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DISCLAIMER

Neither WPD, nor any person actingitsbehalf, makes any warranty, express or implied, with respect to the use of any
information, method or process disclosed in this document or that such use may not infringe the rights of any third party
or assumesny liabilities with respect to the use of, or for damage resulting in any way from the use of, any information,
apparatus, method or process disclosed in the document.

© Western PoweDistribution 2018

No part of this publication may be reproduced, stiie a retrieval system or transmitted, in any form or by any means
electronic, mechanical, photocopying, recording or otherwise, without the written permission of the Future Networks
Manager, Western Power Distribution, Herald Way, Pegasus Busines€Bstik, Donington. DE74 2TU. Telephone +44 (0)
1332 827446. ail wpdinnovation@westernpower.co.uk

Glossary
Al Analogue Input
CREST Centre for Renewable Energy Systermeshnology
DI Digital input
GND WDNRdzy RQ 06dza 2F OANDdzA (=
GPRS General Packet Radio Service (Mobile phone protocol),
I°C Inter Integrated circuit A serial communication protocol
LV Low Voltage (400V)
MEMS Micro ElectronidMiechanical Systems
PCB Printed circuit board
SCL Serial Clock (ofC serial bus connection)
SDA Serial Data (of'C serial bus connection)
tx transformer
WIFI Wireless internet
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1 Executive Summary

Recentgrowth inembedded generatiorsuch as wind and solar photovoltaic (RBY¥stems

and theanticipated consumer uptakef electric vehicles (EVs) and heat purppssent new
challenges foWestern Power Distribution (WP develop and operate its network which

will experience greater flttuation in electricity demand Data from maximum demand
indicators in distribution substations is inadequate to understand the spread of demand
over time. Retrefit datalogging solutions are available for substation monitoring, but cost
typically >£1200,which would be difficult to justify for all WPDs 40,000 distribution
substations. This NIA (Network Innovation Allowance) research project on network
analogues is being conducted B\REST (Centre for Renewable Energy Systems Technology
at Loughborough Unersity in conjunction with WPD. The aim of the projectasdentify

and develop a novel lowost monitoring approach with a target cost of £100 per
substation.

Engineering projects usually capture the requirements first then identify the best solutions
for those requirements. This project intentionally has a tightly defined cost requirement and
loose technical requirements, which are as follows:

1 The solution shall cost £100 or less excluding installation and operation costs.

1 The solution should give andication of substation loading.

1 The solution should act as a replacement for existing MDIs (maximum demand
indicator).

1 The solution should provide as many channels of useful data at the highest feasible
resolution within the cost requirement.

1 The solutn should consider how data will be transferred to a WPD datacentre or
control room.

CREST have designed, built and coded 8 different sensors using three different control
platforms. This document summarises the hardware requirements and laboratory destin
against a set of preefined characteristics to determine usefulness and estimate value.

High level results

1 The majority of the sensors and platforms for communication came within the target
budget.

1 There were 3 sensors that could give a good indicatibsubstation loading and 1
more where results were inconclusive.

1 There is capability to get at least 8 useable input/output channels on most platforms
and many more on others.

1 The best resolution found was data logging to a server at an average of 7ms
resolution using a Raspberry Pi. Typically 10s resolution was felt to be useful.

1 All the solutions can communicate via -¥ior over the mobile Network (and in
some cases through wired connection).

A summary of the key results is presedbver.
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Sensor Type
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Application

Monitoring load close to /
real time < 10s
Load profiling (30min peal /

Exception reporting /
(> max value)

MDI /

Data storage
Uploaded to a server
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Stored locally
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Current peak
CurrentRMS
1 phase

3 phase (cable)

Load from transformer
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Correlation withload >
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7.5% 10% 25% 7.5%

Recommend for Field Trig / U / ulululu U / Uu |u /
v Tested, satisfactory > better than
U  Tested, unsuitable < worse than

? Test not conclusive
There is still significant theory needed to bamMculate carent for distributed windings
and this value could be easily improved.

It is recommended that the i2m coils, mobile phone and magnetometer be taken forward

for field trials.Possible follow on applications for these low cost sensors are sbeamand

include benefits already identified by UKPN projects DNV,
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2 Introduction

2.1 Background

DNOs currently have very limited visibility of LV networks. With Supervisory Control And
Data Acquisition (SCADA) systems generally limited to 11kV feeders, visibility of LV network
loading is restricted to Maximum Demand Indiaa@¢MDI). These manual readings are
generally supplemented with industry metering flows to develop an understanding of
network loading. MDIs are restricted by their need to be reset periodically as well as the
potential for network bacKeeds to distort radings.

