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Abstract: A large increase in distributed generation integrated within power system networks
has resulted in power quality challenges and in the need to resolve complex system faults. The
monitoring of the real-time state of the power parameters of the transmission and distribution grid
helps to control the stability and reliability of the grid. In such a scenario, having current monitoring
equipment that is flexible and easy to install can always be of great help to reduce the price of energy
monitoring and to increase the dependability of a smart grid. Advances in magnetic sensor research
offer measurement system accuracy that is less complex to install and that can be obtained at a
lower less cost. Tunneling magnetoresistive (TMR) sensors can be used to measure the AC current
by sensing the magnetic field that is generated by the current-carrying conductor in a contactless
manner. This paper illustrates the results of a thorough investigation of factors that can influence the
performance of the TMR sensors that are used for the current phasor measurements of a single-phase
AC current application, such as the effects of distance, harmonics, and conductor insulation.

Keywords: magnetoresistive sensor; noninvasive current measurement; smart grid; fault current

1. Introduction

The need for power quality measurements at various nodes in power system dis-
tribution and transmission networks is increasingly gaining importance because of the
increasing number of distributed generations being added to the network. The time-
stamped power parameters at each node are where multiple generations are connected to
the power grid. Advances in electronics have transformed the old electromechanical meters
into sophisticated phasor measurement units (PMU) that are able to be installed at the
substations and power generation sites to provide comprehensive information about these
time-stamped power parameters [1-3]. These PMUs need transducers to sense the currents
and voltages of the grid. Conventional current transformers (CTs) are widely used since
they have been used as current transducers for PMUs for many decades. These CTs are core
wound and are appropriate for high-voltage applications when they are inside of oil filled
containers, and therefore, they are prone to damage because of the temperature, moisture,
and the faults that can take place at the substations. If their secondary channels are left
open, then they can generate infinite potential across the open secondary terminals and that
can explode and cause serious damage. The installation and maintenance of conventional
CTs requires a long-term outage at the substation, increasing the cost of operations and
affecting the performance of the substation. Moreover, they are susceptible to saturation
because of the asymmetrical and symmetrical fault currents that can occur if their ratios
and accuracy class are not adequately designed [4]. Higher accuracy demands a higher
CT ratio and therefore higher costs [4,5]. As a result, digital CTs are a new alternative for
researchers and industries [6-10]. In modern smart grids, compact and noninvasive current
measurement sensors have proven to be beneficial for operation and cost efficiency. With
the benefit of being noninvasive, these sensors can be installed at any required location in
the power distribution and transmission network, including in substations as well as in
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distributed generation (DG) facilities; thus, it is possible to acquire an accurate real-time
state of the entire power grid.

Recently, digital sensors that are based on advanced electronics such as Rogowski
coils, Hall sensors, and digital fiber CTs have been researched in order to determine
their application in current measurement processes [6-12]. These sensors are a good
replacement for conventional CTs, but they cannot be applied to a wide frequency range
or higher magnitude AC currents. The recent discovery of magnetoresistive (MR) sensors
has encouraged many researchers to explore alternative current measurement and fault
detection methods [13-16]. The work that has been conducted in these studies does account
for any of the effects resulting from the presence of conductor insulation on the magnetic
field that can be sensed by the sensors. Research based on the application of sensors to
high-voltage transmission lines [16] has not covered the effect of various factors such as
harmonics, the distance from the conductor, the sensor quality, and the effect of sag in
long transmission lines as of yet. M. Shafiq et al. presented a study discussing electrical
insulation diagnostics using magnetic sensors [15] where the defects in the insulation were
studied with the help of magnetic sensors. Moreover, these studies used basic MR sensors
that had the design and manufacturing limitations of hysteresis and sensitivity. In this
research, a NVE TMR sensor that has high sensitivity and that is capable of sensing an AC
current of up to 300 A is used. The price of this sensor is lower than that of the conventional
CTs and is comparatively the same as that of Halls sensors [7]. To validate the applicability
of this sensor for current measurements, it is important to study its performance based on
various aspects such as its ability to accurately sense the magnetic field from particular
distances in the presence of additional frequencies other than 60 Hz as well as in cases
where there are insulated cables and bare aluminum conductors. The calibration of the
TMR sensor that is based on these factors will help to achieve the maximum accuracy in
terms of current measurement. This objective can be accomplished by testing these sensors
in an experimental setting. This paper focuses on the experimental validation, calibration,
and analysis of the effect of various factors on the performance of sensors.

Section 2 of this paper illustrates the current measurement method with the help of
a magnetic field for a single-phase application. Section 3 describes the experimental set
up that was used to test 12 TMR sensors in a resistive single-phase circuit that comprises
a medium voltage aluminum conductor of the size 4/0. Section 4 provides the results
and discussion regarding the response of the TMR sensors to the above-mentioned factors
influencing the calibration process and measures that can be taken to increase the current
measurement accuracy. Finally, the conclusions discussing the performance of all of the
sensors are included in Section 6.

