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EXECUTIVE SUMMARY

This report details the development of a GPS based instrument to determine the phasing of customer
connections to the low voltage (LV) electricity network.

The phase determination method works using two identical instruments; one reference-device
connected at a location of known phase; and a second field-device at a customer connection with
unknown phases. GPS is used to synchronize the two remotely located devices and data is exchanged
using the mobile phone network.

Calculations are performed on a Laptop connected by USB to the reference device (the field device
does not require a laptop). Results can be obtained in about 20 seconds depending on the mobile phone
network. SD memory cards can record all data for processing off-line, in areas with no mobile
coverage.

Laboratory and field testing was carried-out on a series of LV connections with known phases. In all
cases, it was shown that it was possible to determine unambiguously and correctly whether the phase
of the consumer was L1, L2 or L3. No significant effects of distance or wiring were seen in these tests
despite consumer properties been fed from different primary and secondary sub-stations.

It was originally envisaged that this project would develop a prototype phase detector that could be
used by Smart Meter installers to determine the phase of each property when they gain access during
the planned smart meter roll-out. However, the business case for this logistically complex proposal
was not proven.

Accordingly, it is envisaged that a future handheld device based on GPS could be manufactured and
given to field-engineers. These devices would be used to determine the phasing of dwellings with
minimal effort, minimal additional time and with minimal training, and would be a substantial addition
to the “toolkit” of the field engineer.

In addition we recommend considering a future LCNF or equivalent project to determine phases of
consumer dwellings, using a combination of measurements and the correlation of smart meter voltage
data.
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1 MOTIVATION - WHY IS PHASE DETERMINATION REQUIRED?

Small electricity consumers, such as domestic dwellings, are connected to one of the three available
phases of the low voltage (LV) network. In many cases, records of the particular phase that a
consumer is connected are not available to the distribution network operator (DNO), and hence the
connection phase is unknown.

Lessons learned from the Low Carbon Network Fund (LCNF) LV Templates project have highlighted
that phasing information is critical for assessing the impact of customers on the network. Furthermore,
following the planned Smart Meter roll-out, there is a prospect of a DNO achieving complete

substation monitoring using smart meter data, provided every customers individual phase ID is known.

With this in-mind, the original remit for the project was to develop an instrument to take advantage of
the planned nationwide rollout of Smart Meters which will provide unprecedented access to every
domestic electricity installation in the UK. The roll-out presents a once-only opportunity to determine
the phase of each property provided that a suitable method can be devised, tested and mass produced
prior to the 2016 rollout.

However, even for a simple measurement taking only about one minute of meter installer’s time per
home, this increased work-load would add some millions of pounds to the cost of roll-out and the
business case for including this measurement in the roll-out procedure could not be proved. It was
subsequently decided that the project should instead focus on the development of a DNO operated
device that can be deployed by local field teams.

2 GPS PHASE DETERMINATION CONCEPT

Phase is a relative measurement, where a quoted phase-angle is always relative to a reference phase.
The phase angle between two ac-mains-signals can be measured using two instruments, one measuring
the phase of a reference-signal (perhaps in a substation) and the other instrument measuring the
unknown phase (e.g. a consumer property).

Phase measurement is essentially a relative time-delay measurement. In the laboratory environment,
the two measuring instruments can share a common time-base to measure the phase-difference of the
reference and unknown signals. However in the LV network, the two instruments will be

geographically separated by distances that preclude the electrical connection of a common time-base.

To provide a common time-base for two geographically separated instruments, the timing signal of the
GPS system can be used. Some commercial GPS receivers use the GPS satellite data to determine a
one pulse per second output signal (1PPS), which occurs at each second change of the coordinated
universal time scale (UTC). The accuracy of these timing pulses is better than 1 us, which equates to
better than 0.018 degrees of phase at 50 Hz.

This concept is employed in Phasor Measurement Units (PMU), instruments deployed by
Transmission System Operators, particularly in North America, to monitor grid stability [1].
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Figure 1, Two PMUs deployed to determine phase; PMU1 on the
reference phase at the primary substation; PMU2 on the unknown
phase at the customer property. Both PMUs synchronise timing by
GPS satellite.