Several previous LCNF projects have investigated LV monitoring. This has pushed the market
for LV monitoring forward significantly from the custdmuilt units used for the Low Voltage
Network Templates project, to several commercially availabiés available to date. WPD
currently has Standard Techniques (STs) for the installation of ground mounted and

overhead monitoring as well as a fully tendered framework agreement for the supply of

such units.

These units depend primarily on the measuramef voltage and current to determine
loading. Voltage is generally measured directly using busbar clamps or modified fuse
holders with a voltage take off point. Current is generally measured using Rogowski coils.
These units can measure the detailed lvagof each phase on each feeder and provide a
significant level of detail and granularity. However, these devices are also costly due to the
requirement for multiple sensors. This has limited their roll out to date.

This project looks tdevelop a low cst (sub £100) distribution substation monitor based on
indirect loading measuresdr example; magnetic fieldemperature, noiseandvibration).

At a minimum this must give access to more granular and less error prone data than is
currently acquired throgh MDIsThe substation monitor is expected to develop a
methodology for the acquisition of basic whole substation loading profiles as well as the
optimal method for the delivery of such data to planning teams and simplicity of
installation.

To meet thesaims the following approaches are proposed:

1 To investigate existing lowost sensors that can be used for indirect substation loading
monitoring.

1 To investigate new disruptive technologies to determine their suitability and accuracy
for monitoring

1 To useexisting lowcost measurement devices or packages (such as a smart phone or
raspberry pi) to indirectly provide measurement

1 To run auniversitybasedcompetition to enable nosiraditional solutions to be explored

Severalifferent sensorgechnologies wee identified in the review document. These have
now been designed, built and tested. The designs went through an iterative procedure as
improvements were identified as part of testing and lessons learned were captured. This

10
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manufactured prior to testing, the changes to hardware as testing has progressed and a
summary of that testing.

2.2 Scope

The project is aimed at 11kV:400kV 50Hz distribution substations connected to public
distribution networks. The project focuses on ground mounted substations on the 11kV
distribution network since these account for the bulk of final LV demand. As such pole
mounted transformers and substations on legacy 6.6kV networks are not specifically
cowered since they are a small proportion of overall demand. Likewise, primary substations
are not specifically considered since the smaller number of primaries and greater power
flow means more accurate and robust solutions are more like to be justifiedoacically.
Monitoring at the DNO/meter operator/consumer interface is not considered since a wide
range of parameters will be available from smart meters as they are commissioned as part
of a national program.

The findings of this project may have relevarior monitoring of pole mounted
transformers, 6.6kV substations and primary substations which could be determined as part
of a successor project.

2.3 Presentation of learning

Throughout the document, key learniogitcomes areresented in a box as follows:

LPx | Brief description of learning

Each piece gbrojectfeedback is referenced asuaiquely numbered.earning Point (LP).

All learning points are collected together in Appendix A. In addition there are a set of
technical tips which contaitechnicalpointersfor anyone looking to replicate this work

TT x | Brief description of a technical tip for anyone trying to replicate this
work

11



WESTERN pow:nA!! DEDUCE
DISTRIEDTION Low Cost SensoksSensor Testing
INNOVATION NI,

3 Sensors to baested

The following sensors were identified as partioé literature review as being suitable for
prototyping.

Table3-1: Summary of sensors and platforms to be tested

ID | Sensor type Variable measured

A MEMS Magnetometer Magnetic field

B Hall effect chip Magnetic field

C | Novelmagneticfield coilsen®r | Magnetic field

D | Accelerometer Vibration

E | Audio microphone Noise

F Strain gauge Strain through a Wheatstone bridge
G1 | Temperature labels Temperature
G2 | Thermistor remote alarm Temperature

H Thermalimaging Temperature

ID \ Platform type Variable neasurel

I Android phone Magnetic field

J IOIO interface unit With a sensor above
K | Arduino With sensors above
L Raspberry Pi With a sensor above

The sensors produce a range of output signals. In theagh sensor could be connected
through to each platform. However, the reality is that it is easier to connect certain sensors
with associated platformsThis is for easef setup and coding, for example where coded

libraries are availabldzigure2 shows a summary of these combinations.