2. Current Measurement Using Magnetic Field

The magnetic field that is generated by a current carrying overhead conductors
depends on the type of the current that generates the field. In case of a low-frequency
alternating current with a medium- and high-voltage distribution and in transmission line
networks, the Biot-Savart law can be applied to determine the magnetic field intensity, H,
by assuming the conductor of an infinite length carrying a low-frequency current, such as
a power frequency of 60 Hz. In such a case, the mathematical expression is given as

I
H = 50 A/m (1)
In the above equation, “I” is the current flowing through the conductor, and “d” is
the distance from the center of the conductor to the point of measurement of the magnetic
flux density. In the above equation, 77 is the constant of proportionality. The magnetic flux
density, B is given by the multiplication of the magnetic field intensity with the permeability
of air and is expressed as

I
B = jiyH =12 Wb/m’ 2
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where 1 is the permeability of air as a medium. Since the frequency is low (60 Hz),
the time-varying magnetic field can be considered as a quasi-static magnetic field, and
therefore, the effect of the resistivity of the conductors and the shielding effects caused by
eddy currents can be assumed to be negligible.

The magnetic field measurements can be considered by using the Cartesian coordinate
system with the magnetic field components in the x, y, and z directions. Figure 1 illustrates
a single-phase conductor with the magnetic field in the clockwise direction and a sensor,
S1. This sensor is placed at a distance, “d”, from the center of the conductor at an angle
of incidence, “B”. The magnetic field in the z-direction is parallel with the axis of the
conductor or the current flow and can therefore be assumed to be negligible. Thus, at any
angle of incidence, the magnetic field will only have two components, By and B,,. If it is
assumed that the coordinates of Sq are (x1, y1) when the center of the conductor is at O(xy,
Yo), then the magnetic field that is sensed by the sensor at this location can be given as

— -1
Bsyy = {ZOHI * sin(p) [\/(% —y0)*(x1 — xo)z] }‘éy ©)

4)

Figure 1. TMR sensor placed at various locations (depicted by solid rectangles) around a single-
phase conductor.

In the above equations, ¢, is the unit vector in the y direction, ¢ is the unit vector in
the x direction, and S is the angle. The total magnetic field at the sensor location S; is Bty

and is given as:
BTl =\ lex2 + lexz (5)

The magnetic field that is sensed by the sensor at S; depends on the angle of orientation
and the location. This field will be at its maximum if the angle f is 90°. It has been
already demonstrated in [17] that the maximum magnetic field component will be achieved
if the tangential component of the sensor is matched with that of the magnetic field,
therefore bringing it to zero. By doing so, the sin(f) component will produce the tangential
component, and the cos(B) will produce the perpendicular component. Thus, when S is 90°,
only one component is required. This will make the field resolve the x and ¥ components to
one single component and provides the maximum value of the magnetic field. The possible
locations for the sensing maximum magnetic field for S; can be at any angle of incidence,
with one shown at angle f and other four locations at 90° such as S14, S1, S1c, and Sip.
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Following this theory and Equations (3) and (4), the tangential component of the magnetic
field at location S; will as By14. Similarly, the tangential component of the magnetic field
for the same sensor if placed at location Sip will be given as Byip.

The magnetic field that is sensed by the sensors is a function of the distance (d),
the angle of incidence (), and the magnitude of current (I) and can be expressed as
B = f(I, d, B). By placing the sensors at various locations, the magnetic field can thus be
sensed by multiple sensors at various locations b. If we assume the locations of the sensors
51,52, ... S1ptobe at Py, Py, ... Py then the resultant magnetic field is expressed as:

Br(Lp, t)=f {le(IArﬁArt )p,» Bs,(Ia, Bast)p,, Bsy(1a, Bast )p, --- Bsy,(Ia, Bast )plz} (6)

The use of multiple sensors improves the measurement accuracy compared to a single
sensor, and this has been researched and demonstrated by various groups in other research
studies [13-16]. Additionally, it has been demonstrated that due to practical issues and
manufacturing imperfections, the output of the sensors does not exactly follow the above-
mentioned theoretical equations. Therefore, it becomes important to calibrate and prepare
the sensors to improve the accuracy of the current measurements.

Current Calculation from Faraday’s Law

Equation (2) can be used in reverse to calculate the current if the magnetic field that
is generated by the unknown current source is measured. This concept was tried and
tested in the preliminary stage of the present research by conducting an experiment using
a single-phase circuit where only one sensor was employed at a distance of 7 mm and
15 mm. single-phase AWG # 4/0 aluminum conductors with and without insulation with
a resistive load of 1 kW were used, and the magnetic field was measured for the series
of currents that passed through the conductor. The analog output of the sensor was then
converted to the magnetic field density using the sensitivity relation of the sensor, and the
multiplying factors (MFs) were calculated using Equation (2), which provided the current
for each measurement, with the reverse equation expressed as:

I= B*@ A (7)
Ho

Using SI units for the variables and the permeability value of the free space, the
theoretical MF for distance, d = 7 mm is 318.18, and for d = 15 mm, it is 618.81. Using
these MFs and the magnetic field values that had been converted from the analog voltage
outputs of sensors for both the 7 mm distance and 15 mm distances, the currents were
calculated for No-Insulation (NI) and With-Insulation (WI) cases. The percentage error
was calculated by comparing these currents with a current transformer (CT) output (CT
ratio = 1000:1). The resulting percentage errors are shown in Table 1. The percentage errors
were observed to be high for the 7 mm NI case and were shown to be very high for the
15 mm, WI case. There is a big dissimilarity between the results of the NI and WI case even
though they are for the same distance case and for the same sensor. This is because of the
presence of insulation on the conductor that is affected by the permeability and because

the free space permeability no longer applied.

