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b Background

The Isle of Anglesey, north Wales has become
an important location for energy generation.
Over the last ten years there has been a
significant increase in low-carbon distributed
generation, including wind, solar and tidal. We
have seen an increase from relatively low levels
to around 80MW today, and total generation
on the island is set to double beyond 2020.

Demand is also on the increase. This is due to
a number of large regeneration projects and
the creation of a new nuclear power station
at Wylfa; which will bring many associated
developments such as a new science park and
housing for workers, all increasing energy
demand on the island.

The island often produces more energy than is
uses, and as the distribution network operator
we regularly need to transport surpluses to
mainland Wales. We have limited connectivity
between Anglesey and the mainland, and the
volume of distributed generation is beginning

to cause problems on the electricity network.




The problem

Year One Project Summary

The innovation

The 33kV network is nearing its thermal and voltage limits, We are trialling a new innovation that uses Medium Voltage
and two of the grid transformers (at Amlwch and Caergeilliog) Direct Current (MVDC) on an existing 33kV circuit between
operate at close to thermal limits during normal operational Anglesey and mainland North Wales. By using MVDC we can

outage conditions. We are likely to exceed thermal limits within ~ control the phase-angle between voltage and current, which
the next four years if demand on the network grows as currently ~ means we can control the power flow across the connection.
forecast. Accommodating further generation will cause a breach

of the upper voltage limits and cause voltage control stability Switching the existing cable from AC to DC operation allows

issues on the Island.

more power to be transferred using the same circuit
conductors, potentially allowing a total capacity increase of

The traditional solution to this problem is to reinforce the 23%. This increase in capacity could delay the need to reinforce
network by building new electricity infrastructure. However, networks with expensive cable and overhead line solutions.
this is an expensive option; often requiring lengthy planning

consent processes and introducing new electricity infrastructure  This increase in circuit capacity and ability to control power

into our landscapes. We are exploring whether an innovative flows, will enable us to connect more low-carbon generation
solution would enable us to maximise the capacity of our to the 33kV network. It will also help alleviate the problem of
existing network and avoid the need for reinforcements. voltage instability on the network caused by the increase in

2025

2020

2015

2010

2005

2000

distributed generation.

N-1 Operational Limits
Voltage Limits

——————————-Thermal Limits - — —

Anglesey

Power flow
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b Transporting energy

AC and DC —what's the difference?

Most of our electricity is delivered using an alternating
current (AC), which has a varying voltage and current, rather

than a constant direct current (DC). Electricity networks have
been using AC since the late 1880s because it was considered

more efficient and less expensive than a DC network.

The graph illustrates the difference between AC (the green line)
and DC (the blue line). Here the power delivered in each cycle
is identical for both the AC and DC circuits as the areas below
the lines are equal (this equates to the power being delivered).
The fluctuations in the AC line means the AC peak value has to

be higher than the DC level.

-1.0

-1.5
0.0 Cycle(s) 0.5 Cycle(s) 1.0 Cycle(s)

To increase the power transferred through an AC cable, there are three options:

[>
B>
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Increase the maximum AC voltage

On our network the maximum voltage is set by the cable insulation. To increase the voltage in this way, we would need to

replace the cable and connect to a higher voltage circuit.

Increase the maximum AC current

For cables approaching their current carrying capacity (i.e. thermal limit), increasing the AC current may not be possible

without overheating the conductor or causing damage to its insulation/excessive sag on overhead lines. To increase

thermal limits, we would need to replace cables or overhead lines with thicker conductors.

Maintain the same maximum voltage and current, and switch from AC to DC

We are testing this option by converting a 40-
year old double circuit from AC to DC operation
without replacing any assets. The AC amplitude
of 33kV will be converted to +27kV DC giving a
maximum theoretical increase in cable capacity
of 43%. However, because the cables are old and
not designed for DC operation, the maximum
cable temperature will be kept, from the normal
65°C, to 50°C by reducing the maximum DC
current from 219A to 188A. Even at this reduced
current, the capacity of the cable can be increased
by 23% from 24.8 MVA to 30.5 MVA. Therefore,
the project will trial the use of voltage source
MVDC converters as a DC link circuit.

DC Operation

AC Operation

188 A (50°C) 219 A (65°C)

|

+27kV

+27kV

217 A (65°C)

<4— 27kV Peak




Year One Project Summary

What is a voltage source MVDC converter?