Magnetometer In-built »| Phone
Serial fC + I
Accelerometer libraries
A
Magnetic field | A
coil IOIO board
Hall effect I
Microphone Arduino | GPRS
e Shield
train gauge 0.3.3V Al
Raspberry pi »| Dongle/
temperature _ PRETYP . shielgtjj

Figure2: Sensor- platform interface options

12
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Not all the sensors can measure loading on all typesbfe. Usually, sensors only measure
single core or three core cable types.

Sensors to measure current in multicore/trefoil cables are not
commercially available and there is no available published literature
measurement soluons.

These are the most popular type of cable on the Distribution Netwo
Therefore, measuring these types of cable without separating the cq
with a single sensor may be valuable.

LP1

Section 4 looks at the testing facilities while section 5 onwaahsiders each sensand
the platformin turn. Each section includes details about the hardware, parts list and its
cost, how each sensor is set up ready for testing, followed by test results where applicable.

Where the sensor looks a promising candidtetaking forward to field trial the theory
behind the back calculation of current is also included.

13
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4 Electrical test facilities at CREST.

4.1 CREST TeRigwith Simulated Substation

For initial testing, aisulated substation has been setup which recreates many of the
characteristics of an LV substation without requiring high voltages to be used.
There are two main aspects of the lab facility:

1) A 3 phase, 45kVA airaded transformer with variable voltage supply
2) A high current, low voltage power supply which can supply up to 150A into a shorted

3 phase cable as showmin Figure3. This means that any DNO 1,2, 3 or 4 core cables

can be connected, and their electromagnetic field measured with sensors under
test. It could also be used for other tests such as temperadunck strain.

Tx1400V 45 kVA3PhYY

5 x29kVA120:1turns 3 PhYY
Variac, output 5-400V

R1150Q

400V
3ph

Supply

R2150Q

R3150Q

Cable sample to test

Shorting + 2 + >
link @& —t —t Y
—— e — > - < 0-120A
@0-3V

Figure3: Simplified schematic of the test system used at Loughborough University. Note that earthing
protection is omitted in this drawing.

The following systems were used to validate current sensgasurements:
1 Fluke 435 1l Power Quality Analyser (PQA).
1 Fluke i430 FleXFIl Rogowski Coill
1 Teledyne Lecroy HDO6104 High Definition Oscilloscope
1 CPO0150 Current Probe

The Fluke 435 and i430 have been internally checked for accuracy, linearity and eegpons
harmonics and reactive power with a calibrated Fluke 9100 multifunction calibrator.

The cables used in the test rig includsnaallselection of LV and HV cable tygesed on

availability and can be used to represent sotyygical cable specificaties found in
secondary substations

14



WESTERN POWER DEDUCE

RIS IRIRVT DN Low Cost SensoksSensor Testing
INNOVATION 22 I,

The following cabled-{gure4-Figure6 and Table4-1) wereused for testing in the
LoughborougliTest Rig.

Figure4: single phase welding cable Figure5: 11kV 3core Trefoil XLPE cable

Figure6: 11kV 3core Waveform PVC cable

Table4-1: Cable types used in the testing

Type Voltage Conductor Screen/  Cores Cross Outside
rating Sheath sectional diameter
[kV] area [mm2] [mm]
Waveform 11 Al Al 3 95 33.535.3
Trefoil 11 Al Al 3 (singles) 95 31-33*
Welder 0.4 Cu Rubber 1 16 11.8

*Diameter given is of an individual core of the trefoil formatipaoutside diameteof the
bundleis about66.8mm

Loughborough have developed several measurement criteria todgainst requirements.
These were undertaken in the laboratory at Loughborough under controlled conditions
which were then extended to substation facilities at Loughborough University under real
world conditions.

The table below shows a summary of testatttvere considered.

15
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Table4-2 : Key tests identified in scoping document
Range of values Test for linearity between min and max expected values

Test for measurement factors; saturation, impact of temperatd
and other tests as determineappropriate

Accuracy Test for accuracy, sensitivity and repeatability

Data Storage Test for data capture and communication

Any measurement solution will alse@ed to be scalable to deal with the whole Network.
Data storage, analysis and monitoring will need to be considered in relation to this.

To get maximum demand (MD) indication, a power or current measurement is required
directly or should be implied tugh indirect measurement. The number of measurements
available will depend on the cost and methodology.