Customer
on Unknown
Phase

To make a phase determination, the first instrument (PMU1) is connected to a reference phase (at LV)
which is of known phase. This might be at a substation, or simply a 13A outlet in the user’s office,
provided that the phase is known relative to phasing used by the DNO.

The second instrument (PMU?2) is used by the field engineer to determine the phase at a given
location. The instrument is connected to a 13 A outlet (or meter tails etc.) at the site (Fig 1).

Both instruments then measure the phase of the mains at their respective site relative to the 1PPS
signal of the GPS clock. It follows that the phase in degrees of the unknown connection is:

PMU?2 Phase — PMUI Phase

If the result is:

approximately zero degrees, the unknown connection is on L1,
approximately 120 degrees, the unknown connection is on L2,
approximately 240 degrees, the unknown connection is on L3,

2.1 PROOF-OF-CONCEPT: LABORATORY BASED TESTS USING PMUS.

Prior to developing a dedicated portable instrument, two existing PMUs were used to prove the phase
determination concept described above.

Trials were conducted within the NPL laboratory using a selection of single-phase 13A outlets which
have known-phase.

Three sets of tests were made positioning the reference device in locations of increasing logistical
difficulty with a view to testing the accuracy of the phase determination method and gaining an insight
to some of the operational practical issues of the method. The first set of tests used a reference
location as an office 13 A outlet of known phase. The second set used the NPL secondary substation
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as a reference; the third set used a UK Power Networks plc (UKPN) primary substation as the
reference.

2.1.1 Reference Instrument Connected to an Office 13A outlet

The reference PMU was connected to a 13 A socket in an office in the NPL building with a phase
known to be on L1. The second PMU was moved on a trolley between 10 different rooms on a variety
of phases within the NPL building. Both PMUs were connected to laptop PC to record the results, the
reference PMU recording for prolonged periods of time, while the roaming PMU recorded a separate
file of results for each of the 10 locations.

The results are shown in Table 1.

Time Room Documented | Measured | Spread | Std.Dev Error est. distance
hh-mm-ss Phase Degrees @ Degrees | Degrees | Degrees metres
03/04/2014 10-12-09 F2-A13 L2 119.97 0.25 0.06 -0.03 30
03/04/2014 10-29-40 F3-1S2 L1 0.00 0.07 0.02 0.00 40
03/04/2014 13-55-46 G1-A8 L2 118.71 0.14 0.03 -1.29 200
03/04/2014 14-07-44  G1-LS1 L2 118.47 0.11 0.03 -1.53 220
03/04/2014 14-20-24  G3-LS2 L1 0.03 0.07 0.02 0.03 40
03/04/2014 14-40-26  G5-LS1 L1 -1.00 0.09 0.05 -1.00 250
04/04/2014 09-16-32 F1-1S2 L1 -1.49 0.13 0.03 -1.49 200
04/04/2014 09-31-55 F9-LS2 L3 239.22 0.22 0.05 -0.78 300
04/04/2014 09-47-44 G7-LS1 L3 239.74 0.16 0.04 -0.26 150
04/04/2014 09-58-44  G9-LS2 L3 239.35 0.11 0.02 -0.65 320

Table 1, Lab Trial, Reference Device Connected to an Office 13 A Mains Outlet.

In all cases the phases were correctly determined.

2.1.2  NPL Secondary Sub-station Reference

The reference device was then connected at LV to L1 at the NPL 33 kV to 440 V feed transformer.
Data was retrieved and the instrument was controlled remotely using a 3G connection. The same
10 rooms were surveyed using the roaming PMU.