An MVDC link converts AC to DC and then back to AC at the other end. An MVDC link can sit between two electrically different
networks and transfer power between them. A converter is a power electronic device, much like a solar inverter found in
domestic properties which converts the DC power output from the solar panels to 230VAC so it can be connected to the mains.

How does it work?

The core technology used in Angle-DC is known as an Insulated Gate Bipolar Transistor (IGBT), which is a semi-conductor
device that acts like a low-loss switch and can be turned both on and off with a control signal. It is used within a circuit
element known as a converter valve'. Below we can see the basic principles of operation, in which the semiconductor
outputs voltages at 2-levels, £1/2V. If the IGBTs are switched ON and OFF in sequence, a 2-level square waveform is
produced, which can very crudely approximate a sine wave. This is called a 2-level Voltage Source Converter (2LVSC).

A

+%BV

L

1

1V

A

To improve the wave form, more voltage levels can be added by adding more IGBTs (switches). The next simplest scheme
is called a 3-Level Voltage Source Converter (3LVSC). This type of converter requires double the number of IGBTs and more
switching. Even with three levels, the output wave looks very different from a sine wave.

IGBT 1 |

-+

IGBT 2 |

L+ +%V
w0

]

IGBT 3 |

-5V

BAY

IGBT 4. |

Since 2003, adding more levels has become easier 05

to achieve due to the development of the Modular
Multi-level Voltage Source Converter (MMVSC). Each
valve in the MMVSC consists of independent converter
submodules acting like a 2LVSC. MMVSCs can have
hundreds of sub-modules and therefore output voltages
at hundreds of different levels. This can allow the sine

Voltage (V)
o
o

wave to be approximated much more accurately, as

shown in the figure adjacent. -0.5
0.0
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b The project

The main distribution network on the Isle of Anglesey is

made up of 33kV substations, cables and overhead lines.
The low-carbon generation on the island is located to the
north, south and south west of the island, however the area
with the greatest demand for power is at Caergeilliog,

some distance away from the generation. There are four grid
substations which feed electricity on to Anglesey at Amlwch,
Caergeilliog, Caernarfon, and Bangor Grid.

The Anglesey 33kV network is currently connected to the mainland between
Bangor and Llanfair PG with a double AC circuit. This consists of 0.5km overhead

line and 2.5km of cable, with a section of the cable running along the Britannia Bridge
(which is the road and railway bridge that connects Anglesey to the mainland).

Amlwch

Caergeiliog

Caernarfon

The project will build a converter station at either end of this circuit, which will then switch the
current from AC to DC, and back again. This will increase the amount of power we can transfer.

Monitoring equipment will be installed to ensure we understand the effects on the existing circuit

and a back-up connection will be built to ensure network security is not compromised.

The MVDC Link

The existing 33kV circuit is a double circuit, joined at each end
to a primary substation, connecting Llanfair PG substation
to Bangor Grid substation. One of the cables is a 40-year old
paper insulated cable. A Holistic Cable Condition Monitoring
system (HCCM) will be installed on the original circuit to record
information on how the circuit is ageing. The HCCM will
record this information for a minimum period of 12 months.

Before the DC link is commissioned, we will install a new
AC circuit between the two substations; this will provide
system security while the DC converters are commissioned.
Once the DC circuit is in operation the new AC circuit will
act as a back-up, by remaining on open-standby to carry
current when the MVDC link is offline.

During the last year of the 4-year project, once the MVDC
link is switched-on, the HCCM system will continue to
monitor the cable and assess how the cable is ageing under
DC operation. This comparison between AC and DC cable
ageing will be a UK first, and the learning will be critical in
determining whether future AC to DC conversion on
existing circuits is feasible.
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We predict the MVDC link will be able to operate for an
additional 20-40 years (after the project ends) and continue
to provide long-term benefits. We anticipate this technology
could be applied to other old cables across the country to
maximise capacity and facilitate more low-carbon generation.

Existing: 'double’ 33kVAC circuit arrangement

Llanfair PG Substation Bangor Grid Substation

AC operation

Proposed: New 33kVAC circuit & existing ‘double’ circuit
converted to DC operation

New AC circuit
NNNN/

N N
/N /N

D

|

HCCM

Fa)
system _/

DC operation

L AD—K

N\ 33kVACconductors == +27kV DC MVDC converter
Q HCCM sensor els WAl
— -27kvDC -(Q)- 33kv/27kv AC
X Circuit breaker conductors transformer
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Year One Project Summary

Potential benefits

When the wind is blowing, the sun is shining and renewable
generation is high, but Anglesey's demand for electricity

is low, it is better to send the generated power to the grid
substations for transmission over the 400kV network for use
on the mainland. Taking this route is more efficient because
electrical losses are lower on the transmission network over
long distances.