Note: the sensing circuit is not just the sensor but also indumenponents such as;
Primary sensing element

Exciation control/ power requirements

Amplification

Analogue filtering

Data conversion

Compensation

Digital information processing

Digital communication processing

Communication

=4 =4 =8 48 -5 -4 _-5_2_°

4.2 Testing summary table

The following steps were undertaken as part of the test process.
1) Design sensor system
2) Manufadure sensor system
3) Conduct detailed tests ottne test rig
4) Modify design followin@®
5) If Appropriate- Conduct tests on active 11:0.4kV substation
6) Document results & plan phase 2 of project

The results were then collated as part of a testing tatiewnbelow.

16
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Table4-3: Testing table

Sensor type Platform type

transducer

12m coil sensor
Thermal

Magnetometer
Android Phone
Magnetometer
chip
Hall Effect chip
Accelerometer
Strain gauge
Thermal stickers
Low cost thermal
Raspberry Pi
Sensor with 1010
board and phone

th
W
~
&
o

£49

Qo
o
>

£14 | £2 £350

th
=
©
th
W
=

Cost

Rough testing

Sensor value
measured on
scope/similar
Sensor value relate
to load
Sensor value on /
platform

Rig testing ,/
Linearity /
Accuracy /

Saturation /

Other testing (as
determined)

Rig testing rerun /
Design improvemer /

Retesting /

Data storage

°
N EE

N < SRS E RN

c | \ \ B Audio Microphone

SERN<ERNERN <

RERSE PN < BN < [
SNNN-<-BSENY B

o 0 |0 O

NEIEN <
SRS SERE S S NSNS SN - F i R

NN« BN NN < I
NSNS S S e

0o 0
o

T ©
.- = >
(¢} o 9; 7

locally

NI S SR SN S SR
A < AR BN

server

M RIFI&aQ -
Substation testing ,/ ./
Correlation / /

Recommend for / / U 2 ? U ? ? u
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4.3 Testing in a live substation

Tests were conducted at Holywell Building substation 8. This substation is convenient
because it is close to the laboratory and the UniveréfiyFiNetwork may be used.
However, the building has recently been emptied and there is a low load on the Sobstat
This makes it difficult to get very accurate resultsparticular the current on the 11kV side
of the transformer was calculated to be approximately 3A.

The cables in the substation are SWA XLPE cables as shbaileéd-4. There was access
to the 11kV cable in two places as showirigure7. Access to the LV cables is
straightforward ¢ but there are a number of feeders leaving the transformer and to
calculate the total loading accurately on the 11kV cableiianaccurately donesing
conventional measurements with the equipment available at Loughborotuigts was
therefore approximatedy using a fluke to measure the red phase current on each LV
feeder and then assuming the currents are balan¢edid these together to determine the
total current. Multiply this by the 433V (rating of the transformer) &®lto get the
approximateLVVA and then assuming that this VA is supplied by the prizadythe
transformer is lossless artividing by@8 x 11kV to gean estimate of therimary current.

LV cables

LV cables

Figure7: Substation, Holywell Building, Substatid@) schematic and photo
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Table4-4 : Cable types in the substation testing

Type Voltage Conductor Screen/  Cores Cross Outside
rating Sheath sectional diameter
[kV] area [mm2] [mm]
XLPE 11 Cu SWA 3 185 75
XLPE 0.4 Cu SWA 1 185 27.14

Another issue with the substation is that the transformer was not directly available as this
had been enclosed in a stainless steel covering. This impacted efforts to measure the noise,
vibration and temperature of the transfmer as there was a gap between housing and
transformer.
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5 Sensor A: MEMS Magnetometer

5.1 Theory

A magnetometer measures magnetic fiefdthree directions (x,y and.zJypically these
are innr. The relationship between current and magnetic field comes from Amperes law.
The magnetidlux densityB (T)at a distance (m) from the centre of a conductor can be
calculated fromEquation5-1.

o) Equation5-1

Where Qs the current in theconductor (A) and * ‘ is the magnetic permeability
(H/m).

The current is continually changing as a sine wave and therefore the measurement can be
taken at any point in the sine wave. This forces the data to go through a post processing
phase in order to capture set of meaningful results. An additional issue kvihis data is
that the sample rate of the controllers under test are not high enough to avoid aliasing
issues. Thesean occur when thedata is not sampled at a sufficient rate to be able to
reconstruct the original signal as showrFigure8.

magnitude
A

time

Figure8: an example of asing showing two possible solutions to one set of data

In applications looking at load curretiitis can be a problem if the peak of the sine wave is
not reached as it then becomes difficult to accurately determine the rms of the values from
a single set of data. Fortunately the magnetic field has more than one component. This can
be used to help idetify the peaks in the wave form by using elliptical theory.