Date Time Room Documented Measured  Spread | Std.Dev | Error
hh-mm-ss Phase Degrees | Degrees Degrees Degrees
14/05/2014 14-27-03 F2-A13 L2 172.73 3.46 1.02 2
08/05/2014 13-22-56 F3-LS1 il Firal 2.14 0.64 ol
08/05/2014 13-35-14 G1-A8 L2 120.31 1.39 0.43 0.31
08/05/2014 14-39-17 G1-Ls1 =2 119.06 0.34 0.09 -0.94
14/05/2014 14-17-34 G3-LS2 L1 2.04 2.07 0.61 2.04
15/05/2014 15-05-39 G5-Ls1 LT 1.09 2.05 0.61 1.09
15/05/2014 15-24-28 F1-1LS2 L1 0.41 0.67 0.22 0.41
08/05/2014 13-06-31 F9-LS2 L3 241.03 0.79 0.23 1.03
15/05/2014 08-50-25 G7-LS1 L3 241.92 2.65 0.76 1.92
16/05/2014 13-12-03 G9-Ls2 L3 23979 1 b 0.36 -0.21

Table 2, Trial Results with Reference Device Connected at Secondary Sub-station

In all cases the phases were correctly determined.
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2.1.3  UKPN Primary Sub-station Lab Trial

To test against the same already known phase points within the NPL laboratory, it was necessary to fit
the reference device in the local UKPN owned Primary sub-station that feeds the NPL lab. This was
completed in the first week of May 2014 with the assistance of UKPN.

In this case, the reference PMU was connected at LV to L1 at the UKPN primary substation, which
covers the areas of Teddington, Twickenham and Kingston. By chance this substation is within 100 m
of the NPL site in Coleshill Road, Teddington as shown in Fig.2.

A

NPL

Site Primary

Substation

50m scale [ —

Figure 2, Location of Teddington Primary Substation relative to NPL.

An LV connection was available in an auxiliary control room in the substation on a 13 A socket. This
was traced back to the L1 phase by removing some panels in some connection cabinets. Remote
computer access to the PMU was achieved using 3G. GPS and 3G signals were sufficiently strong
within the control room with the respective antennas placed near a closed window. See Fig.3.

Figure 3, Photograph of installation of PMU in UKPN Teddington Primary
Substation.
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Time Documented Measured  Spread | Std.Dev | Error
hh-mm- Phase Degrees | Degrees | Degrees | Degrees

28/05/2014 08-41-21 F2-A13 121.14 0.29 0.07 1.14
28/05/2014 13-31-30 F3-LS2 L1 1.50 0.14 0.05 1.50
28/05/2014 08-59-28 G1-A8 L2 120.00 0.18 0.05 0.00
29/05/2014 14-37-19 G1-LS1 L2 119.50 0.16 0.03 -0.50
28/05/2014 10-39-22 G3-LS2 L1 1.53 0.09 0.02 1.53
28/05/2014 10-48-29 G5-LS1 L1 0.03 0.09 0.02 0.03
29/05/2014 15-03-46 F1-LS2 L1 -0.05 0.18 0.04 -0.05
28/05/2014 13-20-20 F9-LS2 L3 240.48 0.13 0.04 0.48
29/05/2014 12-48-39 G7-LS1 L3 241.39 0.14 0.03 1.39
28/05/2014 13-09-48 G9-LS2 L3 240.49 0.13 0.03 0.49

Table 4 Results from UKPN Primary Sub-station Lab test.

The phase is determined to better than 2 degrees, sufficient to designate the phase of each location.
In all cases the phases were correctly determined.

2.2 PROTOTYPE HAND-HELD DEVICES.

Following the above successful trials using NPL PMUs, two prototype hand-held instruments were
developed (see Fig.6).

Both devices contain SD memory cards to store data, recording of which is initiated by pressing a
“Go” button on the instrument. Data from both instruments must then be downloaded using a USB
connection to a PC and the phase calculated in a spreadsheet program (or other application) by
matching results from both devices at corresponding GPS times. Determination of the phase is then
made from the results assuming they are close to 0 degrees (L1), 120 degrees (L2) or 240 degrees
(L3).