Table 1. Results of sensor S1 using Faraday’s law for various cases.

% Error for a Current of Magnitude:

Sensor, S1

5A 10 A 15 A 20 A 25 A
7 mm, NI 74 9.71 13.28 11.08 12.14
7 mm, WI 17.5 24.74 20.74 23.43 28.38
15 mm, NI 13.7 12.63 14.35 12.35 14.63

15 mm, WI 39.92 14.6 17.24 25.45 19.42
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From the results of this method, it was inferred that a MF for a distance of 7 mm is
not applicable to NI and WI cases nor was it applicable for the varying magnetic fields
that were produced by a range of currents. The errors were beyond the acceptable limits,
and therefore, the theoretical method that could be used to find the current based on the
magnetic field proved to be ineffective. It became clear that other methods for sensor
calibration and to test sensor performance under various scenarios need to be explored.

3. Experimental Setup

For this experiment, twelve TMR sensors and a multi-stranded XLPE aluminum cable
of size 4/0 AWG was selected. The experiment was performed for a range of magnitudes
of alternating currents that ranged from 1 A to 29 A, with sensors at various distances from
the conductor. This was achieved by placing the sensors at a right angle from the conductor
at the distances 7 mm, 15 mm, 25 mm, and 35 mm. One of the performance factors was
the effect of insulation on the ability of the sensor to detect the magnetic field. Therefore,
the insulation on some parts of the cables was removed in order to use the same cable as a
bare aluminum conductor. Six sensors are placed near the bare part, and the remaining six
sensors were placed near the insulated part of the conductor during the experiment. The
sensors were then interchanged to the record magnetic fields that were sensed for the same
current value. Figure 2 shows the arrangement of the experimental setup for 12 sensors.

Data Recording
System

Figure 2. Experimental setup with twelve sensors.

The (TMR) sensors are one of three types of anisotropic magnetoresistance sen-
sors [18,19]. These sensors have multilayer ferromagnetic electrodes that are separated by
a thin insulating barrier that helps the electrons tunnel from one layer to another under
the application of a magnetic field. The tunneling effect depends on the orientation of the
magnetic field. Under the application of a parallel magnetic field, the magnetoresistance
reduces and results in electrons tunneling from one layer to another. When there is an
anti-parallel magnetic field, the electrons will have alternating strong and weak scattering
effect, resulting in a highly magnetoresistive state [13]. The TMR sensors that were used
in this research operate at a voltage of 5.5 VDC. Their sensitivity is 20 mV/V/mT typical.
This sensitivity is inclusive of the gain because of the sensor, the Wheatstone bridge, and
all of the electronic components that are a part of the circuit that is embedded onto the
sensor chip. This means that for various current values, the magnetic field that is produced
will be equal to 110 times the voltage output of the sensor.

The experiments were conducted in two sets, each with five stages and four parts.
These stages and parts were repeated for the No-Insulation and With-Insulation cases, as
shown in Figure 3a,b. In the first set and during Stage 1 of Part I, twelve sensors were
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placed at a distance of 7 mm from the center of the conductor, with six being located near
the insulated part and six being located near the non-insulated part of the conductor. An
alternating current with a frequency 60 Hz ranging from 1 A to 29 A with a step of 0.5 A
was injected using an Omicron CMC356 current injection set [20]. The sensor output and
the CT output were recorded using the NI cDAQ-9174 data acquisition system [21]. The
sampling rate was kept at 7.2 kHz, and 10,000 samples were recorded for each value of
the injected current. Thus, the outputs were recorded for each current value from 1 A to
29 A. For the second stage, the current injection setting was changed to inject a current of
the second harmonic frequency. Thus, for Stage 2, the currents ranging from 1 A to 29 A
had a second harmonic component, and the same steps were repeated as they were in
Stage 1, and the outputs were recorded. For Stage 3, the injected currents were of the third
harmonic, and this pattern continued until Stage 5, where fifth harmonic currents were
injected. The completion of these steps denoted the end of Part I of the experiment. For
Part II, the distance of the sensor was changed from 7 mm to 15 mm, and all five of the
states that were described in Part I were repeated. This procedure continued for Part III,
which took place at a distance of 25 mm, and for Part IV, wherein the sensors were located
at a distance of 35 mm from the center of the conductor. The completion of Part IV denoted
the end of Set 1. In Set 2, the location of the sensors was interchanged for the bare and
insulated part of the conductor, and all five stages and four parts were repeated in the
same manner as explained above for Set 1. This resulted in a total of 1160 variations of
the experiment, and therefore, the same number of data files were recorded for the further
analysis and calibration of the sensors. Once the calibration was completed using a part of
the recorded data, the sensors were tested using the remaining recorded data to verify the
calibration results.