lfAIYyAy3 (GKS &aSyaz2zN) OSNIAOFffte ALK GKS
components of magnetic fieldyBnd B. On a single core cable if the ®uld be perfectly
aligned with theradial direction then this would be the only measured value. However, in
reality a small component of field is present in the z axis. Plotting fltemponent against
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the B, component traces out an ellipsehich may be offse6 T2 NJ SEl YLIX S o6& {f
magnetic field as shown inFigure9. If the magnetic fielddue to the currentcan be

measured then the current can be back calculated. The magnetic flux densigdrétethe

presence of a single core cables can consider only a single current assuming no other cables

are close by. However, the field produced by matire cables needs to consider the impact

of the current in all the phases on the flux densifjhe sdution is to use Principle
component analysis.

Suppose we have a large numb¥pf magnetic fieldeadingsd 6 M ,anditis
observal that they lie approximately on a@llipsesimilar to below:

Figure9: Magneticfield measurements

The center of the ellipse 8. The longer radius (shown in red) has length a, in the
direction of the unit vector U. The shorter radius (shown in blue) has length b, in the
direction of the unit vector V. The relationship between thextors and the measurements
can be explained using Principal Component Analysis as follows.

Firstly, the vectoD is just the average of the readingé: —-B¢&.
For each reading 6 M |, consider the corresponding centered reading:
0 0 o 0 0 FD 0 Equation5-2

In the form of the resulting matrix:

o 0 00
U - w Equation5-3
00 0

The average of these matrices is takentas —B 0 . This will always be symmetric, so it
has the form:
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. 0 0
0 Y Equation5-4
for someR, Q R,

Putting S \/(P R?*+4 &. The lengths of the two elipse radiand Gare
w M Y Y Equation5-5
And

w WM Y Y Equation5-6

The unit vectord/and V/can be found as

CH

Y ¢ORY 0 YTX t0 Y Y Equation5-7

@ cORY 0 YT 10 Y 0 Y Equation5-8

Alternatively,Uand Vare the eigenvectors a¥ , with eigenvalues) 7¢ and® 7¢. Itis also
useful to consider the matrix

YO YT _
d)T(I) d):ra) Equation5-9
For each centered reading the vector 7C $ould lie on the unit circle, so wshould have
| 7C] =1. In practice the original readings will not lie exactly on an ellipg&&pwill not be
exactly equal to 1.

As the data is a continuous stream and the sampling period of the phone is asynchronous it
is necessary to consider how thiata is analysed and reported back to the user. In this
project a faded average or exponential moving average (EMA) method was implemented as
follows.

Consider a set of readingd oo iy 8 &
The average of these readingsifs - @ & & &»
The EMA is defined as

mh

O - —
o — — E

Equation5-10

For some— 'Q wheret is small and positvesgF m ' YR Slj dzI £ isite + (k]
change in time and k a constant.
Adding a new readingg  the new exponential moving average becomes

W j — j p —w Equation5-11
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This equation is computatiofiat @ SFFAOASYGXZ &aAyO0S Al R2Say
measurements to be stored in memory only the most recent raw measurement and the
EMA calculated for the previous measurement.

Once the magnetic flux density is determined then the peak load current can be calculated.
This is straightforward for a single core cable as

C“ ‘6

‘O Equation5-12

7 A

Where6 A & (K S| dzAHgYaiof6.0 (2

The measurement distance r, is taken as the estimated distance of the sensor location to
the center of the conductor. This therefore varies withckanstallation as cable diameter
changes depending on the substation design. This is also dependent on the location of the
sensorand whether or not it is in a phone. If it is containedthe phonethen this also
changes with phone type.

In a 3 core cable this calculation is more complex. Consider a sectored 3 core cable as
shown inFigurel0. The most straightforward case is when the sensor is atigoghe same
axis as one of the conductors, in this case the red phase.

Phone axis oA "z

sensor

FigurelQ: Pictorial representation ofa 3 core sectored cable with theensor location shown
In this approximation, if it is assumed that each sector has a half angke6, then a

95mnT cable can be represented by a sector of radiuefr9.5mm. The distance from the
centre of the sector to the centroid of the sectos, @an be found from
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¢i OFl

Equation5-13
a

The field at the sensor due to the current in conductor R ba assumed to be in the x
direction only and can be calculated from:
5 - ®QEo F Qo Equation5-14
¢“Q i Qi ¢“Q

The distance from the centre of conductor Y and B to the sensor is then found from

i i i [ Equation5-15
The magnetic flux density at the sensor due to the currembinductor Y,
‘0 "OBT 0o p ¢ mis given byEquation5-16 and Equation5-17.