Connection to the mains is via an IEC connector (similar to an electric kettle) facilitating test leads of
different types such as a 13A plug, test probes, crock-clips etc. The GPS antenna is available on a 3 m
lead allowing it to be appropriately positioned e.g. near a window or through a letter box.

The approximate cost of components in the prototype unit was of the order of £100 at one-off prices. It
is envisaged the electronics could be readily implemented as a hand-held multimeter shaped device.

2.3 WPD FIELD TRIAL

Using the known phase connection data collected for the Tier 2 LV Network Templates project,

12 homes in the Cardiff area were selected to trial the prototype hand-held devices. The properties
were selected because they had outside meter boxes, they were spread over three different Secondary
sub-stations and their phase connections had already been determined.

Letters were sent to all the customers to advise them that the trial would be taking place and that there
was no need for them to be home, as access to the house was not required.

The Reference unit was installed in Ninian Park Secondary substation using the 13 A LV socket
connected to Phase L1 (see Fig.4).
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Figure 4, Reference-unit installed at Ninian Park Sub-station.

On 28™ October 2014 the 12 selected properties were checked using the hand held field unit (Fig 5).
The unit stored the results and these were downloaded to a laptop and analysed back at NPL and the
phase connections determined. All phase results corresponded to the known phase connections from
the LV Templates data as shown in Table 5.

1gur 6, Hand-held field-unit.

Figure 5, Phase checking on-site.
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Dwelling |Substation Primary |Known |Trial |Measured
phase |Phase [Phase
(degrees)
1 511300 Ninian Park Rd CANTON |L3 L3 241.2
2 513235 Holmesdale St GRANGE |L1 L1 -1.5
Grangetown TOWN
3 513235 Holmesdale St GRANGE |L2 L2 118.7
Grangetown TOWN
4 512179 Philip St Canton CANTON |L1 L1 0.7
5 512179 Philip St Canton CANTON |L3 L3 241.0
6 512179 Philip St Canton CANTON |L2 L2 121.8
7 512179 Philip St Canton CANTON |L2 L2 121.5
8 512179 Philip St Canton CANTON |L1 L1 1.0
9 512179 Philip St Canton CANTON |L2 L2 121.3
10 512179 Philip St Canton CANTON |L1 L1 0.8
11 512179 Philip St Canton CANTON |L3 L3 241.2
12 512179 Philip St Canton CANTON |L1 L1 1.7

Table 5, results from field-trial.

2.3.1

Lessons Learned from Field-Trials

In all cases the phases were determined correctly, thus proving the concept and the
performance of the hand-held instruments.

The trial-properties were spread over three different secondary sub-stations and two different
primary substations thus showing that the technique works through a number of combinations
within this network.

The reference unit and the field unit are actually technically the same.

Installation of the reference unit was relatively simple, providing the secondary sub-station
has a 13A socket on the LV distribution panel.

Acquisition of the GPS signal is usually less than 30 seconds from connecting the instrument.
This could be eliminated/reduced or indeed eliminated completely if the instrument was
continuously powered by batteries. The actual recording time was set to be 30 seconds for
multiple readings, although post-analysis of the data demonstrated that a single 1 second
reading would have been sufficient in all cases.

If the house does not have an outside meter position, then access into the property would be
required.

On the field-trial, phase determination was only confirmed once the results were downloaded
to a laptop and analysed at NPL.
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2.4 DEVELOPMENT OF A REAL-TIME PHASE DETERMINATION INSTRUMENT.

The operational model of downloading and processing of the results from the two instruments was
conceived for the smart meter roll-out in order to minimise the involvement of the installation
technician. However, this model is unsatisfactory if the instruments are to be used by DNO engineers
in the field who need to know the phase of a supply in real-time.

To address this operational requirement, a GSM modem was fitted to the hand-held instrument such
that results can be exchanged using the internet. Whilst it was possible to overcome the technical
challenges, difficulties with corporate firewalls and dynamic IP addresses proved to be insurmountable
in the available project time-scale. As a result an SMS-text message based system was developed
using the same GSM modem.

