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Description

Active Network Management

Business as usual

Combined Heat and Power

Distributed Generation

Distribution Network Operator

Directional Over-current

Electricity Network Management and Control
Functional Acceptance Test

Flexible Plug and Play Low Carbon Networks project
Low Carbon Network Fund

Normally Open Point

On Load Tap Changer

Power Quality Monitor

Programmable Logic Controller

Phase Shifting Transformer

Photo Voltaic

Quadrature-booster Control System
Remote Terminal Unit

Supervisory Control and Data Acquisition
Successful Delivery Reward Criteria
Standard Running Arrangement

Tap Control
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1. Executive Summary
1.1 Background

Flexible Plug and Play (FPP) was a Second Tier Low Carbon Network Fund (LCNF) project that aimed to
connect Distributed Generation (DG) onto constrained parts of the electricity distribution network without the
need for conventional network reinforcement. To achieve this, a number of innovative smart devices and
applications were trialled to manage constraints and maximise network utilisation. One of the smart devices
trialled was a Quadrature-booster, which was designed and deployed to balance power flows through
parallel circuits supplying a large customer at Wissington whose ability to export electricity was constrained
as a result of unbalanced load sharing on two parallel circuits.

1.2 Scope and Objectives

This Trial Report outlines the trial experiments, data recording, data analyses and supporting simulations
carried out to explain how the Quadrature-booster performed during the trial period. The full information on
the initial Quadrature-booster design concept, modelling, installations and commissioning, and lessons
learnt from that phase were covered under a separate report SDRC 9.8

The key objective of the trial was to prove the suitability of the Quadrature-booster to create estimated
10MW capacity headroom at Wissington to enable connection of further distributed generation cost
effectively. And that the connection of 10MW additional generation around Wissington would be allowable
on the interconnected distribution network. The requirements were centred on de-loading the Downham
Market No.2 circuit to load levels that closely matched load flows on the corresponding 33kV circuits out of
Wissington, that is, the Northwold No.1 and Southery No.3 circuits, in order to create spare capacity
headroom and at the same time ensure that all three circuits remained loaded below their seasonal thermal
capacity limits (Figure 2, page 12).

1.3 Success Criteria

The following success criteria for the Quadrature-booster trial were identified:

9 Successful operation of the Quadrature-booster and the associated control system at Wissington to
prove the suitability of this technology on the distribution networks. Based on available information
the FPP project believed this was the first Quadrature-booster on the distribution network.

1 Uncompromised network integrity, security of supply, and the operations of the Wissington generator
throughout the trial period.

9 Build confidence of UK Power Networks and other DNOs to adopt the Quadrature-booster
technology on distribution networks.

! http://innovation.ukpowernetworks.co.uk/innovation/en/Projects/tier-2-projects/Flexible-Plug-and-Play-(FPP)/Project-
Documents/Quad+Booster+Report+28+0ct_FINAL.pdf

31/03/2015
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1.4 Trial methodology

The trial was modularised into a set of five hypotheses which were tested through experiments based on
actual data from the network and supported by simulations using Power Factory®. Each hypothesis was set
to prove specific elements of the Quadrature-booster operations listed below:

1 To confirm that the tap changer operated within the design tap operating range between Tap 10 and
Tap 17 positions (specific to the Wissington 33kV network requirements) to buck the power flow in
the Downham Market No.2 circuit

9 To establish the optimal load balancing achievable between Northwold No.1 circuit and Downham
Market No.2 circuit

1 To prove the automatic operation of Quadrature-booster control system (QBCS) to carry out
automatic load balancing.

1 To compare the actual induced voltage phase angle changes that occurred (following a change in
tap position) with the specification and design

1 To prove that optimal load sharing between Northwold No.1 and Downham Market No.2 parallel
circuits would create approximately 10MW additional capacity headroom at Wissington 33kV
boundary network, and that an additional 10MW generation export would be allowable on the
network.

