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Glossary 
 

Abbreviation Term 

AI Analogue Input 

CREST Centre for Renewable Energy Systems Technology 

DI Digital input 

GND ΨDǊƻǳƴŘΩ ōǳǎ ƻŦ ŎƛǊŎǳƛǘΣ ǳǎǳŀƭƭȅ ŀǘ л± ǇƻǘŜƴǘƛŀƭΦ 

GPRS General Packet Radio Service (Mobile phone protocol). 

I2C Inter Integrated circuit ς A serial communication protocol 

LV Low Voltage (400V) 

MEMS Micro Electronic Mechanical Systems 

PCB Printed circuit board 

SCL Serial Clock (of I2C serial bus connection) 

SDA Serial Data (of I2C serial bus connection) 

tx transformer 

WIFI Wireless internet 
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1 Executive Summary 
 
Recent growth in embedded generation such as wind and solar photovoltaic (PV) systems 
and the anticipated consumer uptake of electric vehicles (EVs) and heat pumps present new 
challenges for Western Power Distribution (WPD) to develop and operate its network which 
will experience greater fluctuation in electricity demand. Data from maximum demand 
indicators in distribution substations is inadequate to understand the spread of demand 
over time. Retro-fit 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 by CREST (Centre for Renewable Energy Systems Technology 
at Loughborough University in conjunction with WPD. The aim of the project is to identify 
and develop a novel low-cost 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: 
 

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

¶ The solution should give an indication of substation loading. 

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

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

¶ The solution 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 testing 
against a set of pre-defined characteristics to determine usefulness and estimate value.  
 
High level results 

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

¶ There were 3 sensors that could give a good indication of substation loading and 1 
more where results were inconclusive. 

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

¶ 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. 

¶ All the solutions can communicate via Wi-Fi or over the mobile Network (and in 
some cases through wired connection).  

 
A summary of the key results is presented over. 
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Cost £14 £2 £13 £19 £9 £31 £4 £99 £350 
£13 + 
phone 

£35 + 
phone 

£49 
£37 

dongle 

Application              

Monitoring load close to 
real time < 10s  U  U U U U U U     

Load profiling (30min peak) 
 U  U U U U U U     

Exception reporting  
(> max value)  U  U U U U  U     

MDI 
 U  U U U ?  U     

Data storage              

Uploaded to a server          
  ?  

Stored locally          
    

Data form              

Current peak 
 U  U U U U U U     

Current RMS 
 U  U U ? U U U     

1 phase 
 U U U U U U U U     

3 phase (cable) 
 U  U U U U U U     

Load from transformer U U U ? ? U ? ? U U    

Data Quality              

Linearity 
 U  ? ?  ?  

U 
    

Correlation with load > 
0.999 

U 
> 

0.996 
0.34 0.48 -0.91 ? ? U 

> 
0.999 

  
 

Accuracy > 
7.5% 

U 
> 

10%
1 ? ? 

< 
25% 

? ? U 
> 

7.5% 
  

 

Recommend for Field Trial 
 U  U U U U U U  U U  

 
        Tested, satisfactory > better than 

U  Tested, unsuitable < worse than 
? Test not conclusive  
1There is still significant theory needed to back calculate current 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 shown over and 
include benefits already identified by UKPN projects DNV; 
 ω vǳƛŎƪ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǎǳōǎǘŀǘƛƻƴǎ ǿƘŜǊŜ ƴŜǿ ƭƻŀŘ ƛǎ ŀōƭŜ ǘƻ ōŜ ŎƻƴƴŜŎǘŜŘΦ 
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ω LƳǇǊƻǾƛƴƎ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ǘƻ ŘŜŦŜǊ Ŏƻǎǘƭȅ ǊŜƛƴŦƻǊŎŜƳŜƴǘ ƻŦ ǘƘŜ ƴŜǘǿƻǊƪ ǘƘǊƻǳƎƘ ǘƘŜ ǳǎŜ ƻŦ 
demand profiles. 
ω Improving network and asset reliability by monitoring trends. 
ω LƳǇǊƻǾƛƴƎ ǘƘŜ ƳŀƴŀƎŜƳŜƴǘ ƻŦ ǎǳōǎǘŀǘƛƻƴ ŀƴŘ ƴŜǘǿƻǊƪ ǳǘƛƭƛǎŀǘƛƻƴΦ 
ω tǊƻǾƛŘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ƴŜǘǿƻǊƪ ǘƻ ōŜǘǘŜǊ ǎǳǇǇƻǊǘ ƻǇŜǊŀǘƛƻƴŀƭ ŀŎǘƛǾƛǘȅΦ 