Y Conductor
“With

Insultaion”

Conductor with :’
“No Insultaion” -

(b)

Figure 3. Arrangement of the sensors for (a) No-Insulation portion and (b) With-Insulation part of
the conductor.

While performing this experiment, measurement uncertainty was addressed. To
reduce measurement errors during experimentation, the specifications of all of the devices
that were involved in the experiment were checked for their performance accuracy. For the
current generation test set, Omicron CMC 356 was found to have a resolution of 1 mA, an
accuracy of less than 0.05% during magnitude amplification, and a 0.001° resolution for
phase amplification. The phase error at 60 Hz was 0.02° for the voltage and 0.05° typical
for the current. This test set had 1us absolute timing accuracy for both voltage and current.
The NI cDAQ-9174 A /D convertor (National Instruments, Austin, TX, USA) was found to
have a timing resolution of 1 ns and a timing accuracy of 50 ppm for the sample rate, with
a maximum sampling rate of 500 kHz. To minimize errors from occurring when recording
the outputs from the sensor, the sampling rate was selected to be 7.2 kHz/channel, which
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is well below the limit of 25 kHz/channel. To minimize errors caused by increases in
the temperature, the measurements were taken with a time gap of 1 min within each
current magnitude for every stage in each part explained above. Thus, the measurement
uncertainty was minimized as much as possible.

4. Performance Results and Analysis

The main objectives of testing the performance of these TMR sensors were to study
and analyze the:

e  Effect of variation on the sensor quality that is caused by any slight variation that may
occur during manufacturing;

e Effect of distance on sensing the magnetic field that is generated by the current-
carrying conductor;
Effect of insulation and the absence of insulation on magnetic field sensing;
Effect of harmonics on the current estimation accuracy.

To achieve these objectives, the data that were measured during the experiment for
all of the sensors for all 1160 cases described in the previous section was used. The sen-
sor outputs were converted from voltage to magnetic field density using the sensitivity
conversion formula given by the manufacturer. In order to calculate the currents from
these magnetic fields, these sensors needed calibration, as it was determined as well as
explained in Section 3 that the measured magnetic field did not exactly obey the theoret-
ical expressions provided by Equation (2) in Section 2. The purpose of calibration is to
determine the multiplying factor that can convert the measured magnetic field into the
injected current. The availability of offline data in a discrete form made it possible to apply
digital filtering methods such as the discrete Fourier transform (DFT) method to obtain the
multiplying factors. This method applied Discrete Fourier transform directly to any of the
unfiltered data that may have had a DC offset. For this analysis, the data samples were
used to estimate the current phasors using the DFT algorithm, which also calculated the
multiplying factor (MF) for each case. A separate set of data was gathered by repeating
the experiments for all 1160 cases, and 5000 samples were used from each case to test of
the MFs that were obtained using previous experiments. The sampling rate of 7.2 kHz
for the measurement of the sensor output helped to obtain sufficient samples to apply
the orthogonal functions to in the DFT algorithm so as to complete the calculation of the
phasors for one complete cycle, and this method was then repeated accordingly for the rest
of the data. The multiplying factors that were obtained during the testing and validation
phase were used for the final verification stage of the calibration. This was achieved by
repeating a few selected cases and by computing the current phasors using previously
obtained multiplying factors.

A computational program was developed in MATLAB to implement the DFT algo-
rithm and to perform the steps that were mentioned above for all 1160 cases. The algorithm
computed the multiplying factors for the individual currents for each case, and these multi-
plying factors, along with the resulting calculated current phasors, were stored in separate
data files. For analysis, a separate MATLAB program was developed that was able to read
these data files for further analysis. The following subsections provide a detailed analysis
of the performance of each sensor, the effect of the sensor quality, the effect of distance from
the conductor, harmonics, and the state of insulation. The following subsections provide
the results of the analysis that are based on each factor.

4.1. Sensor Quality

The performance uniformity for each sensor is worth investigating because these
sensors are manufactured on microscale in order to arrange the layers of magnetoresistive
material and to be integrated with an internal gain with Whetstone bridge configuration.
This is an important step to account for because this will provide the capacity of an
individual sensor to sense the same magnetic field that is generated by a finite current in the
conductor. Moreover, the results of the algorithm in terms of the multiplying factor for each
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sensor will depend on its characteristics and measured magnetic field. Consequentially, this
will help to define further steps by determining whether the same multiplying factor applies
to all sensors or whether each sensor has their individual multiplying factor in order to
calculate the current from the same magnitude of the magnetic field. Therefore, this section
focuses on the analysis and the test results that were obtained from the sensors through
various factors, such as variation in the multiplying factors, the amount of magnetic field
sensed at the same distance for the same conductor situation, and the current that was able
to be estimated with the help of the DFT algorithm. The following subsections discuss the
performance details of each sensor accordingly.