Actual network power flow, Quadrature-booster tap position and voltage phase angle measurements were
recorded using three primary sources (to validate the data) i Power Quality Monitors (PQMs), DR-C50
transformer monitoring equipment, and PI historian data. Simulation studies were also carried out to support
the experiments. Excel spreadsheets and graphs were used for visual representation of the results, which
were then compared to the desi gn toseptablish theifimdiags of the triagh n d

1.5 Challenges encountered

As a precautionary measure, the Quadrature-booster was temporarily switched out in September and
October 2013 due to a number of alarms received at control on the control system and overfluxing
respectively. The causes of the alarms were investigated and found to have been related to settings which
were then rectified quickly to reduce the time the Quadrature-booster was switched out.

1.6 Main Findings

The Quadrature-booster operated within the design tap operating range (Tap 107 Tap 17) varying between
Tap 10 and Tap 11 in automatic mode during the trial period. Both the experimental and simulation test
results showed that the Quadrature-booster shifted power flows from the Downham Market No.2 to
Northwold No.1 circuit with some spill over to the Southery No.3 as expected. Simulations showed that while
at Tap 10 which was expected to be neutral, the power shifted was approximately 4AMW (when the generator
export was set at 54MW) which was larger than expected. The recorded maximum power shifted as a result
of a change in tap position was 3.6MW which appeared to be a course step change.

% power systems analysis software from DigSILENT, used by UK Power Networks for distribution network studies

31/03/2015
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Following the commissioning of the Quadrature-booster, the load profiles for Northwold No.1 and Downham
Market No.2 circuits were generally closer to each other, which demonstrated that the Quadrature-booster
improved the load sharing between the two lines. Utilisation of the additional 10MW capacity would be
conditionally allowable subject to the existing automatic generator turndown scheme (Wissington CHP)
being maintained and the following post trial requirements necessary to ready the network to accept
additional generation are implemented:

1. Upgrade of the QBCS to include remote power flow measurements from Northwold Primary
substation end and the Downham Market No.2 circuit T-point, to account for generation connections
on the controlled circuits between Wissington and the Downham Market No.2 circuit T-point, and
Wissington and Northwold Primary substation. A summary of the required upgrade is discussed in
Section 1 (page 56). The trial concept was centred on generation injection on the Wissington 33kV
substation which was adequate to prove the Quadrature-booster concept, and therefore the existing
control system only monitors power flows on the two lines at Wissington end. It is therefore
necessary to include this upgrade as part of future generation application connection charge.

2. Replacement of DOC protection scheme at Swaffham Grid to increase reverse power flow capacity

at the site and fully utilise grid transformer capacity.

3. Monitoring potential increase in curtailment of flexible connection generators at March Grid caused

by approximately 1.9MW increase in reverse power flow, being a direct spill over of the power shifted
by the Quadrature-booster from the Wissington network.

4. Further detailed study at the time of processing any connection request to accommodate any

changes on the evolving 33kV network, and ensure costs for upgrading the QBCS are included.

1.7 Lessons Learnt

The key lessons learnt from the trial were the following:

)l

1

Functionally, a Quadrature-booster is different to a conventional transformer on the network, but it is just
like any other transformer for operations and maintenance purposes. The use of the Quadrature-
booster created additional network capacity headroom which would allow increased generation export
onto the 33kV distribution network.

The specified Quadrature-booster phase angle of £12° was wider than required on the Wissington 33kV
network trial case. This resulted in approximately 3.6MW shifted per step tap change recorded with
generator export at 43MW, which made it difficult to achieve a finer load balancing between the two
lines. The trial results showed that a phase angle of +6° could have been adequate for the Wissington
site. It is recommended that in future applications further simulations are carried out using a phase
angle of £6° for finer tap step, and also place the Quadrature-booster in the Northwold No.1 circuit and
use the boost taps. This is expected to give finer phase angle steps under load condition and also avoid
overfluxing in the core.

Innovative trials like the Quadrature-booster require cooperation and participation of customers
connected on the network. The ramping of generation export to different export levels for the live tests,
and also monitoring the generation protection response to changes in line currents during tap change
operations was one of the key elements to the experiments.