 

Figure 1: Sensor - platform interface options 
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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 Indicators (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 back-feeds to distort readings.   
 
Several previous LCNF projects have investigated LV monitoring. This has pushed the market 
for LV monitoring forward significantly from the custom-built units used for the Low Voltage 
Network Templates project, to several commercially available units 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 measurement of 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 loading of 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 to develop a low cost (sub £100) distribution substation monitor based on 
indirect loading measures (for example; magnetic field, temperature, noise and vibration). 
At a minimum this must give access to more granular and less error prone data than is 
currently acquired through MDIs. The 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 these aims the following approaches are proposed: 

¶ To investigate existing low-cost sensors that can be used for indirect substation loading 
monitoring. 

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

¶ To use existing low-cost measurement devices or packages (such as a smart phone or 
raspberry pi) to indirectly provide measurement 

¶ To run a university-based competition to enable non-traditional solutions to be explored 
 
Several different sensors technologies were 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 
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ŘƻŎǳƳŜƴǘ Ŏƻƴǘŀƛƴǎ ǘƘŜ άŀǎ ōǳƛƭǘέ ƘŀǊŘǿŀǊŜ ŘŜǘŀƛƭǎ ƻŦ ǘƘŜ ǎŜƴǎƻǊǎ ǘƘŀǘ ƘŀǾŜ ōŜŜƴ 
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 
covered 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 justified economically. 
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 relevance for 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 learning outcomes are presented in a box as follows: 
 

LP x Brief description of learning. 

 
Each piece of project feedback is referenced as a uniquely numbered Learning Point (LP). 
 
All learning points are collected together in Appendix A. In addition there are a set of 
technical tips which contain technical pointers for anyone looking to replicate this work 
 

TT x Brief description of a technical tip for anyone trying to replicate this 
work 
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3 Sensors to be tested 
 
The following sensors were identified as part of the literature review as being suitable for 
prototyping. 

Table 3-1 : 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 Novel magnetic field coil sensor 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 Thermal imaging Temperature 

ID Platform type Variable measured 

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 theory, each sensor could be connected 
through to each platform. However, the reality is that it is easier to connect certain sensors 
with associated platforms. This is for ease of setup and coding, for example where coded 
libraries are available. Figure 2 shows a summary of these combinations. 
 

 
Figure 2: Sensor - platform interface options 
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Not all the sensors can measure loading on all types of cable. Usually, sensors only measure 
single core or three core cable types. 
 

LP 1 Sensors to measure current in multicore/trefoil cables are not 
commercially available and there is no available published literature on 
measurement solutions.  
These are the most popular type of cable on the Distribution Network. 
Therefore, measuring these types of cable without separating the cores 
with a single sensor may be valuable. 

 
Section 4 looks at the testing facilities while section 5 onwards considers each sensor and 
the platform in 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 candidate for taking forward to field trial the theory 
behind the back calculation of current is also included. 
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4 Electrical test facilities at CREST. 
 

4.1 CREST Test Rig with Simulated Substation  
 
For initial testing, a simulated 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 air cooled 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 shown in Figure 3. 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 temperature and strain. 

 
Figure 3: Simplified schematic of the test system used at Loughborough University. Note that earthing and 

protection is omitted in this drawing. 