When the island’s renewable generation is high and demand
for electricity is high, it is better to use the 33kV network to
supply local homes and businesses with electricity that has
been generated on the island. The new MVDC link will enable
us to control the route the electrical power flow takes and
minimise losses, regardless of the weather or time of day.

The MVDC link will provide the Anglesey network with:

» Greater precision in the control of power flow through
the circuit

» Active control of voltage at either end of the circuit

» Active control of reactive power flow at the end of
the circuit.

This active control will facilitate:

» The reduction of losses in the distribution circuit

» Better management of renewable energy connections

» Increased capacity on the network which will allow us to
connect even more low-carbon generation on Anglesey.

Project delivery

The project runs from January 2016 to February 2020 and is

divided into six main work packages (WP). Each WP contains a
distinct work stream, essential for the completion of the project.

>
>
>
>
>
>

Detailed design

Development of MVDC converter and
HCCM system technical specifications
and MVDC link control strategy.

MVDC link
MVDC converter equipment production,
testing, installation and commissioning.

New AC circuit

Procurement, production, testing,
installation and commissioning of the
backup AC parallel circuit.

HCCM system
HCCM equipment production, testing,
installation and commissioning.

Data analysis

Data collected from the HCCM system
and MVDC link will be collected, analysed
and shared openly.

Knowledge and learning dissemination
Partnership with Cardiff University to
publish and share learning.




b Overcoming challenges

Challenges

Sourcing the right technology

There aren't any off-the-shelf solutions available for

this kind of connection. We are working to identify the
technologies that can enable MVDC connections on the UK
distribution networks in the future.

The backup circuit route

We need permissions from land owners and Network Rail
(the owners of Britannia Bridge) to install the backup circuit.
We are engaging with land owners along the route and
seeking consent for the new AC cable.

Applying DC to existing AC circuits

When a conductor carries a current it emits an electro-
magnetic field, which has the potential to interfere with
other conductors. At a frequency of 50 Hz, AC conductors
do not pose an issue; however DC conductors will emit
small amounts of high frequency current which can
interfere with communication circuits close-by.

Effects of DC on 33KkV circuits

One of the big questions we need to answer is what effect
changing from AC to DC will have on AC cables and overhead
lines. If the effect is severe or happens without warning, the
link may have to shut down for extended periods.

Delivery timescales

The project should be completed in just over four years, but
several aspects are time-consuming. The MVDC link should be
manufactured and installed in three years and the new AC
circuit could take two years to install and commission.

Delivering benefits

Ultimately the MVDC link should deliver benefits for
customers across the UK. This might include minimising
losses on the network and maximising network capacity
to allow more low-carbon generation to connect.

Stimulating the market

No innovation project is intended as a one-off. Angle-DC
needs to create a market for MVDC links in the UK to realise
the predicted benefits.

\ “
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Solutions

A robust tender process

We launched a multistage tender process as part of WP1.
The process has maximised the number of suppliers bidding
to supply the MVDC link and has given us more choice in
selecting the right technology at the right price.

Project Steering Group

We established a steering group of key stakeholders, including
the Welsh Government and local authorities. The Steering
Group offers guidance on planning and overcoming issues
the project may encounter.

Collaboration with Network Rail

We are working closely with Network Rail to establish
what MVDC converter design modifications will be needed
to reduce any electromagnetic interference (EMI) to
acceptable levels.

The holistic cable condition monitoring system
The HCCM will be installed early in the project and will
monitor the cable in real time over a two-year period. Early
warnings of cable degradation will enable us to take proactive
measures, such as reducing the link voltage or carrying out
preventative maintenance on the circuit.

Program outperformance

We have brought the timespan of each work package
forward where possible, to give extra time to deal with those
unforeseen challenges that often arise in innovation projects.

Sharing learning through our academic partner
Cardiff University has been tasked with extracting as much
learning as possible from the project and disseminating
knowledge to key stakeholders, other DNOs, local interest
groups, generators and the public. This way the benefits of
Angle-DC can reach as many people as possible.