31/03/2015
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1.8 Conclusions

The Quadrature-booster trial results aligned with the requirements to buck power flows on the Downham
Market No.2 circuit, and push the shifted power on the Northwold No.1 circuit. The load sharing between the
two circuits was found to be closer with the use of the Quadrature-booster. However, a finer MW step tap
change would have been more useful, to be able to take smaller steps and more of them than the two
recorded during the trial period which would improve load sharing optimisation between the two lines.

The use of the Quadrature-booster will allow approximately 10MW additional generation export to be
connected at Wissington 33kV network, subject to upgrading of the QBCS and replacement of the DOC
protection at Swaffham Grid. The capability of the Quadrature-booster to create capacity on the Wissington
33kV network is limited to its rating and the line ratings. At some stage the network will ultimately need
reinforcement to continue accepting increased levels of generation.

The live tests and full trial experiments were successfully completed without interruption to Wissington
generator. It was reported that the CHP generator far field fault monitoring protection scheme detected the
step changes in line current measurements when the Quadrature-booster changed tap positions but the
generator turndown scheme did not activate, and at all times it appeared stable during tapping. Therefore,
the handshake between the QBCS and the generator, where the QBCS sent 6 t a progressbsignals to the
generator to Omaskod the protection appeared to have

The trial was successful because the trial hypotheses and Use Cases which the project set out to achieve
were all answered and the objectives were met.

1.9 Document structure

The report is structured as follows:

1 Section 2 Provides an overview of the trial location and the project drivers,
1 Section 3 Describes the Quadrature-booster trial setup,

1 Section 4 Provides an analyses of the data gathered or recorded,

i Section5 Describes the trial outcomes and main findings,

1 Section 6 outlines the lessons learnt from the trial, and

1 Section 7 Concludes the report.

31/03/2015
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2. Introduction
2.1 Trial site location

The Quadrature-booster trial at Wissington was primarily driven by a generation export constraint on a CHP
generation plant that is located at Wissington British Sugar Factory, Norfolk. Wissington British Sugar is a
sugar beet processing factory which also runs a CHP electricity generation plant with an installed turbine
capacity of 70MW. Figure 1 below shows the aerial photograph of British Sugar Wissington Factory site and
the locations of the CHP, UK Power Networks 33kV substation, and the installed Quadrature-booster.

- 'y

CHP Plant

Existing
33kV substation

30MVA
Quadrature-
booster

Edit in Google Map

Figure 1: Aerial photograph of Wissington showing locations CHP, substation and Quadrature-booster

2.2 The Wissington 33kV Network

The existing Wissington 33kV substation is a UK Power Net wor ksé s
Sugar site and provides the point of connection for British Sugar to import and export to UK Power Networks
distribution network. Under Standard Running Arrangement (SRA)?, shown in Figure 2, the site connection

is provided via three 33kV circuits running interconnected with four 132/33kV grid sites i March Grid,
Swaffham Grid, Kings Lynn South Grid and Walsoken Grid (all not shown in the Figure 2).

This network supports British Sugardéds existing CHP
95.2MVA, and comprises a 58.8MVA gas turbine generator and a 36.4MVA steam turbine generator with a
power factor of 0.85. The installed turbine capacity is 70MW and is reported to be limited by the available
export capacity on the distribution lines.

® The distribution network configuration under normal network operating conditions - all three outgoing 33kV circuits are connected
and on load

31/03/2015
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Kings Lynn

South Grid / 3

Waltington _ |Downham

Market
Walsoken Grid
via
Outwell Moors
8.275 km 8.154 km
| Swaffham
Grid
- ;
v
9 Northwold
[Te)
Southery
) 6.31 km 11.07 km
MaririlaGnd 13 |2 [1
. I S S———
Littleport Wissington
33kV
— 33 kV
N — 11 kV
Wissington

CHP

Figure 2: A simplified diagram showing the Wissington 33kV network interconnection under SRA

Generation export is shared across the three circuits according to their electrical impedance which, amongst
other factors, is related to their relative circuit lengths shown in Figure 2 above. The Downham Market No.2
circuit (to the T-point) is connected electrically in parallel to the Northwold No.1 circuit, but it is almost half
the length of the Northwold No.1 circuit. Due to this difference in length, the Downham Market No.2 circuit
has lower circuit impedance, which results in almost twice the amount of power flow through the Downham
Market No.2 circuit compared to the Northwold No.1 circuit. Large distributed generators, like the Wissington
CHP, can therefore highlight capacity sharing issues with some parallel circuits on distribution networks
which had not previously been considered as a constraint on demand customers.