The following systems were used to validate current sensor measurements: 

¶ Fluke 435 II Power Quality Analyser (PQA). 

¶ Fluke i430 Flex-TF-II Rogowski Coil  

¶ Teledyne Lecroy HDO6104 High Definition Oscilloscope 

¶ CP0150 Current Probe 
 

The Fluke 435 and i430 have been internally checked for accuracy, linearity and response to 
harmonics and reactive power with a calibrated Fluke 9100 multifunction calibrator.  
 
The cables used in the test rig include a small selection of LV and HV cable types based on 
availability and can be used to represent some typical cable specifications found in 
secondary substations  
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The following cables (Figure 4-Figure 6 and Table 4-1) were used for testing in the 
Loughborough Test Rig. 

 

 
 

Figure 4:  single phase welding cable Figure 5: 11kV 3-core Trefoil XLPE cable  

 
Figure 6: 11kV 3-core Waveform PVC cable 

 

Table 4-1 : Cable types used in the testing 

Type Voltage 
rating 
[kV] 

Conductor Screen / 
Sheath 

Cores Cross 
sectional 

area [mm2] 

Outside 
diameter 

[mm] 

Waveform 11 Al Al 3 95 33.5-35.3 

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 formation ς outside diameter of the 
bundle is about 66.8mm 
 
Loughborough have developed several measurement criteria to test against 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 tests that were considered. 
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Table 4-2 : Key tests identified in scoping document 

Test  

Range of values Test for linearity between min and max expected values 

 Test for measurement factors; saturation, impact of temperature, 
and other tests as determined appropriate 

Accuracy Test for accuracy, sensitivity and repeatability 

Data Storage Test for data capture and communication 

 
Any measurement solution will also need 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 through 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 includes components such as; 

¶ Primary sensing element 

¶ Excitation control/ power requirements 

¶ Amplification 

¶ Analogue filtering 

¶ Data conversion 

¶ Compensation 

¶ Digital information processing 

¶ Digital communication processing 

¶ Communication 

4.2 Testing summary table 

 
The following steps were undertaken as part of the test process. 

1) Design sensor system 
2) Manufacture sensor system 
3) Conduct detailed tests on the test rig 
4) Modify design following 3 
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 table shown below. 
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Table 4-3 : Testing table 
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Sensor value 
measured on 
scope/similar 

              

Sensor value related 
to load     

? ? 
   

U 
    

Sensor value on 
platform     

 
U U 

 
-  - - - - 

Rig testing 
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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 University Wi-Fi Network may be used. 
However, the building has recently been emptied and there is a low load on the substation. 
This makes it difficult to get very accurate results. In particular 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 shown in Table 4-4.  There was access 
to the 11kV cable in two places as shown in Figure 7. Access to the LV cables is 
straightforward ς but there are a number of feeders leaving the transformer and to 
calculate the total loading accurately on the 11kV cable canΩt be accurately done using 
conventional measurements with the equipment available at Loughborough. This was 
therefore approximated by using a fluke to measure the red phase current on each LV 
feeder and then assuming the currents are balanced ς add these together to determine the 

total current. Multiply this by the 433V (rating of the transformer) and Õ3 to get the 
approximate LV VA and then assuming that this VA is supplied by the primary and the 

transformer is lossless and dividing by Õ3 x 11kV to get an estimate of the primary current. 
 

 
Figure 7: Substation, Holywell Building, Substation 8, schematic and photo 
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Table 4-4 : Cable types in the substation testing 

Type Voltage 
rating 
[kV] 

Conductor Screen / 
Sheath 

Cores Cross 
sectional 

area [mm2] 

Outside 
diameter 

[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 transformer 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 field in three directions (x,y and z). Typically these 

are in mT. The relationship between current and magnetic field comes from Amperes law. 
The magnetic flux density B (T) at a distance r (m) from the centre of a conductor can be 
calculated from Equation 5-1. 
 