A business as usual solution
We will consider the project a success when MVDC links are
considered alongside other conventional solutions and prove

SIS

NN

a competitive alternative. —¢/
~ - oo )

~ \ ~
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P What's next?

Year One Project Summary

What we've achieved so far

/4
74
78
78
/4
/4
/4
74
74
/4
/4
/4

Complete MVDC converter functional specification
and tender documentation

Complete HCCM functional specification and
tender documentation

Technical evaluation of HCCM and MVDC
converter tenders

Select HCCM supplier

Complete first Successful Delivery Reward Criteria -
HCCM Technical Specification

Appoint academic project partner
Establish the Angle-DC Steering Group

Survey the Britannia Bridge site and EMI with
Network Rail

Complete power flow control strategy using local
data inputs

Set-up the project website

Secure provisional planning consent for MVDC
converter under permitted development rights

Appoint acoustic survey consultants

What's next?

O O OO0 O O

O O O OO0 OO0 0O

Complete the Successful Delivery Reward Criteria 2:
The MVDC Converter Technical Specification

Commission and install the HCCM and start data
collection

Deliver a webinar on MVDC technology
Hold a workshop on MVDC technical design

Complete the EMI safety case and converter design
modifications

Hold regular Steering Group meetings with key
stakeholders

Complete power flow control strategy using central
data inputs, including generation and load on
Anglesey and north Wales

Acoustic and site surveys

Secure planning consent under permitted
development rights for the two converter stations

Secure consent, install and deploy the new AC circuit

Design and construct MVDC converter buildings,
Llanfair PG and Bangor Grid substations

Design, install and deploy MVDC converters
Performance test MVDC converters

Study and disseminate MVDC operational
performance

Workshop cable ageing mechanism in AC and
DC cable

Determine the systems of automatic control of
the DC Link

Report on project learning
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ANGLE-DC

b Other MVDC projects

Network Equilibrium

Western Power Distribution (another UK DNO) is trialling a
20 MVA medium voltage (33kV) back-to-back power electronic
convertor (AC-DC-AC) to overcome voltage and thermal issues
at one of their primary substations. The converter is capable
of importing and exporting 5 MVAr of reactive power, which
will enable a network voltage change of 2.5% and unlocking
additional capacity. It will transfer power between two 33kV
networks that cannot currently be connected due to
circulating current issues. This scheme is different to
Angle-DC in that it does not feature a significant length of
DC cable which creates a number of additional challenges.

D Beyond Angle-DC

One objective of the Angle-DC project is to create a market
for MVDC converter technology. If successful, we hope the
UK could see a number of other similar projects completed
between now and 2040. The level of uptake depends largely
on the cost of power electronics; which considering historic
price trends of semi-conductor technology, could drop by up
to 55% between now and 2040. This cost reduction will
depend on the number of MVDC converters deployed
between now and 2040.

SP Energy Networks have partnered with Cardiff University
as an academic partner. This is to help with academic analysis
and evaluation of the methods being trialled on this project.
A number of PhD students are engaged in this project as part
of their reasearch.

FIND OUT MORE

Paimpol Bréhat Tidal Farm

An MVDC converter has been deployed at the Paimpol Bréhat
Tidal Demonstration Farm in France. It converts the 690V AC
output from two 2MW tidal stream turbines to 10kV DC. The
power is transferred through a 16km DC link, then converted
to 6.6kV AC and stepped up to a mains voltage of 20kV AC
on the mainland. The converter is used to accept two variable
frequency power inputs and convert them to one constant
frequency AC output and enables the tidal stream generators
to connect to the AC network. One side of the DC converter is
completely submerged in a single AC container and will be
raised every five years for maintenance.

25
20
15

10

Number of replications in the GB

0 1 1 1 |
2020 2025 2030 2035

A number of organisations have supported the Angle-DC
project and are actively engaged in its delivery and review.
These include; Welsh Government, Anglesey Council Council,
Gwynedd County Council.

If you would like to find out more about Angle-DC please visit the project page on the SP Energy Networks website:

www.spenergynetworks.co.uk/pages/angle_dc.asp

At various stages in the project we will be organising workshops and webinars to share our findings, and in latter stages will

create a visitors' centre on site. If you would like more information on this or any other aspect of the project, please contact:

kevin.smith@spenergynetworks.co.uk
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