O QE0 ¢“To AT S
c“i

Equation5-16

5 O QEO0 ¢“To OB Equation5-17
¢l

WhereO E-4+ d

A similar equation for the field at the sensor due to the current in the B conductor can also
be calculated If it is assumed that the currents in all three phases are balanced then the
peak flux density can be related back to the peak current thrdogumation5-18.

“ ﬂ Equation5-18

O &
Where gis a geometric factor relating to the back calculation aehual to:

Al ©

£ : Equation5-19
Q |

0

Ly KS S@Syi GKIFIG GKS aSyaz2N) R2Say Qi RANBOU
much of an impact on the calculation of current as the field at any point on the cable has a
similar magnitude but is offset in phase and therefore the current ntadei can still be

estimated. A similar analysis can be undertaken for cylindrical condutagrper the 11kV

substation cable).

As an asideFigurell shows thetraditional calculation of RMS (taking the square root of
the mean squareddf the xaxis field The changes in the magnitude are neally

happening irthe dataas elliptical curves of the raw data do not show an amplitude change
¢ that would have been visible on the scatter graph as a reduction in ellipse dimensions.
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More intense averaging caroin out the RMS calculated offset but at the cost of a slower

delay period andaeduced clarity oncurrent change boundaries as showrFigurel2.
00 Brms 20
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w3 1000
<
@ .500
2
< .000
= .
= i
o % ;
e
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%0 —r—t——r—r—rr —
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Figurell: RMS magnetic field based on RMS over 20 points
2500
Brms over 500 time
;LH points
3 2000
Cd
H- 1500
O
1000
<
S
«) 500
>
m 0
- TR R0 N RSP N R IO NN O NN IO NB IO NRIOBNR S
@ SR AR NN RIRREE 828 2R
measurement number
Figurel2: RMS magnetic field based on RMS over 500 points

LP2

Low costcontrol platforms for logging data operate at a time span th
is comparable to the frequency of the supply. Care is therefore nee
to deal with aliasing and post data processing. In particular, it is
recommended that traditional calculation of RMS @& nsed on fast
changing signals such as magnetic field..

An alternative method shown below relies on taking the peak measured value over 100

points (square root of Bx a squared andsBaared) and then dividing by root 2. This is fine
while there are not issues with data corruption.
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Figurel3: RMS magnetic field based on RMS over 20 points

LP3 Good RMS values can be obtained from looking for the peak vals
a fixed time span (eg 1 secorat)d dividing by the square root of 2 if
0KS RIFIGE AAZQ$ OOANNIKAMASRAEAY Qi

Due to the fact that a good RMS value is not guaranteedalculation from the peak due to
the impact of spurious signals, a more robust approach is suggested.

Lp4 Using an expoential,moying average rvnethodAWith principle compon¢
analysis (calculating KS &l € RAYSY a Kigddywheh ¥ U
plotted as a elliptical curveis the most suitable method for removing
the impact of aliasing and also ensuring that spurious data points d¢
disrupt the informatiorwhile getting clean boundary changes when t
current changes

5.2 Hardware

There are many different magnetometsensos. These are typicalSupplied in very small
packages and come under the category of micro electrohagrical systems (MEMS)
sensorsMEMS magnetometers generally measure the Lorentz force on a curaenting
conductor rather than the hall effecth&secan bechallenging to solder onto circuit boards
without automated soldering machines, however most MEMS sensoravaitableon
prototyping or development PCBs with essential outboard componentsdadl MEMS
sensors are usually designed to communicate with a microcontroller or processor using the
I’C bus, which is used Hye Arduino, Raspberry Pi and internally witsimartphones.
Therefore, one of these prototyping systems is a logical platforttm winich to test MEMS
Sensors.
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Android smartphones often have separate magnetometers and accelerometer chips,
whereas development boards aimed at the electronics market sometimes use combined
magnetometer, accelerometer and gyroscope chips. These devices are describaxiss 9
since hey measure the 3 parameters in X, Y and Z axes. A comparison of commonly used
devices in smartphones and development boards is showialoe5-1.

A magnetometer wi be tested as part of the Android phone testing (see Sedt®)rbut
also as an independent device with serial data connection to a controller.

Table5-1: Comparison of magnetometer chips in common use.