In this system, both reference and field devices were fitted with GSM modems. The reference device
was also connected to a laptop PC via a USB connection. The laptop runs an application that
continuously monitors the phase data at the reference location. The field device requires no laptop.

Reference %’7 Field

/ GPS Network\

GPs | SMS\("(( ﬂ, GPS

'USB
: Mobile Network
Ref. L2
@)
Go
230v, L1 Electricity Network 230V,L?
N
; )
3 L

Figure 7, Schematic of Real-Time Phase Determination System

When the field engineer presses the “Go” button of the field device, the instrument collects several-
seconds of phase data, each precisely time stamped using GPS. The field data is then sent by SMS
text message to the reference-device. The PC application then matches the field phase data with
corresponding data from the reference device using the GPS time-stamps. The phase is then
calculated by the PC application, and the resulting phase determination (L1, L2 or L3) is sent by SMS
back to the field device, to be read by the engineer on the LCD display.

The operation takes about 30 seconds, depending on the state of the mobile-phone network. Each
phase determination costs the price of two SMS messages. If the firewall issues could be solved, the
firmware/software could be modified to use the 2G/3G network.

All data is recorded by the reference PC app. in a CSV file that can be opened as a spreadsheet (Fig.
8).
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% WPD Phase Detection App |'._||E|fz|
Operation Consale Ciata Download ' Phase Results i_
Phase Determinations Made By Reference Device
Date Time Figld Linit Latitude Langitude Angle |F‘hase ‘ ~

11:51:55 #+447535853513 51424504 -05343415 -0.486 L1 -
1?,!'12,!'14 120121 #+447535853513 51424729 -0343497 0,480 L1
17i12i14 12:112:45 #+447535853513 51424518 -0343284 0,444 L1
17i12)14 144513 #+447535853513 51424613 -0343769 -0.450 L1

£

Figure 8, App. recording phase determinations in the field as they happen.

Operation of the SMS based device was successfully verified at a number of locations in the NPL
laboratories.

3 CONCLUSIONS

Viability of GPS Method: The measurements detailed in this Report have shown that it is possible to
determine the phase of a connection relative to a primary substation. The deviation of the results to
the nominal 0, 120 or 240 phase is within 3 degrees which is clearly sufficient to make an accurate L1,
L2 or L3 phase determination.

Ease of Measurement: After switching on the device, GPS lock and mobile network acquisition is
typically obtained within about 40 seconds and the actual measurements can be obtained in a few
seconds. The delay of sending and receiving the required two SMS text messages is typically

20 seconds (depend on the cellular network). Each measurement requires the cost of two SMS
messages.

Placement of the Reference Device: The reference device can be connected to any 13A outlet,
provided its phase is known (e.g. a DNO office). This may require an initial phase determination for
the chosen outlet with respect to a substation or any other point of known phase.

Connections in Dwellings: 1f the house does not have an outside meter position, then access into the
property would be required and a 13A power outlet can be used. Probe-type test leads can be used to
connect to outside meters tails.

Connections in Substations. If it is necessary to make a measurement in substation, the actual
connection is trivial to make via a 13 A plug. However, in some cases it may be time consuming to
determine the known phase of the specific 13 A substation outlet as it could involve tracing the wiring
back through various fuse boards.
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GPS and Mobile Phone Signal Access. The instrument requires sky visibility to pick up the GPS and
mobile networks. This could be an issue, for example, with blocks of flats if meter cupboards are
located in basements. In such cases access to each property may be required. In areas of no mobile
coverage, the SD card can be used to record data for processing off-line.

Cost of Instruments. The cost in electronic components at one-off prices is approximately £150 per
instrument. A mobile SIM card with suitable SMS plan would need to be provided for each unit.
Manufacturing in volume would reduce the unit-price, for example, many of the electronic
components are common to an automotive GPS tracker! which can be purchased for about £40. In the
case of a complete phase detector unit, sale price would also include a sum for software/firmware and
its maintenance.

