits of using fully-rated B2B SOPs, they have not been widely
deployed in MV distribution networks as they are expensive. The cost and size of the
fully-rated converters and the interfacing transformers account for the lack of

applications of fully-rated B2B VSCs in MV distribution networks.

The series connection of VSCs is an alternative solution to provide power flow
control in MV distribution networks similar to the well-established UPFC. The main
advantage of the series connection of VVSCs is partially rated converters.

8.1.2 Performance of a Transformer-less UPFC in medium voltage distribution

networks

A Transformer-less UPFC can provide independent control of active and reactive
power using series and shunt converters that are not connected to a common DC-link.

The main advantage of the Transformer-less UPFC over a conventional UPFC is the
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complete removal of the interfacing transformers, significantly reducing its size and

cost.

The operation of a Transformer-less UPFC relies on controlling the series and
shunt converters together such that both converters exchange only reactive power with
the AC network. The series converter injects controllable voltage that is responsible
for achieving the target power flow. The shunt converter ensures zero active power
exchange between each of the series and shunt converters and the connected AC

network.

The power rating of the series converter depends on the magnitude of the series
voltage. The series voltage is advantageously small in an MV distribution network
compared to a transmission network due to the smaller impedance of distribution

networks.

The shunt converter has full network voltage applied across its terminals. The

power rating of the shunt converter depends on the magnitude of the shunt current.

The analysis showed that a Transformer-less UPFC could provide active power
control using a partially rated converter. However, it has limited reactive power

control as this requires a large shunt current.

The control scheme of a Transformer-less UPFC is quite complex. The series and
shunt converters of the Transformer-less UPFC regulate the floating DC bus voltages
of the series and shunt converters. In addition, the series converter controls the series
voltage phasor, and the shunt converter controls the shunt current phasor. The control

scheme requires information on the receiving-end voltage and the feeder’s impedance.

The limitation of a Transformer-less UPFC to control reactive power makes it an

unattractive power flow controller in MV distribution networks.
8.1.3 An Improved topology of a UPFC for a distribution circuit

An Improved UPFC was proposed to control power flow using partially rated
converters and without an interfacing series transformer that reduces the size and cost

of the device.

The Improved UPFC consists of series and shunt VSCs converters. The series
connection of the Improved UPFC is performed using three separate single-phase

converters directly connected in series to an MV distribution network. The Improved
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UPFC has three separate DC-link buses. The shunt converters are connected B2B to
the series converters, and they are interfaced to an AC network using a three-phase

interfacing shunt transformer.

The single-phase converters of the Improved UPFC were built using a three-level
neutral-point-clamped (NPC) topology. The three-level topology reduces the blocking
voltage of the IGBTs and provides AC voltage with lower harmonic distortion
compared to a two-level topology. It has also been used for MV motor drive

applications.

The removal of the series transformer is also adopted in the Soft Power Bridge
(SPB) device being trialled by the UK Power Networks project entitled "Active
Response to Distribution Network Constraints”, indicating business benefits of

removing this part.

The Improved UPFC was controlled in the power flow control mode using the
well-established current control loops. The series converters operated in the P-Q
control scheme and regulated the active and reactive power flow of a distribution
feeder. The shunt converters operated in the Vq4.-Q control scheme and maintained

constant DC voltages.

The Improved UPFC model demonstrated the capability of the series converters to
control the power flow of a 5 MVA distribution feeder using partially rated series
converters of 630 kVA. Further analysis is required to perform a cost-benefit analysis
of using single-phase and three-phase shunt converters.

8.1.4 Performance of the series converter during faults on the medium voltage

distribution network

SOPs with a series connection are vulnerable to immediate overvoltages and
overcurrents when faults occur on the distribution network. The overvoltages and
overcurrents can destroy the IGBTs of the series converter and overcharge the DC-

link capacitor. Therefore, a protection circuit across the series converter is essential.

A protection circuit was proposed to protect the series converter during external
faults. The protection circuit consists of thyristors (i.e., provide fast-bypass action),
metal oxide varistors (MOVSs) (i.e., suppress overvoltages) and switch disconnectors

(i.e., isolate the series converter from the AC network).
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The main elements of the proposed protection circuit were selected to ensure that
the protection circuit operates properly during external faults. The Littelfuse MOV
was selected to suppress the overvoltages. The thyristors were chosen to provide fast-
bypass action until the switch disconnectors operate. Fast switch disconnectors were
used so that the thyristors operate over a short period. Thus, the thyristors do not need

cooling equipment.

The performance of the series converters was examined in the worst-case scenario
of a three-phase fault applied near to the series converter. The results were obtained
considering mechanical circuit breakers across the series converters, then the proposed

protection circuit.

The results showed that when a mechanical circuit breaker with a trip time of 20
ms was used to protect the series converter, large voltage and current (e.g., 8.5 kV and
13 kA) were applied to the IGBTSs.

The proposed protection circuit managed to bypass the series converter within
1.003 ms (i.e., 1 ms time delay of the series converter protection system and 3 ps for
thyristors to turn on). The varistor clamped the voltage to 2.0 kV until the thyristors
turned on. The switch disconnectors completely isolated the series converter from the

network without affecting the fault path.
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8.2 Suggestions for future work

The work in this thesis has focused on managing power flow in distribution
networks with multiple Distributed Generators and considering the balanced operation
of the distribution network. It also examined the performance of SOPs at the system

level. Suggestions for future work are summarised as follows.
8.2.1 Optimal operation of partially rated Soft Open Points

Further analysis is required to develop a generic power injection model that
considers the power injections of partially rated SOPs. Hence, partially rated SOPs
can be incorporated into existing power flow platforms. The model should consider

the internal power losses of the SOPs.