ὄ  
‘Ὅ

ς“ὶ
 Equation 5-1 

 

 
Where Ὅ is the current in the conductor (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 a set of meaningful results. An additional issue with this data is 
that the sample rate of the controllers under test are not high enough to avoid aliasing 
issues. These can occur when the data is not sampled at a sufficient rate to be able to 
reconstruct the original signal as shown in Figure 8.  

 

 
Figure 8:  an example of aliasing showing two possible solutions to one set of data 

 
In applications looking at load current this 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 identify the peaks in the wave form by using elliptical theory. 
 
!ƭƛƎƴƛƴƎ ǘƘŜ ǎŜƴǎƻǊ ǾŜǊǘƛŎŀƭƭȅ ǿƛǘƘ ǘƘŜ άȅέ ŀȄƛǎ ǇƻƛƴǘƛƴƎ ǳǇ ǘƘŜ ŎŀōƭŜ ǊŜǎǳƭǘǎ ƛƴ ǘǿƻ 

components of magnetic field Bx and Bz. On a single core cable if the Bx could be perfectly 
aligned with the radial direction then this would be the only measured value. However, in 
reality a small component of field is present in the z axis. Plotting the Bx component against 

magnitude 

time 
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the Bz component traces out an ellipse which may be offset όŦƻǊ ŜȄŀƳǇƭŜ ōȅ ǘƘŜ 9ŀǊǘƘΩǎ 
magnetic field) as shown in Figure 9. If the magnetic field due to the current can be 
measured then the current can be back calculated. The magnetic flux density related to the 
presence of a single core cables can consider only a single current assuming no other cables 
are close by. However, the field produced by multi-core cables needs to consider the impact 
of the current in all the phases on the flux density. The solution is to use Principle 
component analysis. 

 
Suppose we have a large number N of magnetic field readings ὄ ὄȟὄ ,, and it is 

observed that they lie approximately on an ellipse similar to below:  
 

 

 
Figure 9:  Magnetic field measurements 

 
The center of the ellipse is ὄ. 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 the vectors and the measurements 
can be explained using Principal Component Analysis as follows. 

 

Firstly, the vector ὄ is just the average of the readings:  ὄ Вὄ.  

 
For each reading ὄ ὄȟὄ , consider the corresponding centered reading: 

 
ὅ ὅȟὅ ὄ ὄȟὄ ὄ  Equation 5-2 

 
In the form of the resulting matrix: 

ὓ
ὅ ὅὅ

ὅὅ ὅ
 Equation 5-3 

 

The average of these matrices is taken as  ὓ Вὓ. This will always be symmetric, so it 

has the form: 
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ὓ
ὖ ὗ
ὗ Ὑ

 Equation 5-4 

for some P, Q, R.  

Putting S= (P R)2+4 Q2. The lengths of the two elipse radii ὥ and ὦ are  
 

ὥ Ѝὖ Ὑ Ὓ Equation 5-5 

 And 

ὦ Ѝὖ Ὑ Ὓ Equation 5-6 

 
The unit vectors U and V can be found as  
 

Ὗ ςὗȟὙ ὖ Ὓ Ⱦτὗ Ὑ ὖ Ὓ  Equation 5-7 

 

ὠ ςὗȟὙ ὖ Ὓ Ⱦτὗ Ὑ ὖ Ὓ  Equation 5-8 

 
Alternatively, U and V are the eigenvectors of ὓ, with eigenvalues ὥȾς and ὦȾς.  It is also 
useful to consider the matrix  
 

Ὕ
ὟȾὥ ὟȾὥ
ὠȾὦ ὠȾὦ

 Equation 5-9 

 
For each centered reading C, the vector TC should lie on the unit circle, so we should have 
|TC |= 1. In practice the original readings will not lie exactly on an ellipse so |TC | will 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 the data 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 readings  ὼȟὼȟὼ ȣȢȢὼ 