4.1.1. Multiplying Factors of Sensors

To study the effect of sensor quality, it was determined that measurements would be
taken for all of the sensors that were placed the distance that was the closest to the source
and for the fundamental frequency of 60 Hz. The algorithm calculated the multiplying
factors by using the DFT algorithm for each sensor and for each current value of 60 Hz
that varied in peak value from 1 A to 25 A in steps of 1 A when the sensors were placed at
a distance of 7 mm from the center of the conductor. Since the sensors have the capacity
to measure up to 300 A, it was found that their sensitivity for 1 A current is very low.
Therefore, it was decided the currents ranging from 5 A to 25 A would be considered for
performance analysis. The multiplying factors that were obtained for the twelve sensors are
shown in Figure 4. It is evident from this figure that each sensor has a different multiplying
factor (MF) and that it varies from 565 to 921 for the same amount of source current. Three
sensors, S6, S8, and S11, have MFs in that are in the close range from 590 to 616. Similarly,
sensors S1, 5S4, and S10 show values that are close to each other and that are in the range
from 716 to 738. Sensors S2 and S7 have MFs that are almost the same, with a variation
of 15. Only sensor 512 showed a very high MFs value for all currents ranging from 5 A
to 25 A, and the individual MFs for each current were less consistent compared to all of
the other sensors. It is also evident from Figure 4 that the MFs become very consistent
when there is less variation for the increasing value of current from 10 A onwards. It is
therefore anticipated that all of the sensors will provide consistent performance for all of
the magnetic fields that are generated by currents that are higher than 20 A.

MFs for sensors, S1 to S12, at 7mm, 60Hz
I

~ @

o S

S S
I I

Multiplying Factor, MF
3
o
T

650 [—

600 —

550

o o0 o i ¢ MFs-S
OoOOO OooooOOOoooo QMFS—S;
o <] MFsss, [
A\ MFsS,
oo % kK X % o % % ok F K * Kk % % ¥ x % KM
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Current (A)

Figure 4. Multiplying actors for all sensors for case of 7 mm, 60 Hz.
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4.1.2. Sensor Outputs

Based on the calibration for individual sensors, the current output was calculated
from the measured magnetic field that was generated by the 60 Hz source currents varying
from 5 A to 25 A when the sensors were placed at a distance of 7 mm from the center of the
conductor. The algorithm then used the multiplying factors that were obtained from the
calibration to compute the current phasors for the selected samples from the validation
set of measurements. Figure 5 shows the outputs of all of the sensors for 5 A, 10 A, 15 A,
20 A, and 25 A as subplots. Figures 6 and 7 show the outputs for all of the sensors for 5 A
and 25 A for 120 samples (1 cycle of 60 Hz). These figures show an enlarged view of the
outputs of each sensor. Figure 6 shows that the outputs are scattered over a bigger range
from 4.95 A to 5.06 A and that the outputs are not very consistent, the reason being that the
magnetic field is weak when it is generated by a 5 A source. However, it can be observed
in Figure 7 that the outputs are very close to each other and are very close to the 25 A value,
with a very minor variation that ranges from 24.98 to 25.04 for all of the sensors, except S1
and 512, which also show a larger variation for 5 A. From these figures, it can be seen that
all of the sensors except S1 and S12 show very good and similar performance for higher
current values. It can be seen that the outputs are well within the limits of £0.2 A. This
means that irrespective of the sensor quality, the output of the sensors does not vary from
the actual value too much because of the use of the multiplying factors of each sensor.

Output of twelve sensors for 5A, 7Tmm,60Hz
n T T T T

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Output of twelve sensors for 10A, 7mm,60Hz
T T T T T

Y |
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Current (A
o

Output of twelve sensors for 15A, 7Tmm,60Hz
T I T T |

_ I
1000 1500 2000 2500 3000 3500 4000 4500 5000

Output of twelve sensors for 20A, 7Tmm,60Hz
T T T

|
1000 1600 2000 2500 3000 3500 4000 4500 5000

Output of twelve sensors for 25A, Tmm,60Hz
T T T

# s ‘__ A I I A

is

1
1000 1600 2000 2500 3000 3500 4000 4500 5000
Sample Number

Figure 5. Output of all sensors for 5 A to 25 A for 7 mm, 60 Hz.
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Figure 6. Output of all sensors for 5 A, 7 mm, 60 Hz.

Output of sensors, S1 to 512 for 25A, 7mm,60Hz
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Figure 7. Output of all sensors for 25 A, 7 mm, 60 Hz.

The outputs for each individual sensor were thus found to vary and were not found
to be very similar to each other because of the variation in the sensor quality; therefore,
the algorithm calibrates the sensors individually using individual multiplying factors. The
sensors with lower MF values show that they are more accurate in sensing the magnetic
field and need smaller multiplying factor values to estimate the current phasors from the
measured magnetic field. Based on this study, the conclusion is that the remaining factors
will be studied using the multiplying factors for individual sensors and for each current
value instead of a mean value for all of the currents in order to obtain a more accurate
analysis for the effects of distance, harmonics, and insulation.