An optimisation problem can be formulated to achieve control objective(s) (e.g.,
Energy Loss Minimisation). By solving this optimisation problem, the optimal active
and reactive power setpoints of partially rated Soft Open Points can be determined,

which ensure optimal operation of distribution networks.

8.2.2 Performance of the Improved Unified Power Flow Controller during faults

on a medium voltage distribution network

The Improved Unified Power Flow Controller consists of series and shunt VVoltage
Source Converters. During faults, the series converter’s protection circuit operates and

bypasses the series converter in a few milliseconds.

Further analysis is required to investigate the performance of the shunt converter
during external faults. For example, the control strategy of the shunt converter should
have a fault-ride-through capability. This enables the shunt converter to provide
reactive power support unless there is a material disturbance on the distribution

network. This should be conducted using benchmark distribution networks.

8.2.3 Regulating the DC-link voltage of the Improved Unified Power Flow

Controller during faults on a medium voltage distribution network

The Improved Unified Power Flow Controller (UPFC) consists of series and shunt
Voltage Source Converters connected back-to-back through three separate common
DC-link buses. When faults occur on the distribution network, overvoltages occur
across the DC-link buses. These overvoltages affect the power ratings of the IGBTS,
and they need to be kept as low as possible.
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Further analysis is required to investigate the use of DC voltage regulators to

suppress the overvoltages that arises during faults on the distribution networks.

8.2.4 Comparison between conventional UPFC, Improved UPFC and
Transformer-less UPFC in MV distribution networks

Power electronic devices are required to control power flow in MV distribution
networks. The performance of the conventional UPFC, the Improved UPFC and the
Transformer-less UPFC was investigated when connected to a distribution feeder of a

low X/R ratio. Each topology has its pros and cons.

Further analysis is required to compare the cost-benefit of these topologies and
provide recommendations to the DNOs. The comparison might rely on finding the
design parameters of the three topologies when connected to a distribution network—
for example, calculating the number of IGBTS, the required DC voltage, the current
and voltage ratings of IGBTSs, the DC capacitance and the AC inductors, size and

weight.
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Appendix A

Appendix A

Table Al Gain parameters of the Unified Power Flow Controller

Series Converter

kp1= 0.0045, kiz=0.08 Kp2= 0.09, ki>= 0.75 kps= 0.000001, kiz= 0.004

Shunt Converter

kp,outer: 2.2275, ki,outer: 2.0250

kp,inner: 20.25, ki,inner:20.25

Table A2 Gain parameters of the Transformer-less Unified Power Flow Controller

Series Converter

kp,se: 275, ki,se: 10

Shunt Converter

Kp,sh1= 33, Kish1= 400

Kp.sh2= 800, Kisn2=200
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Appendix B

Appendix B

Detailed derivation of the shunt current equation of a Transformer-less Unified Power

Flow Controller.

Using equation (5-3): |1s||p—90° = ‘i“iw Isn||8, +90 (B1)
! fion (B1). th ‘I ‘ ‘ ‘ cos(¢) — lse| -sin(p)

sing equation en B2

9¢4 ) sin(d,) (82
Since the active power of the shunt converter is zero (i.e.,P,, =0), then
real (\_/'1* 1) =0 (B3)
Equation (B3) can be rewritten as in B4,
real (Vi +Vs)- (I —1)) =0 (B4)
From equation (B4), current lse is given in (B5),
‘ ) ‘ ‘Vl‘ ‘ ‘ cos(¢) + Vel - ‘-cos(p—q)) (©5)
‘Vl‘ sin(p)

Substitute from equation (B5) into (B2), current lsn is expressed as in (B6),

- Ve -i‘-COS(p—(I))

|sh = — (BG)
Vi|-sin(,)

Using KVL, voltage ‘Vl‘ can be expressed as in (B7)

=1 o 1,5in(p)-cos(d

‘Vl‘ =|Vse (M—cos(p)) (B7)

sin(d,)

Substitute from equation (B7) into equation (B6). Current Isn is obtained as in (B8)

1 _[.cos(p—9)
|sh—H Sin(p—5.) (8, —90)° (B8)
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Appendix C

Appendix C

Table A 3 Specifications of Imperix power electronic rig

Simulink based programming

F— BoomBox Controller
I LT 1Y
1 | [

| e Ry

L. AEAAAEEE
- 1@ RIEIISISHEME |y | neriy power electronic rig

E;.

. \w/\ WS u/" ‘
nmjnmnl
Power electronic building
block
L

== E -
T Lo
y
g drivers
=7 %
Tig—

Power electronic building block PEP 8032/6-10 kW
Rated DC voltage 800V
Rated current 32A
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Appendix D

Table A 4 Specifications of Puissance power amplifier

Puissance power amplifier (PA-3000-AB/260v/2G)

AC-DC-Single-phase- 3000 VA

Rated power

3000 VA per output

Modes

Voltage only

Performance in AC

PA-3000, AC-DC, 260-24 A

Ranges 130V 260 V
Voltage Ph-N (VRMS) 0—130 0—260
Current per phase (ARMS) 0—24 0—12

Performance in DC

PA-3000, AC-DC, 260-24 A

Ranges 130V 260 V
Voltage (VDC) 0—+180 0 — %360
Current (ADC) 0—=+24 0—=£I12
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