The average of these readings is ὼӶ ὼ ὼ ὼȟȣȢȢὼ   

The EMA is defined as  
 

ὼ
ὼ —ὼ —ὼ Ễ

ρ — — Ễ
 Equation 5-10 

 

For some — Ὡ  where t is small and positive so qҒм ŀƴŘ Ŝǉǳŀƭ ǘƻ ʵǘκƪ ǿƘŜǊŜ ʵǘ is the 
change in time and k a constant. 
Adding a new reading ὼ  the new exponential moving average becomes  
 

ὼ ȟ —ὼ ȟ ρ —ὼ  Equation 5-11 
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This equation is computationaƭƭȅ ŜŦŦƛŎƛŜƴǘΣ ǎƛƴŎŜ ƛǘ ŘƻŜǎƴΩǘ ǊŜǉǳƛǊŜ ŀ ǎŜǘ ƻǊ ǇǊŜǾƛƻǳǎ 
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  
 

Ὅ  
ς“ὶὄ

‘
 Equation 5-12 

 

Where ὄ ƛǎ ǘƘŜ ŜǉǳƛǾŀƭŜƴǘ ǘƻ άŀέ ƛƴ Equation 5-5. 
 

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

In a 3 core cable this calculation is more complex. Consider a sectored 3 core cable as 
shown in Figure 10. The most straightforward case is when the sensor is aligned to the same 
axis as one of the conductors, in this case the red phase. 
 

 

Figure 10:  Pictorial representation of a 3 core sectored cable with the sensor location shown. 

 

In this approximation, if it is assumed that each sector has a half angle a of 60o, then a 
95mm2 cable can be represented by a sector of radius r3 of 9.5mm. The distance from the 
centre of the sector to the centroid of the sector, d1, can be found from  
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Ὠ
ςὶÓÉÎ ‌

σ‌
 

 

Equation 5-13 

 

The field at the sensor due to the current in conductor R can be assumed to be in the x 
direction only and can be calculated from: 
 

ὄ
‘ὍίὭὲ‫ὸ

ς“Ὠ ὶ Ὠ ὶ

‘ὍίὭὲ‫ὸ

ς“Ὠ
 

 

Equation 5-14 

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

ὶ ὶ Ὠ ὶ Ὠ  ὶ Ὠ ὶ Ὠ     
 

 Equation 5-15 

 

The magnetic flux density at the sensor due to the current in conductor Y, 

 Ὅ ὍÓÉÎ ‫ὸ ρςπ is given by Equation 5-16 and Equation 5-17. 
 

ὄ
‘ὍίὭὲ‫ὸ ς“Ⱦσ ÃÏÓ —

ς“ὶ
 

 

 

Equation 5-16 

 

ὄ
‘ὍίὭὲ‫ὸ ς“ȾσÓÉÎ —

ς“ὶ
 

 

Equation 5-17 

Where ÓÉÎ—
Ѝ . 

 
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 through Equation 5-18. 
 

Ὅ
ς“ὄ

Ὣ‘
 Equation 5-18 

Where gf is a geometric factor relating to the back calculation and is equal to: 
 

Ὣ
ρ

Ὠ

ÃÏÓ —

ὶ
 Equation 5-19 

 
Lƴ ǘƘŜ ŜǾŜƴǘ ǘƘŀǘ ǘƘŜ ǎŜƴǎƻǊ ŘƻŜǎƴΩǘ ŘƛǊŜŎǘƭȅ ŀƭƛƎƴ ǿƛǘƘ ǘƘŜ ŎƻƴŘǳŎǘƻǊ ǘƘƛǎ ŘƻŜǎƴΩǘ ƘŀǾŜ ǘƻƻ 
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 magnitude can still be 
estimated. A similar analysis can be undertaken for cylindrical conductors (as per the 11kV 
substation cable). 
 