2.3 The network constraint

The constraint conditions usually occur when the CHP runs at full export during the sugar beet campaign
months thought to stretch from September to March. The Quadrature-booster was designed and deployed
to balance power flows through parallel circuits. During peak export, the thermal capacity of the Downham
Market No.2 circuit is reached before that of the two other circuits because the loads are unbalanced across
the paralleled circuits. This constraint restricts the seasonal export limit to approximately 54MVA (or 54MW
at unity power factor) in winter which is 23% below the installed 70MW generator turbine capacity. The
seasonal export limits are shown in Table 2 (page 13) and Figure 5 (page 18). It is reported that Wissington
British Sugar generation achieves the best CHP rating under the government CHP quality assurance
scheme®. As such, further increments of generation export can provide valuable contribution to the electricity
generation fleet.

“ About Wissington Factory 1 British Sugar, page 5 http://www.britishsugar.co.uk/Files/about-wissington-factory-0112.aspx
[accessed 24/12/14 12:30pm]

31/03/2015
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The maximum export for the British Sugar generation site is limited to 54MVA (winter) as any additional
generation would risk the Downham Market No.2 circuit breaching its winter maximum thermal rating while
the Northwold No.1 is loaded at about 50% of its rating. The output of the CHP generator is, therefore,
managed by an existing automatic generator turndown scheme which monitors the loadings on the outgoing
33kV circuits, along with the status of circuit breakers. In the event of a circuit loss, or the combined power
flows exceeding the seasonal limits, an automatic generator turndown is activated to reduce generation to
within set limits to ensure the restriction is not breached.

During normal network operating conditions (no circuit outages) the limit at which the output of the
generators is constrained is set by the seasonal ratings of the 33kV circuits, which are described within
Table 1 below. The three circuits have the same conductor size (200ACSR) and therefore have the same
seasonal thermal rating values.

Table 1: Maximum seasonal line current limits for the Wissington 33kV network

Circuit Summer Spring / Winter
Autumn
Amps MVA Amps MVA Amps MVA
Northwold No.1 443 25.3 512 29.3 553 31.6
Downham Market No.2 443 25.3 512 29.3 553 31.6
Southery No.3 443 25.3 512 29.3 553 31.6
Source: Wi ssington Gener at Useaof Systéno Agreement (20016 a n d

In the current network configuration, the network is constrained as a result of the differences in impedance
between the three lines, which results in an imbalance in the power flows through these circuits. The present
high loading of the Downham Market No.2 circuit means that seasonal export limits shown in Table 2 below
are included in the existing AC®RBOMecti on & Use of S

Table 2: Maximum seasonal export limits for the British Sugar, Wissington generation

Maximum seasonal
Season export limits Months [Per Use of System Agreement]
(MVA)
Summer 46 May, June, July, August
Spring / Autumn 495 March, April, September, October, November
Winter 54 December, January, February
Source: Wi ssington Generation 6Connection and

Combined with these overall network limits, there is also local circuit current limits on the three outgoing
33kV circuits to Northwold No.1, Downham Market No.2, and Southery No.3 with a complex control system
to make sure the circuit with the highest electrical load flow is not overloaded (always the Downham Market
No.2 circuit). The CHP output is reduced in order to prevent the Downham Market No.2 circuit being
overloaded. In addition, the cycle of operation of the British Sugar factory dictates the highest export during
winter months and as such the maximum generation export and winter circuit ratings are the condition
where the constraint might arise and formed the basis of the network analysis.
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2.4 Key Objectives

The Quadrature-booster is a power systems device that can be used to improve the balance of power flows
across two parallel circuits on the distribution network and release capacity headroom on the existing
assets. This additional capacity can be used by either generation or demand customers for their connection
on the distribution network. The objectives of the Quadrature-booster Trial Report are to demonstrate:

T

2.5

The functionality and reliability over the trial period (August 2013 i September 2014) of what the
FPP project believed is the first Quadrature-booster designed and deployed on 33kV distribution
network.