Sample

Sensor Sensitivity rate Application
Freescale MAG311( +/-1000mr 0.1uT 80Hz | Prototype PCBs
Yamaha YAS537 2000mr 0.3uT 626Hz | Samsung S6 /S]
AKMAK8963 5000mr nomp>¢ LG Nexus 5
ST LSM9DSO0 +/-12G= 120 |0.48mGauss/LY 400 kHz|Adafruit dev boar(
Bosch 3060102 +/-1.3 (X,Y) +2.5 Sony Xperia M4
MM150 (2)G 0.3uT 100Hz AquaE2303
AKM AK09911 4900mr 0.6uT 5Hz OnePlus 5
TDKInvensense Sparkfun dev
MPU 9250 4800mT Mp > ¢ K[| 100Hz board

Note: 1 Tesla = 10,000Gauss

This section will look at the independent devigivo such devices have been chosen; the

ST Microelectronics LSM9DSO device and the TDK Invensense MPU9250. As the
magnetometer is a surface mount component it makes sense to trial this using a pre
fabricated development board. The development board then links enttardware

platform. In this instancan Arduino compatible controller as shownRigurel4. The cost

of the sensor and controller is shown below. The controller is shown in grey and listed as a
LinkitOne Arduino compatible device, but this may be substituted later for any other such
device The LinkitOne is used because it incorporates communicatiddlbland GPRS.

Table5-2 : Cost of sensor A hardware

Vendor Part Qty Unit cost Line cost
Option A RS LSM9DSO magnetometer Dev PC 1 £14.78 £14.78
Option B Pimoroni SparkFun IMU MRB250 1 11.67 £11.67
LinkitOnePCHBArduino
Rapid compatible) 1 £44.24  £44.24
Amazon Power supply 1 £4.99 £4.99

System Total £60.90
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Figurel4: Photo of Arduino Uno with LSM9DSO magnetometer circuit

The magnetometer has two power pins (+3.3V &MdD) and two’C pins (SCL and SDA) for
communication. This is common across the digital MEMS sensors that were tested in this
project. FC is only compatible with 3V logic signals. Pins A4 and A5 on many Arduino boards
can be setup for’C or analogue carection. The circuit diagram is shown below.

Arduino Uno
3.3V 3.3V
LSMODS0
Magnetometer
SCL A4
12C
SDA A5
GND GND

Figurel5: Circuit diagram of Arduino Uno and magnetometer

Prefabricated MEMs sensor development boards help reduced time
scales to development and aset up to easily interface through
common platforms. These may also come with libraries which spee
development on the coding.

LP5

5.3 Rigtesting

5.3.1 LSM9DSO chip
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Magnetometer
PCB

Figurel6: Photographof the LSM9DSO magnetometéixed to a single core 16mfrubber sheathed welder cable

Align the measurement devices such that the y axis is vertical agair
the cable. This then removes the need to moniteaxds so only 2xis
measurement is required.

TT1

The currentn the test rigwas taken to its highest value anldein stepped back down to

zero to look at the variation of recorded field against current as shoviagarel?. The

figure shows the saxis fieldsaturatesatthe hilk Sa i @I f dzS Iy R R2Say Qi
whereas the z axis field reduces in line with the reduction in curiBme.y axis field is

showing signs of unexplained spurious behavidurother important oversite from this
FAIAdzZNE Aa (KS a kquénity bifhy Bxévave showi ByShe ling shacé NJ
varying which is less visible in the Bz field. This is due to measurement aliasing issues.
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Figurel?: Testing of the LSM9DS0 magnetometer with current ramped up from zero to 100A baek down to zero

T2 In the first instance the raw data should be monitored so that specif
sensor idiosyncrasies e.g. auto calibration can be identified

One of the best ways to make sense of the data is to plot thgix values against theaxis
values.This largely takes away the issues of the aliasing over longer time pdriods.
addition the offset of any other remnant field can be removed in the pssing.
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Figurel8: LSM9DS@lotted raw data (magnetic field in x and z directions for a low current)
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At a higher current the x axes measurement value saturates, and it is not possible to see the
elliptical shapeas shown irFigurel9. However, there is no saturation in the z direction and
Figure20 shows that a linear relationship between current and detected field is present.
would be much harder to deduce the load current and this has not been attempted because
the reported values of Gauss are way out from what is expected for this chip.