Variation in Phase Measurements with Distance: No obvious distance effect was seen over some
area of the field-trial over a densely used LV network. The field-trial also used 3 different secondary
sub-stations and 2 different primary substations all geographically dispersed.

Variation Across the Wider Electricity Network: The effects of Delta-Star transformers and the
resulting introduction of 30 degree phase shift could cause an issue determining the phase across the
wider network (unless the phase is shifted back again by another delta-star). The applicability of a
single reference location, for a DNO who covers a wide area of the country, would need to be
accessed. It seems a more likely scenario, that each field-team would pick a relatively local reference
location for their working area.

4 SMART-METER ROLL-OUT

As mentioned in the “Motivation” Section above, one of the original drivers for developing this
instrument was to equip Smart Meter Installers with a simple hand-held instrument with which to
determine the phase of each dwelling as they gain access during the planned Smart Meter rollout. A
database could then be compiled for the phase (L1, L2 or L3) of each “Meter Point Administration
Number” (MPAN).

In discussions with Ofgem regarding this approach, it was clear that a DNO specific business case
would be required for this to proceed. A series of meetings took place as part of this project to
consider such a business case and the benefits of phase identification verses the costs are summarized
here.

Benefits of Phase Determination

e Reduced phase imbalance, leading to reduced thermal losses
Reduced voltage issues, leading to fewer under/over voltages.
Better planning of new connections/renewables, reduced reinforcements, faster connections.
Use smart meters for visibility in the LV network — reduced substation instrumentation.
Information of faults (if on one phase), faster diagnostics/repairs.

Costs of Phase Determination, if part of Smart Meter Roll-out.
e Establishing central processing capability (possibly as part of the “Data and Communications
Company” (DCC) database).
Manufacture of field phase determination units, one per installer.
Manufacture of reference units, these would be strategically placed to reduce number.
Planning and installation of reference units at places of known phase by DNOs.
Training of meter installers.
Price per visit of meter installer (estimated at one-minute per dwelling)
Price per dwelling for data processing/storage at DCC.

1 http://www.amazon.co.uk/dp/BO03XDN58K/ref=pe 217191 31005151 3p M3TI dp 1

10
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Other issues to be overcome

e The meter installation is energy supplier led, suppliers have no interest in the phase
determination and therefore would need to be paid.

e Asasupplier will probably install road-at-a-time, only those homes registered to that supplier
(likely a minority ) will be visited at one time. As coordination between suppliers seems
unlikely, the meter installation will therefore be sporadic and geographically dispersed. This
will make the siting and economy of reference units difficult to coordinate with the DNO.

e Manufacture of sufficient phase detection units before 2016.

e Phase inversion, star/delta shifts and other shift across the network will make the definition of
a wide-area reference phase problematic. (However it would probably work well on a regional
basis.)

It was concluded that many of the benefits would be long-term and difficult to cost. Given the short-
term costs and the difficulties with a supplier led roll-out, it was established that without a mandate
from ofgem for the requirement there was no obvious business case for proceeding in tandem with the
smart meter roll-out.

However it was concluded that ad-hoc phase determination by DNOs would be very useful. A hand-
held device to equip field-teams would be a useful addition to their tool-box.

Furthermore, it is feasible to consider other means of determining phase, post roll-out, via a
combination of measurements and the correlation of smart meter voltage data. A future LCNF project
could be proposed to develop this methodology.

5 RECOMMENDATIONS

R1: Proceed with a production model of the phase determination instrument and associated software
(App) for use by field engineers.

R2: Consider the development of an loS App. for use with existing iPADs. The iPAD could wirelessly
connect to the phase detector. This would facilitate a readily exchange data using the “cloud” avoiding

the need for SMS communications.

R3: Consider the merits of battery powering the phase detector to reduce/eliminate mobile network
and GPS acquisition times (approx. 40 seconds).

R4: Demonstrate the device at the 2015 Low Carbon Networks & Innovation Conference in Liverpool.
RS5: Consider a future LCNF project to determine phases of dwellings, using a combination of
measurements and the correlation of smart meter voltage data.
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