That the Quadrature-booster operated according to design requirements and operated within
required tap operating range (to buck power flow in Downham Market No.2 circuit).

That the Quadrature-booster operated both in manual and automatic modes and balanced the power
flows in Northwold No.1 and Downham Market No.2 circuits to optimal load sharing levels.

That by achieving optimal load sharing between the Northwold No.1 and Downham Market No.2
circuits, use of the Quadrature-booster released additional network capacity headroom of
approximately 10MW, and increased the efficient utilisation of Wissington 33kV circuits.

That the additional 10MW generation export would be allowable on the existing interconnected
distribution network.

Scope of Trial Report

This Trial Report looks specifically at how the Quadrature-booster trial data was used to demonstrate the
increase in capacity headroom at the Wissington site by improving load sharing between the Northwold No.1
and Downham Market No.2 circuits through the following:

1

T

The measurement and monitoring of power flows on Northwold No.1, Downham Market No.2, and
Southery No.3 circuits and Quadrature-booster voltage phase angle measurements and tap position,
and supported by simulation studies.

The analyses of power flows, voltage phase angles, and other data from monitoring equipment, and
Pl historian data® for answering the Quadrature-booster trial hypotheses on the buck/boost
operations and the associated voltage phase angle shifts on the load side of the Quadrature-booster
for every tap change operation.

Assessment of network modelling approach including comparison of modelled versus actual power
flow data, identifying areas for improvement in the network model used for, among other Business as
Usual functions, the modelling of the Quadrature-booster.

® Half hourly historical power flow data recorded from the distribution network and stored in LIMES database

31/03/2015
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2.6 Previous Work

Quadrature-boosters are a mature technology on electricity transmission networks having evolved in the
early 1 9 6 0Gver the years, Quadrature-boosters have been used to control power flows on parallel three
phase transmission networks across the world where capacity is constrained by one of the parallel circuits.

In the UK, various Quadrature-boosters are connected to Nat i onal Griddbs netwbr Kk
860MVA units) and at 400kV (2000MVA T 2750MVA units). Other examples include Quadrature-boosters on
interconnectors between France i Italy and the Netherlands i Germany.

The FPP project adapted the already mature Quadrature-booster technology at transmission networks, and
innovatively deployed the Quadrature-booster at distribution voltage using the Wissington 33kV trial case.

The FPP project installed a 30MVA rated Quadrature-booster to overcome an existing constraint due to sub-
optimal load sharing on 33k V. par al | el circuits at U 33KV Bobstation. THee t w (
challenge was compounded by the fact that there was no known Quadrature-booster or Phase Shifting
Transformer (PST) being used at this rating and voltage at the time of the FPP trial.

31/03/2015
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3.  Trial Description

3.1 Site Setup

A simplified diagram of the trial network is shown in Figure 3 below. The trial network includes a Quadrature-
booster installed in the Downham Market No.2 circuit, and a normally open (NOP) bypass switch used when
the Quadrature-booster is switched out of service.

Kings Lynn
South Grid

Tee Waltington Downham
Market
Walsoken Grid
via <
Outwell Moors
8.275 km 8.154 km
Swaffham
= Gfid
£
1 T
i) [ER TN
o B
Northwold
1
> QB
Southery NOP
. 6.31 km 11.07 km
Marcf_] Grid 3129
via
Littleport Wissington — 33kV
33kV —— 11 kV
@ NOP - Normally Open Point
Wissington

CHP

QB - Quadrature-booster

Figure 3: A simplified Wissington 33kV trial network showing location of Quadrature-booster

And Figure 4 shows the location of the Quadrature-booster at Wissington 33kV substation.

Quadrature-

Quadrature- 1 Wissington
booster booster 33kV
Switchroom Switchroom

11

L

Figure 4: Picture of the Wissington substation site showing location of installed Quadrature-booster
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The trial sought to address whether or not a distribution network with a typical Quadrature-booster used to
control power flows for given levels of Wissington CHP generation export can (i) be characterised, and (ii) its
performance predicted with sufficient level of confidence to provide useful insight to Outage Planning and
Network Planning tasks. The power flow at Wissington 33kV boundary network was monitored including all
three outgoing 33kV circuits from Wissington 33kV bus bar, to ensure none of the circuits exceeded
seasonal thermal static ratings. The trial also monitored and captured power flows and voltage phase angle
measurements across the Quadrature-booster.