Current 307A pk-pk
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Figurel9: LSM9DS@Iotted raw data (magnetic field in x and z directions for a higher current

TT3

The Arduino Uno uses arb& chipset but can handle 16it integer
numbers {32,768 to 32,767). Also, therduino is inefficient with
floating point numbers, therefore measurement values must be
carefully scaled to fit within the 1Bit range with optimal resolution.

TT4

The measurement of the LSM9DSO0 chip outputs measurements in
GaussU KS SljdaA @I tSyd Ay >¢ Aa Ydz
the market. This would explain why it saturates at higher current.

TT5

The sensitivity of the LSM9DSO0 chip can be set in code between 2
12 Gauss. However, aditing these settings had no impact on the
clipping observed.

TT6

The reported value of Gaugs the LSM9DS@oes not align with the
OKALIQA NIGSR NIry3aS a2 Al Aa a&ad
open source code.
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Figure20: LSM9DS@Ilotting magnetic field Bz against conductor current

A magnetometer detects magnetic field on three ax@aturation on

LP6 A A P SN " .
2yS aSyazN SOuU2N R2SayQu AR/LA
still possible to obtain meaningful relationships between load curre
and magnetic field S@Sy AT y2a4 Fff GKS O

Lp7 However,saturation of sensor output even on one axisa

magnetometercompromises the ability taccuratelycheck
measurements against theory using principle component anadgsis
this relies on a tweaxis measuremenDetermining the field from the
peak value of field in any one direction is still possible.

5.3.2 MPU9250chip

An alternative chip with the same interface signals was also tested. This is shBignri@

21 connected to the single core cable. A plot of the Bx field agaimsBihfield irfFigure22
shows that there is no saturation effects at the highest current from the tesFrgre23
shows a plot of the measured field against current against the theoretical values. The
magnetic field is related to current in a linear manner and the theoretical and experimental
data align with reasonable accuracy

On the strength of this data the magnetometer was taken forward for substation testing on
one of the single core 400V feeder cables.
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T2/

Magnetometer
board

Figure21: Photoof MPU9250magnetometer connected to the test rig

33



WESTERN POWER DEDUCE

RESTRIBUTION Low Cost SensoksSensor Testing
INNOVATION 22,

2000

! ! = ! :
-200 0 208 ®* 400 600 800 1000
| L J

Figure22: Raw data plotted from MPU9250 (magnetic field in x and z directions for a current of 308pkjpk

2000
o 1800 | °

172

2 1600

o

w 1400

o

[

S 1200 |

©

> 1000 |

300 |

ER

=

T 400 |

—

o 200 |

+—

Q

ED O - 1! ! =
Z 0 50 100 150 200 250 300 350

Current (A pk-pk)

® measured field —e————calculated field

Figure23: MPU9250 current (peakJSF {10 w! 8 3 Ayad LISIF] YIF3IySi,

34



WESTERN POWER DEDUCE

DISTRIBUTION

Low Cost SensorsSensor Testing
INNOVATION 7z #/////\\/
2000
kS
2 1800 Nearby steel — .
o 1600 PY
>
= 1400
=('U b
— 1200
'_ q)
3 ﬁ 1000
po i 2 Nearby conductor
Q 800
&
RS) 600
-~
o 400 <
{eT]
© 200
=

0 50 100 150 200 250 300 350

Current (A pk-pk)

® measured field — e—calculated field

Figure24: Repeat test MPU9250 current (pedkIS I {1 0 w! 8 3 Ayad LS Y3y

LP8 Not all magnetometers are equally useful for measuring fi€kareful
selection is needed to get a magnetometer fit for purpose.

LP9 The magnetometer field appeared to increase slightly with
temperature.This is in keeping with previously published work. In th
application the impact isninimal.

This magnetometer was also tried on the three core trefoil cable as shotigume25

Figure25: MPU9250 sensor on the trefoil cable
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Figure26: MPU9250 sensoexperimental data vs theory

Further work is needed ttmok into the theory behind the magnetometer calculation on a
trefoil cable to allow the accuracy to be assured. However, the correlation looks good.

5.4 Substation testing

The MPU9250 development board was taped to one of the single phase feeders which was
also monitored with a Rogowski coil connected to a Fluke power quality meter set to 10s
measuring interval as shown kgure27.
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Magnetometer

Arduino

Figure27: MPU9250 and Fluke in situ

A plot of the raw reported data in the x anehxis against time is shown figure28. It

appears that there is some harmonics on the system which are even more apparent when
the x-axis and zaxis fields are plotted against each otheFigure29. This # harmonic
component has also been picked up in other tests later in this report.
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