4.2. Distance from Source

According to Equation (1), the strength of the magnetic field decreases as the distance
from the source increases. In order to study this factor as well as to explore whether there
is a fixed relationship between the distance and the multiplying factors for each sensor,
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the measurements were used for a set of distances, i.e., 7 mm, 15 mm, 25 mm, and 35 mm
from the center of the conductor. In this study, the current for all cases had a frequency of
60 Hz, and the conductor did not have insulation. This is because the overhead conductors
that were used in the medium- and high-voltage overhead power system applications
were bare conductors. The computational program used the DFT algorithm to calibrate
the sensors for the magnetic fields that were sensed for this set of distances and computes
the multiplying factors for each current varying from 5 A to 25 A for each distance. The
results that were obtained for the MFs are shown in Figure 8 for the sensor S1. This figure
shows that the multiplying factor increases with the distance from the source. For 7 mm,
the MFs are in the range of 718 to 730 for 15 mm, and for the same amount of currents and
sensors, these MFs have range of 1300. For 25 mm, the MFs are in the range of 1895 to
1900, and for the 35 mm distance, these values jump from 1900 to 2250. There is no fixed
relationship between these distances and for the MFs for each sensor for the same distance,
and currents show variation based on the sensor quality. Therefore, the sensors will have
range of MFs that are dependent on the distance and the current.

Mean values of MFs for S1, at 7mm,15mm,25mm,35mm at 60Hz
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Figure 8. Multiplying factors for the sensor S1 for various distances.

Figure 9 shows the results of the multiplying factors that were obtained for the
sensor S3, which were similar those obtained in the different cases for S1. This figure also
shows that sensor S3 has smaller values for the MF current and for the sensor distance from
the source compared to those of S1. For 7 mm, the range of the MFs is between 550 and 560.
For 15 mm, the MFs have almost equal values, all of which are close to 800. For 25 mm,
these MFs increase significantly and are in the range of 1360 to 1370, whereas for 35 mm,
the values are in the range of 1870 to 1880. As explained in Section 4.1 the sensors will
have varying MFs based on their quality and their distance from the source, but it is clear
that the outputs do not exactly follow the theoretical relationships between the current
and the sensor distance from the current source. It can be concluded from the analysis
in this section that when the sensors are closer to the source (conductor), the magnetic
field is strong, and therefore, the sensors will provide consistent results, whereas when the
magnetic field becomes weaker when the distance increases, it is only the higher currents
that will produce better results.
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Figure 9. Multiplying factors for the sensor S3 for various distances.

4.3. Insulation

To check the ability of the sensors to sense the magnetic fields from an insulated
conductor compared to a bare conductor, the measurements for both of these cases were
used to calibrate the sensors separately and to compute the current phasors within the range
of 5 A to 25 A using a computational program. These results are compiled and designated
as No-Insulation (NI) and With-Insulation (WI). The results of the calibration provided
multiplying factors, such as those shown in Figure 10, for various sensor distances from
the center of the conductor and for the conductors with No-Insulation and With-Insulation.
From this figure, it is evident that with the inclusion of insulation, the multiplying factor
value increases for the same distance from the source and for the same set of currents. This
was observed for all of the sensors. Figure 10 shows that the MFs at 7 mm for NI are in
the range of 700, and for WI, they increase to 900 for all currents. Similarly, for the 15 mm
distance, the MFs for the NI case are in the range of 1300, and they increase to 1400 in the
WI case. It is observed that these values are 1900 and 2000, respectively, for the 25 mm
distance. For the 35 mm distance, the magnetic field intensity decreased compared to at
7 mm, resulting in a higher difference between the NI and WI values. It can be observed
that these values are 2200 and 2600 for the NI and WI cases, respectively.

From these results, it can be observed that insulation affects the strength of the
magnetic field sensing capability of the sensor, and therefore, the multiplying factors
require higher values in order to obtain the same current magnitude, even when the sensor
is kept at the same distance.

Figure 11 shows the output of sensor S3 for currents obtained in the No-Insulation
compared to the With-Insulation case. The performance of sensors S5 and 54 for the ¢ 5 A,
10 A, 15 A, 20 A, and 25 A currents is shown in Figures 12 and 13. It can be seen that the
output errors do not cross the limit of £ 0.1 A for five of the current values in both the
No-Insulation and With-Insulation cases. However, more accurate values can be obtained
for the No-Insulation case compared to the With-Insulation case. The relative percentage
errors between the CT output and the sensor outputs were calculated for both the WI
and NI cases for all of the sensors by considering the distance of 7 mm and input current
frequency of 60 Hz. The results for all of the sensors are shown in Figures 14 and 15 as box
and whisker plots.
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Mean values of MFs with NI and WI for S1 at 7mm,15mm,25mm,35mm with 60Hz
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Figure 10. Multiplying factors of the sensor S1 for various distances.
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Figure 11. Sensor S3 output for 25 A: With-Insulation and No-Insulation case.
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Comparison of Output Currents with NI and W for $5 at 7mm,60Hz
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Figure 12. Sensor S5 outputs for currents of 5 A to 25 A: Wl and NI cases.
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Relative Error (%)
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Figure 14. Relative errors in outputs of the sensors S1 to S6: WI and NI case.