3.2 Trial Methodology

The trial was modularised into five sets of hypotheses which were tested, each focussing on a particular set
of functionalities of the Quadrature-booster and its control system as summarised in Table 3 below.

Table 3: List of Quadrature-booster Trial Hypotheses

Hypothesis Description

QBRO001 The tap changer can be raised/lowered between Tap 10 and Tap 17 positions to buck/boost
respectively the power flows in the Downham Market No.2 circuit

QBR002 By raising/lowering the tap position starting from nominal tap, optimal load balancing is achieved
between Northwold No.1 circuit and Downham Market No.2 circuit

QBRO003 Quadrature-booster Control System (QBCS) can carry out automatic load balancing to enable
capacity sharing between Northwold No.1 and Downham Market teed parallel circuits. The
TapCON260 automatically controls the raising/lowering command for the tap changer position to
achieve this operation

QBRO004 For every tap change a proportionate phase angle change occurs, which directly correlates t h e
Loadd test val ue sgooster namépkte ahd BadtaryaTestl Cesificate

QBRO005 Optimal load sharing between Northwold No.1 and Downham Market No.2 parallel circuits would
create approximately 10MW additional capacity headroom at Wissington 33kV boundary network

The above hypotheses are discussed in detailed in section 4 and section 5.
3.3 Assumptions:

A number of assumptions were made during the trial, some of which are listed below:

The trial scenarios were typical of current and future export out of Wissington CHP generator

1

1 Wissington CHP export behaviour was uncontrolled and uninfluenced by their involvement in the trial

T By capturing a yeards data, a compl etwasraprasergeel o f
1

Variability of power loading on the network primarily export from the Wissington CHP generator were
sufficient to effect tap changing on the Quadrature-booster

1 In this report the power factor at Wissington 33kV is assumed to be unity (MVA = MW)

31/03/2015
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3.4 Monitoring and Data Collection

The trial monitored real power (MW), reactive power (MVar), current, system voltage and voltage phase
angle across the Quadrature-booster and the tap position profile for a period of one year. The following data
recording systems were used:

1 Power Quality Monitors (PQMs)

1 DR-C50 transformer management equipment

1 Pl historian stored in LIMES database

3.4.1 Data recording using PQMs

Initially three PQMs, PQM-1, PQM-2 and PQM-3 were installed in September 2013 (in accordance with HSS
03-037 Connection of Power Quality Monitoring Equipment) by a BaU contractor who was going around
installing and removing them and sending the measurements for other BaU sites. All three PQMs were
configured to record power flows. PQM-4 was installed in July 2014 and together with PQM-3 the two units

were configured to measure voltage phase angles. The locations of the PQMs during the trial are shown in
Figure 3 below.
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X 74
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Figure 5: Extract of the Wissington 33kV network from Enmac showing locations data recording equipment

The PQMs enabled the collection of 10 minute averaged load flow data for each of the three circuits
(Northwold No.1, Downham Market No.2 and Southery No.3) that emanate from the Wissington 33kV
substation, and 1 minute intervals voltage phase angle data across the Quadrature-booster.
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3.4.2 Datarecording using DR-C50 Monitoring Equipment

The DR-C50 is a comprehensive transformer online
monitoring and management equipment that is
configurable to provide an economical solution for
monitoring, control and communication. Figure 6
shows the front panel of the DR-C50 cubicle. The
DR-C50 was installed together with a Calisto 9 (for
online dissolved gas analysis) as part of the
enhanced monitoring requirements specified for the
Quadrature-booster. Instantaneous power flows
(minute granularity) for the Downham Market No.2
circuit and Quadrature-booster tap position
analogues were obtained from the DR-C50
equipment. The power flow data was compared to
the values recorded by the PQM installed in the
same feeder for validation.