As an aside ςFigure 11 shows the traditional calculation of RMS (taking the square root of 
the mean squared) of the x-axis field. The changes in the magnitude are not really 
happening in the data as elliptical curves of the raw data do not show an amplitude change 
ς that would have been visible on the scatter graph as a reduction in ellipse dimensions. 
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More intense averaging can iron out the RMS calculated offset but at the cost of a slower 
delay period and reduced clarity on  current change boundaries as shown in Figure 12. 
 

 
Figure 11 : RMS magnetic field based on RMS over 20 points 

 

 
Figure 12 : RMS magnetic field based on RMS over 500 points 

 

LP 2 Low cost control platforms for logging data operate at a time span that 
is comparable to the frequency of the supply. Care is therefore needed 
to deal with aliasing and post data processing. In particular, it is 
recommended that traditional calculation of RMS is not used 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 and Bz squared) and then dividing by root 2. This is fine 
while there are not issues with data corruption.  
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Figure 13 : RMS magnetic field based on RMS over 20 points 

 

LP 3 Good RMS values can be obtained from looking for the peak values over 
a fixed time span (eg 1 second) and dividing by the square root of 2 if 
ǘƘŜ Řŀǘŀ ƛǎƴΩǘ ŎƻǊǊǳǇǘŜŘ. IƻǿŜǾŜǊ ǘƘƛǎ ƛǎƴΩǘ ƎǳŀǊŀƴǘŜŜŘΦ 

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

LP 4 Using an exponential moving average method with principle component 
analysis (calculating ǘƘŜ άŀέ ŘƛƳŜƴǎƛƻƴ ƻŦ ǘƘŜ ƳŀƎƴŜǘƛŎ field when 
plotted as an elliptical curve) is the most suitable method for removing 
the impact of aliasing and also ensuring that spurious data points do not 
disrupt the information while getting clean boundary changes when the 
current changes. 

 
 

5.2 Hardware 
 
There are many different magnetometer sensors. These are typically supplied in very small 
packages and come under the category of micro electro mechanical systems (MEMS) 
sensors. MEMS magnetometers generally measure the Lorentz force on a current carrying 
conductor rather than the hall effect. These can be challenging to solder onto circuit boards 
without automated soldering machines, however most MEMS sensors are available on 
prototyping or development PCBs with essential outboard components included. MEMS 
sensors are usually designed to communicate with a microcontroller or processor using the 
I2C bus, which is used by the Arduino, Raspberry Pi and internally within smartphones. 
Therefore, one of these prototyping systems is a logical platform with which 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 described as 9-axis, 
since they measure the 3 parameters in X, Y and Z axes. A comparison of commonly used 
devices in smartphones and development boards is shown in Table 5-1. 
 
A magnetometer will be tested as part of the Android phone testing (see Section 12) but 
also as an independent device with serial data connection to a controller.  
 

Table 5-1 : Comparison of magnetometer chips in common use. 

Sensor Range Sensitivity 
Sample 

rate 
(max) 

Application 

Freescale MAG3110 +/-1000mT 0.1uT 80Hz Prototype PCBs 

Yamaha YAS537 2000mT 0.3uT 626Hz Samsung S6 /S7 

AKM AK8963 5000mT лΦмр˃¢κ[{. 
 

LG Nexus 5 

ST LSM9DS0 +/-12G = 120mT 0.48mGauss/LSB 400 kHz Adafruit dev board 

Bosch 3060102 
MM150 

+/- 1.3 (X,Y) +/-2.5 
(Z) G 0.3uT 100Hz 

Sony Xperia M4 
Aqua E2303 

AKM AK09911 4900mT 0.6uT 5Hz OnePlus 5 

TDK Invensense 
MPU 9250 4800mT мр˃¢κ[{. 100Hz 

Sparkfun dev 
board 

 
Note: 1 Tesla = 10,000Gauss 
 
This section will look at the independent device ς two 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 into a hardware 
platform. In this instance an Arduino compatible controller as shown in Figure 14. 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 communication by WIFI and GPRS. 
 