Errors in outputs of 5A to 25A for sensors from S7 to S12, 7mm, 60Hz
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Figure 15. Relative errors in outputs of the sensors S7 to S12: WI and NI case.

The sensor errors that are shown in Figure 14 range from —2.57-0.067% for the NI
case, whereas the percentage errors vary from —0.38-0.18% for the WI case. The median
values for all of the sensors in the NI case in this figure indicate that the errors are between
0.04% and —0.09%, implying that for higher currents, the error rate is lower. This is also
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evident for sensors 7 to 12 from Figure 15. The median value of the errors for the NI case
was in between 0.05-—0.05%, whereas these values varied from 0.1-—0.15% for the WI
cases. Overall, both of these figures show that the TMR sensors have very low errors in
both cases, and that the medians show that their output is very close to the actual current.
Therefore, these sensors can be used for both underground cables with insulation as well as
with overhead bare conductors for an alternating current sensing application up to 300 A.

These relative errors were also compared on the basis of the performance of each
sensor for a specific source current value as well as for the WI and NI cases. The results
are shown by the box and whisker plot in Figure 16. The median value for all of the
currents for NI the case shown in Figure 16 is very close to 0%, whereas the median varies
with the range from 0.3—-—0.2% for the WI case. In all of the NI cases, the error for 5 A
was 0.5% when considering the fact that the sensors are less accurate at lower current
values since their rating is for 300 A. It is evident that for 25 A, the error rate for all of the
sensors is 0.01%. In case of WI, the error value is 0.6% for 10 A; however, it is —0.001%
for 25 A. This indicates that the sensors will be accurate when they are used for higher
current applications.

Relative Errors comparison between WI and NI outputs for currents = 5A, 10A, 15A, 20A, 25A for Sensor S4
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Figure 16. Output of all sensors for 25 A, 7 mm, 60 Hz: No-Insulation case.

The performance for all of the sensors also needs to be confirmed when considering
the presence or absence of insulation for higher currents in order to validate that these
sensors will always perform better for higher currents. In this experiment, the maximum
value of the source current was limited to 25 A. Therefore, the output of all of the sensors
for 25 A for both the WI and NI cases was taken as reference. Figure 17 shows these outputs,
and it can be observed that all of the sensors demonstrate more consistent output that is
very close to 25 A for the NI case compared to the WI case. The output of sensor S5 was
25.018 A, and the minimum value that was obtained was 24.995 A in the With-Insulation
case. For the no-insulation case, the output for all of the sensors was in the range of 25.001 A
to 25.01 A. The results of the DFT algorithm for the multiplying factors for both the WI and
NI cases showed a variation of 110 to 120 for each sensor. However, the final output of
the current phasors was very close to the actual current that was injected by the Omicron
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current injection set, with the errors shown above. The algorithm that is proposed in
this paper demonstrates the accuracy of the chosen method in determining the currents
from a magnetic field for a range of currents from 5 A to 25 A. It is anticipated that the
accuracy of the sensors at higher currents will be better for both NI and WI cases due to the
stronger magnetic fields. A detailed performance analysis on the insulation infers that the
insulation affects the sensing ability of the magnetic field, and therefore, the accuracy of the
current calculation is affected as well. The path of the magnetic field lines is different for
air compared to air with an insulation medium, and therefore, the magnetic field is weaker
due to the insulation.

Output of Sensors, S1 to S12 for 25A, 60Hz, for Wl and NI case
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Figure 17. Output of all sensors for 25 A, 7 mm, 60 Hz: WI and NI cases.

4.4. Harmonics

The last factor that was studied was the performance of individual sensors in the
presence of harmonics. In this case, the application of the sensors is considered for medium-
voltage power systems that often have the odd harmonic present in the system. Generally,
the protection relays and instrumentation meters eliminate any harmonics that are above
the 5th harmonic. Therefore, in this study, the sensor performance was tested for harmonics
up to the 5th order. Figures 18 and 19 show the multiplying factors that were obtained for
twelve sensors for currents with the frequencies from 60 Hz to the 5th harmonic, and it can
be seen that these are almost the same, with a very small variation for 10 A current being
observed. There was less variation for 15 A compared to that for 10 A. It was observed
that vibration was minimal for the higher currents. The sensors were able to measure
the currents with harmonic frequencies as accurately as they were able to measure the
fundamental frequency.
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Multiplying Factors for 10A at harmonic frequencies for sensors S1 to $12
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Figure 18. Multiplying factors of all sensors for 10 A, 7 mm, 60 Hz and its harmonics: WI and NI cases.

Multiplying Factors for 15A at harmonic frequencies for sensors S1 to S12
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Figure 19. Multiplying factors of all sensors for 15 A, 7 mm, 60 Hz and its harmonics: WI and NI cases.