Figure 6: Picture showing the front panel of the DR-C50 equipment
3.4.3 Pl historian data

Pl historian is a database that stores half-hourly network data that can be retrieved for historical analyses. At
the time of this trial there were no MW and MVar analogues in Enmac allocated to the 33kV feeders at
Wissington. Only current and voltage analogues were used, and the corresponding MW values were
calculated assuming unity power factor. As this approach is inadequate to decide the direction of power
flow, instances of reverse power (import) into Wissington were cross-checked with the PQM and DR-C50
data.

The methodology included the following:

91 Download historical data (feeder loads and CHP export all in amps) from Limes for 2010 i 2013, three
years immediately before the commissioning of the Quadrature-booster.

1 Download historical data (feeder loads and CHP export all in amps) from LIMES for the period August
2013 to August 2014.

1 Compare the loads on the Northwold No.1 and Downham Market No.2 circuits at each tap position.
Calculate the power shifted at each tap change.

1 Compare the load distribution between Northwold No.1 and Downham Market No.2 circuits (a) network
without Quadrature-booster, and (b) network with Quadrature-booster at (i) Tap10 and (ii) Tapl11l.

A Pl tag was created in LIMES system to record the tap position activities of the Quadrature-booster.

For the trial (and perhaps the future operation of the Quadrature-booster) it would be helpful to have these
analogues available. It is also assumed that this will form part of the installation on 33kV feeders going
forward on other sites. For this trial and from a planning perspective, it would be useful to have the
analogues as instantaneous values rather than half hourly averages as currently set up in PI historian.

31/03/2015
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4.  Trial Experiments and Simulations
4.1 Baseline

The following baselines were identified as criteria for a successful Quadrature-booster trial.

1 Network power flow distribution over the three circuits over three years immediately before the
Quadrature-booster was commissioned was used to ascertain the network trends at each particular
season. This was compared with the distribution of the power flows on the three circuits with the
Quadrature-booster switched in service and operating at optimal tap position that achieved the best
load sharing ratio between the Northwold No.1 and Downham Market No.2 circuits.

1 Completion of the live tests and full trial without adverse impact or disruption to the Wissington CHP
generator, or compromise to the reliability and security of supply on the Wissington network linked to
the Quadrature-booster trial.

1 Quadrature-booster specifications and factory test results on voltage phase angles. The phase
angle range of +14.98° as given on rating and diagram plate on the Quadrature-b o ost er und
L o a dodadition would be expected to be around +12° under full load condition due to voltage
regulation as indicated by the manufacturer.

1 Completion of the trials without interruptions or malfunction of the Quadrature-booster and
associated equipment.

31/03/2015
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4.2 Quadrature-booster Tap Changer Operations

QBRO001 The tap changer can be raised/lowered between Tap 10 and Tap 17 positions to

buck/boost respectively the power flows in the Downham Market No.2 circuit

Hypothesis QBR001 sought to confirm two objectives:

1. To confirm that the tap changer operates within the required tapping range (Tap 10 i Tap 17) i
specific to the requirements of the Wissington 33kV trial network. And by design Tap 1 7 Tap 9
inclusive, Tap 18 and Tap 19 are electrically disabled on the Wissington Quadrature-booster.

2. To confirm that the impact of the Quadrature-booster increasing its tap position was to decrease the
power in the Downham market No.2 circuit, resulting in an increase in power flow in the Northwold
No.1 circuit and, to a lesser extent, in the Southery No.3 circuit

As a prerequisite to achieving the above objectives, the Quadrature-booster was kept in operation at all
times with minimal interruptions for the duration of the trial period. Instantaneous power flows on the three
33kV circuits T Northwold No.1, Downham Market No.2, and Southery No.3 were all recorded by PQMs and
the DR-C50 (in the case of the Downham Market No.2).