 

Table 5-2 : Cost of sensor A hardware 

 

Vendor Part Qty Unit cost Line cost 
Option A RS LSM9DSO magnetometer Dev PCB 1 £14.78 £14.78 
Option B Pimoroni SparkFun IMU MPU-9250 1 11.67 £11.67 

 
Rapid 

LinkitOne PCB (Arduino 
compatible) 1 £44.24 £44.24 

 Amazon Power supply 1 £4.99 £4.99 
 

  

System Total £60.90 
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Figure 14: Photo of Arduino Uno with LSM9DSO magnetometer circuit 

 
The magnetometer has two power pins (+3.3V and GND) and two I2C pins (SCL and SDA) for 
communication. This is common across the digital MEMS sensors that were tested in this 
project. I2C is only compatible with 3V logic signals. Pins A4 and A5 on many Arduino boards 
can be setup for I2C or analogue connection. The circuit diagram is shown below. 
 

 
Figure 15: Circuit diagram of Arduino Uno and magnetometer 

 

LP 5 Pre-fabricated MEMs sensor development boards help reduced time 
scales to development and are set up to easily interface through 
common platforms. These may also come with libraries which speed 
development on the coding. 

 
 

5.3 Rig testing 
 
5.3.1 LSM9DSO chip 
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The magnetometer PCBs were fixed to the 1-core waveform cable as shown in Figure 16. 
 

 
Figure 16: Photograph of the LSM9DSO magnetometer fixed to a single core 16mm

2
 rubber sheathed welder cable 

 

TT 1 Align the measurement devices such that the y axis is vertical against 
the cable. This then removes the need to monitor 3-axis so only 2-axis 
measurement is required. 

 
The current in the test rig was taken to its highest value and then stepped back down to 
zero to look at the variation of recorded field against current as shown in Figure 17. The 
figure shows the x-axis field saturates at the higƘŜǎǘ ǾŀƭǳŜ ŀƴŘ ŘƻŜǎƴΩǘ ŎƘŀƴƎŜ ǿƛǘƘ ǘƛƳŜ 
whereas the z axis field reduces in line with the reduction in current. The y axis field is 
showing signs of unexplained spurious behaviour. Another important oversite from this 
ŦƛƎǳǊŜ ƛǎ ǘƘŜ άŀǇǇŀǊŜƴǘέ ŎƘŀƴƎŜǎ ƛƴ ŦǊequency of the Bx wave shown by the line space 
varying which is less visible in the Bz field. This is due to measurement aliasing issues. 

Magnetometer 
PCB 
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Figure 17: Testing of the LSM9DS0 magnetometer with current ramped up from zero to 100A then back down to zero  

 
 

TT 2 In the first instance the raw data should be monitored so that specific 
sensor idiosyncrasies e.g. auto calibration can be identified 

 
One of the best ways to make sense of the data is to plot the x-axis values against the z-axis 
values. This largely takes away the issues of the aliasing over longer time periods. In 
addition the offset of any other remnant field can be removed in the processing. 
 

 
Figure 18: LSM9DSO plotted 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 shape as shown in Figure 19. However, there is no saturation in the z direction and 
Figure 20 shows that a linear relationship between current and detected field is present. It 
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. 
 

 
Figure 19: LSM9DSO plotted raw data (magnetic field in x and z directions for a higher current  

 
 

TT 3 The Arduino Uno uses an 8-bit chipset but can handle 16-bit integer 
numbers (-32,768 to 32,767). Also, the Arduino is inefficient with 
floating point numbers, therefore measurement values must be 
carefully scaled to fit within the 16-bit range with optimal resolution. 
 

 

TT 4 The measurement of the LSM9DS0 chip outputs measurements in 
Gauss ς ǘƘŜ ŜǉǳƛǾŀƭŜƴǘ ƛƴ ˃¢ ƛǎ ƳǳŎƘ ƭƻǿŜǊ ǘƘŀƴ Ƴŀƴȅ ƻǘƘŜǊ ǎŜƴǎƻǊǎ ƻƴ 
the market. This would explain why it saturates at higher current. 