The results of the multiplying factors for 5 A and 25 A are given in Tables 2 and 3 in
order to have a clear idea of the variation in their multiplying factors for each harmonic.
Table 2 shows that sensor S12 has a maximum variation in the multiplying factor values
ranging from 885 to 919, whereas sensor S8 shows the second highest variation, ranging
from 889 to 604. The remaining sensors have a variation from 4 to 5 units between the
multiplying factors for each harmonic. This demonstrates that the harmonics do not affect
current measurement when TMR sensors are used.
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Table 2. Multiplying factors for all sensors with application of 5 A current for various harmonics.

MFs for a Current of Frequency:

Sensors
60 Hz 120 Hz 180 Hz 240 Hz 300 Hz
S1 711 719 717 719 718
S2 678 681 679 684 680
S3 567 567 570 570 567
S4 726 725 728 728 727
S5 856 852 858 854 854
S6 596 598 601 598 599
S7 663 666 664 665 664
S8 592 589 604 590 595
S9 828 838 836 840 837
S10 734 733 740 734 736
S11 606 606 605 605 604
S12 910 919 885 912 903

Table 3. Multiplying factors for all sensors with application of 25 A current for various harmonics.

MFs for a Current of Frequency:

Sensors
60 Hz 120 Hz 180 Hz 240 Hz 300 Hz
S1 719 718 719 718 715
S2 676 676 678 678 675
S3 560 561 564 563 561
S4 725 727 730 728 729
S5 848 850 854 852 853
S6 593 594 595 594 595
S7 665 664 664 664 664
S8 589 590 589 590 590
S9 836 835 836 836 835
S10 730 732 732 732 732
S11 605 605 604 604 603
S12 917 917 917 916 913

Table 3 shows the multiplying factors that were obtained for all twelve at a current
of 25 A. It can be seen that the MF values are almost the same, with a variation of two
units being demonstrated for all sensors except sensor S5. This shows that the variation of
the values is from 848 for 60 Hz to 853 to the 5th harmonic current. Sensor 512 shows the
second highest variation of 4 from 913 to 917, and sensor S1 shows variation from 715 to
719. The remaining sensors have multiplying factors that are very close to each other, with
a variation of one to two units between all values. The variation is already minimal, and
the algorithm applies these to determine the output of the current phasor for each case,
with a relative error of 0.005%. The investigation of the sensor performance for the effect of
harmonics concluded that the MFs and the current outputs are fairly constant for all of the
sensors, irrespective of the order of harmonic, except for sensors S8 and S12. The higher
MF values for these two sensors are merely because of the sensor quality. Replacing these
two sensors with those of a better quality will likely result in a similar performance as
that of the other ten sensors. This further illustrates the need for proper sensor calibration
before using them for current measurement.

5. Three-Phase Current Measurement

One of the objectives of this research was to validate the 12 sensors for the next phase
of the experiment, which will be the extension of this single-phase experiment for a three-
phase system [17]. There will be three similar conductors and two to four sensors will be
used for each phase to measure the magnetic field that is produced by the current in the
individual phase. The measured fields will be used to estimate the three-phase currents
based on the algorithm explained in a previously published article that was based on the
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simulation of a three-phase system that includes a transmission line [17]. This research is
ongoing, and the results will be reported in a future publication.

6. Conclusions

The performance of TMR sensors for current measurement was tested and studied
with regard to the impact of variation in the sensor quality, distance from current source,
the presence of insulation, and harmonics. The experiments were conducted with various
parts and stages to record measurements in detail, and a thorough analysis was performed
to study the behavior of the sensors under the four factors mentioned above. The less errors
were produced when the sensor performance was compared for current-carrying conduc-
tors With-insulation and with No-insulation. Even though the sensor quality results showed
variance in the performance of each individual sensor, for higher current values, they all
exhibited similar behavior, with the exception of sensors S1 and S12. The variation in the
output was not higher than 0.04 A for the 25 A current. The remaining sensors produced
outputs with an error rate of 0.0013%, which was very satisfactory. It is expected that the
difference of 0.04 A will reduce further when the magnitude in the source current increases.
The variation in the distance for each sensor provided their individual multiplying factors,
inferring that there is a need to calibrate each sensor separately in order to achieve an accu-
racy of 0.0001% for the current measurements. The calibration produced different values
for the conductors with no-insulation and with-insulation, but eventually, the final outputs of
the sensors were very close the injected current, with an error of 0.18% for the conductors
with-insulation, and in some cases, the final outputs showed an error of —0.38%. For the
conductors with no-insulation, the results were consistent for all sensors and for all current
values from 5 A to 25 A, with errors ranging from 0.4% to —0.24%. The harmonics had no
significant effects that were able to be observed on the performance of the TMR sensors.
They showed very consistent outputs for all of the currents ranging from 5 A to 25 A when
they were tested for currents with a fundamental frequency up to 5th harmonic. Thus,
these sensors can be applied to measure currents containing harmonics. Once calibrated,
it is possible to generate current measures using TMR sensors for three-phase current
measurement that have no hysteresis and that have a higher measurement accuracy.
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