4.2.1 QBRO001 Methodology

To prove this hypothesis and Quadrature-booster operatonon t he 061 ithiséeét: net wor k,
1 Monitored the tap position and recorded the time at each tap change
1 Used 10 minute interval sampling rate to show power flow variations at each tap change
1 Used 1 minute interval sampling rate to show time of tap change

The circuit power flow data on the three Wissington 33kV circuits was recorded using three data sources:

1. Power Quality Monitors (PQM),

2. DR-C50 transformer monitoring equipment 1 used without change

3. PI historian data measurements from the RTU (LIMES database) i which was used to support the
above two primary data sources

The tap change profile and power flows were plotted on graphs.
I Tap change profile was plotted from DR-C50 data recorded at 1 minute interval

1 Power flows on the three circuits were plotted from PQM data sampled at 10 minute intervals, and Pl
historian data sampled at half-hourly intervals

Enmac alarm schedule for Wissington 33kV substation was utilised to corroborate the dates and times at

which a tap change occurred. This source was utlised as the primary source of data for time
synchronisation i the RTU is connected to a time server and can therefore be assumed to be accurate.
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4.2.2 Recorded Tap Change Operations

The recorded power flows and Quadrature-booster tap position profile (using 1 minute data intervals) were
plotted on a scatter diagram to provide a visual means of presenting the impact of the Quadrature-booster
during periods when the Quadrature-booster changed tap. The month by month plots are shown in
Appendix 1. Figure 7 below shows the overall recorded tap positions over one year trial period.

Quadrature-booster tap position profile : 2013 - 2014 (as recorded by DR-C50)

14
A = Live tests - manual operation (05/08/13)
5 13 4 @ B = Live tests - automatic operation (06/09/13)
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Figure 77 Graph showing the Quadrature-booster tap position profile during the trial period

Figure 7 shows that few tap change operations were recorded during September 2013, October 2013 and
February 2014. Increased tap operations were recorded for the period March i August 2014. The tap
change operations followed what appeared to be a cyclic routine on almost daily basis T the Quadrature-
booster changed tap from Tap 10 to Tap 11 around/between 07:00 i 10:00 hours and changed tap again
from Tap 11 to Tap 10 around/between 16:00 i 19:00 hours. From this observation, it appears that the tap
changes followed the general daily load profile pattern. It is also possible that the increased tap change was
a response to the changing network running arrangements during planned works on the interconnected
33kV networks which were carried out during the outage period (March i August 2014).

The Quadrature-booster was switched out of service from 15 June 2014 to 23 July 2014 to carry out
planned works:
1 Update the Quadrature-booster protection settings to prevent spurious over fluxing alarms
f Update the TAPCON260° relay software used for the Quadrature-booster control system
1 Installation of cable boxes to cover power cable terminations, and surge diverters on the Quadrature-
booster to complete outstanding works

A summary of the overall time the Quadrature-booster was observed have spent at a given tap position for
the trial period is shown in Table 4 below.

® Control relay used by the QBCS to regulate power flows
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Table 4: Summary of time Quadrature-booster was on given at a tap position

Tap Proportion of annual Time

Position Minutes Hours %
Tap 10 490,435 | 8,173.92 93.320
Tap 11 34,978 582.97 6.656
Tap 12 119 1.98 0.023
Tap 13 8 0.13 0.002
Tap 14 0 0.00 0.000
Tap 15 0 0.00 0.000
Tap 16 0 0.00 0.000
Tap 17 0 0.00 0.000
Total 525,540 | 8,759.00 100.000

The results in the table show that the Quadrature-booster was at Tap 10 (including periods when offline) for
approximately 93.32% of the time, and at Tap 11 for approximately 6.66% of the time during the trial period.
Tap 12 and Tap 13 were reached during live tests for short periods of times in August and September 2013
and the time spent at these tap positions are reflected as negligible compared to one year trial period. A
single operation at Tap 12 was also recorded in October 2013.

An example of the variation of power flows in the three circuits when the Quadrature-booster changed tap
(in automatic mode) from Tap 10 to Tap 11 and from Tap 11 to Tap 10 is shown in Figure 8 below.

Figure 8: Sample graph showing power flow profile with Quadrature-booster at Tap 10 and Tap 11

The example in Figure 8 shows that:

1 The Quadrature-booster changed tap position from Tap 10 to Tap 11 on 21 September 2013 at
approximately 11:31am as recorded on SCADA alarms i extract of the filtered alarms is shown in
Table 5 below.
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