 

TT 5 The sensitivity of the LSM9DS0 chip can be set in code between 2 and 
12 Gauss. However, adjusting these settings had no impact on the 
clipping observed. 

 

TT 6 The reported value of Gauss for the LSM9DS0 does not align with the 
ŎƘƛǇΩǎ ǊŀǘŜŘ ǊŀƴƎŜ ǎƻ ƛǘ ƛǎ ǎǳǎǇŜŎǘŜŘ ǘƘŀǘ ǘƘŜ ǎŎŀƭƛƴƎ ƛǎ Řǳōƛƻǳǎ ƛƴ ǘƘŜ 
open source code. 
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Figure 20: LSM9DSO plotting magnetic field Bz against conductor current 

 

LP 6 A magnetometer detects magnetic field on three axes. Saturation on 
ƻƴŜ ǎŜƴǎƻǊ ǾŜŎǘƻǊ ŘƻŜǎƴΩǘ ƛƳǇŀŎǘ ŀƴȅ ƻŦ ǘƘŜ ƻǘƘŜǊ ǎŜƴǎƻǊ ŀȄŜǎ ŀƴŘ ƛǘΩǎ 
still possible to obtain meaningful relationships between load current 
and magnetic field ς ŜǾŜƴ ƛŦ ƴƻǘ ŀƭƭ ǘƘŜ ŎƘƛǇΩǎ ǎŜƴǎƻǊ ŀȄŜǎ ŀǊŜ ǳǎŜŘΦ  

 

LP 7 However, saturation of sensor output even on one axis of a 
magnetometer compromises the ability to accurately check 
measurements against theory using principle component analysis as 
this relies on a two-axis measurement. Determining the field from the 
peak value of field in any one direction is still possible. 

 
 
5.3.2 MPU9250 chip 
 
An alternative chip with the same interface signals was also tested. This is shown in Figure 
21 connected to the single core cable. A plot of the Bx field against the Bz field in Figure 22 
shows that there is no saturation effects at the highest current from the test rig. Figure 23 
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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Figure 21: Photo of MPU9250 magnetometer connected to the test rig 

 
 

Magnetometer 
board 
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Figure 22: Raw data plotted from MPU9250 (magnetic field in x and z directions for a current of 308A pk-pk) 

 

 
Figure 23: MPU9250 current (peak-ǇŜŀƪύ ώ!ϐ ŀƎŀƛƴǎǘ ǇŜŀƪ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ όάŀέ ƻŦ ŜƭƭƛǇǎŜύ  
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Figure 24: Repeat test MPU9250 current (peak-ǇŜŀƪύ ώ!ϐ ŀƎŀƛƴǎǘ ǇŜŀƪ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ όάŀέ ƻŦ ŜƭƭƛǇǎŜύ  

 
 

LP 8 Not all magnetometers are equally useful for measuring field. Careful 
selection is needed to get a magnetometer fit for purpose. 

 

LP 9 The magnetometer field appeared to increase slightly with 
temperature. This is in keeping with previously published work. In this 
application the impact is minimal. 

 
This magnetometer was also tried on the three core trefoil cable as shown in Figure 25 
 

 
Figure 25: MPU9250 sensor on the trefoil cable  

 

Nearby steel 

Nearby conductor 
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Figure 26: MPU9250 sensor experimental data vs theory  

 
Further work is needed to look 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 in Figure 27. 
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Figure 27: MPU9250 and Fluke in situ  

 
A plot of the raw reported data in the x and z-axis against time is shown in Figure 28. It 
appears that there is some harmonics on the system which are even more apparent when 
the x-axis and z- axis fields are plotted against each other in Figure 29. This 7th harmonic 
component has also been picked up in other tests later in this report. 

Rogowski coils to fluke 
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